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Abstract

The cat'anterior lobe cerebellum appears to be subdivided
into sagittal compartments, each influencing a specific class of mus-
cles. This report proposes that the spino-olivocerebellar, climbing
fiber system, which terminates cortically in the sagittal strip zones
of Oscarsson, effects redistributions of activity among those compart-
ments. The spino-olivocerebellar system thus becomes one means whereby
intrinsic sbinal locomotor circuits bias cerebellar outflow to accord

with muscle usage in different gaits.
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A mathematical model of the anterior lobe cerebellar cortex,
underlying cerebellar nuclei, and certain pre-cerebellar reticular
nuclei is constructed and its responses to climbing fiber strip in-
puts ascertained. It is shown that such inputs leave intact the cere-
bellar nuclear excitation within the sagittal compartment where they
are received, but cause nuclear regions in neighboring compartments
to become suppressed. The agency of such suppression is lateral re-
current inhibition achieved primarily through parallel fiber diffusion
of reticulocerebellar recurrent excitation arriving on slow mossy
fibers. This excitation is also found to cause retention of compart-
mental activity distributions for substantial periods of time (perhaps
seconds). The cerebellar anterior lobe complex may thus possess a dy-
namic (as distinct from plastic) short-term memory capacity.

Anatomical and physiological features of the anterior lobe
leading to the above phenomena are treated in detail in the discussion.
Experimental tests are proposed and speculations advanced on the spino-
olivocerebellar encoding of gait information from spinal locomotor
circuits. It is suggested that the short-term reprogramming of anterior
lobe outflow by the climbing fiber system implies that activity in
the latter may be interpretable only in the slowly changing context
of holistic motor acts, rather than in the immediate modulation of

movements comprising such acts.
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A THEORY OF CEREBELLAR FUNCTION WITH APPLICATIONS TO
LOCOMOTION. 1. THE PHYSIOLGGICAL ROLE OF CLIMBING FIBER
INPUTS IN ANTERIOR LOBE OPERATION

1. Introduction
The locomoting mesencephalic (or thalamic) cat preparation

198,239,240

described by Shik, Orlovskii, and their coworkers supplies

forms of motor behavior akin to those of the intact animal. Removal of
the cerebellum adversely affects mesencephalic locomotor coordinationzoo.
indicating that the organ may still be fulfilling portions of its normal
locomotor role. The absence of the cerebral hemispheres dictates that
the so-called vestibular and spinal divisions of the cerebellum, the
anterior lobe in particular, must also account for most of cerebellar
computation during mesencephalic locomotion. In the mesencephalic cat,
then, one has the opportunity to explore anterior lobe function using
the wide Titerature available on its spinal relationships, without the
complications introduced by cerebral inputs present in intact animals.
This report describes the specification, mathematical treatment, and
computer simulation of the physiology of cat anterior lobe cortex and
of several cerebellar and brainstem nuclei intimately related to it.
Each of these centers appears to be critically involved in syanthesizing
the cerebellar locomotor contribution. The work aims at discovering,
at least in theory, just what sort of physiological impact cerebellar
climbing fibers have upon the anteriorllobe. Given this, an attempt

will be made to deduce, in an abstract fashion, the type of information
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transmitted to the cerebellum on the spino-olivocerebellar pathways.

Application of the findings specifically to the mesencephalic cat are
reported elsewhere36. Conjectures on generalization of the anterior

lobe theory to other cerebellar regions and behaviors have also been

deve1oped37. Portions of the results have appeared in brief8’247.

As will be described in various subsequent sections, the
cerebellar climbing fiber system is phylogenetically as old as the organ
itself, And in one sense, climbing fibers have a very straightforward
physiolagical function. Each contacts a single cortical Purkinje cell
(and gives off a modest number of excitatory ccllaterals to cerebellar
nuclear cells); when it fires, it causes the Purkinje cell to emit a
brief burst of spikes at very high frequency, usually followed by a
short pause of variable duration {nuclear cells, of course, are momen-
tarily excited by the collaterals). In another sense, the physiological
role of climbing fiber inputs is almost completely opaque. Save under
very special (and scmetimes questionable) circumstances, climbing fibers
Show Tittle or no activity correlation with ongoing movement or with
sensory events in behaving animals. Physiologists have almost come to
expect them to be “doing nothing® in behavioral experiments. Yet when
their seemingly random firings are interrupted, as after a lesion of
the inferior olive, "cerebellar® motor deficits appear. Current theories
of climbing fiber function range from near-restatements of experimental
observaticns, with no attempt at behavioral correlation, to direct
identifications of climbing fiber action with attributes of motor be-
havior (starting and stopping movements, acquisition of skill or motor

learning), but with little attempt at physiological correlation. The
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present report attempts to construct a theory of what climbing fibers
do which has both a sound physiological and behavioral basis. To be-
gin that work requires that working hypotheses be developed on the
organization of cerebellar motor modulation. These hypotheses will
be drawn from the example of locomotion:

Locomotor control from the standpoint of spinal mechanisms
has recently received thorough review by Gril]ner127. while the author
has surveyed the descending influences upon those mechanisms36. It
is evident from the two studies that cerebellar outflow likely only
modulates locomotor performance. Fundamental algorithms for stepping
patterns in the paired hindiimbs have been shown to reside spinally in

low spinal cats both chronicaﬂy124 and following DOPA or chlonidine

injections acute1y1°g'1z4. Indeed it would seem that the effect of
brainstem “locomotor region" stimulation in the mesencephalic cat is
precisely to facilitate noradrenergic reticulospinal paths128. That a
basic program for cat locomotion be spinally localized is not surprising

125,126,144,148,245

in the 1ight of results on lower forms Anomalies

involving lateral stability and 1imb extension do occur in chlom’dinem9
or chronic'spinallza cats, demonstrating that the spinal locomotory
prescription but defines global movement contraints.

The aforementioned ataxia of the decerebellate, mesencephalic
cat speaks for cerebellar involvement in the supraspinal tuning of
spinal locomotor programs. In fact, using autoradiography, Edwards102
has now traced substantial descending projections from the cat loco-
motor regfon {cuneiform nucleus) to the nucleus reticularis tegmenti

pontis, lateral reticular nucleus, various reticulospinal nuclei, locus

coeruleus, and medila accessory olive, all of which are immediately
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pre- or postsynaptic to the spinocerebellum. Thus, the noradrenergic
potentiation of spinal locomotor circuits by cuneiform nucleus stimu-
lation simultaneously will potentiate the cerebellar system required
for locomotor modulation (for details, see ref. 36). What must be the
format of this modulation, and how is it constructed?

In the mesencephalic cat cerebellar locomotor intervention
should necessarily be revealed in activities of the Deiters and (magno-
cellular) red nuclei and of the pontine and medullary reticular forma-
tion. These are the only spinally-projecting centers not supremely
dependent upon inflow from the cerebral hemispheres. Thus, many reti-

200and most rubr31204 and Deiter5203

cular _neurons show cyclic variation
of activity with phases of 1imb step cycles, alterable by perturbations
to the limbs and abolished by cerebellectomy. Neurons of the cere-
bellar nucleizoz'and cortical Purkinje ce11szo1 display similar locking
to lTocomotion. Now (as will be discussed below) electrical stimula-
tion of different regions in the red and Deiters nuclei leads to poten-
tiation of particular muscle groups according to a somatotopic pattern.
The anatomical substrate for this somatotopy is documented. The soma-
totopic organization is retained in the interpositus and fastigial
nuclei that respectively excite red and Deiters., It follows that
anterior lobe modulation of specific muscles at a given moment in time
may well be encoded as a spatially differentiated distribution of neural
activity within a cerebellar nucleus. On a broader scale, the findings
of Voogt and others (to be described) indicate that the cerebellar
cortex may also orchestrate activity among cerebellar and brainstem
nuclei as well as within each. Thus, one should note that each brain-

stem target of the cerebellar nuclei seems to be characterized by a
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functional specificity in terms of the muscles--that is, a propensity

for selectively affecting either the physiological flexors or extensors,
irrespective of somatotopy. Oeiters nucleus and pontine reticular
centers can, for example, be associated with extensors, and the red
nucleus and medullary reticular regions with flexors. So given that
distinct sectors of the fastigial and interpositus nuclei are connected
with these functionally specific brainstem regions, it follows that a
functionotopic, as well as somatotopic, organization obtains within

the anterior lobe complex. Moreover, functicnotopy exists even when
somatotopy does not, as in the reticulospinal nuclei (below). From
these considerations is drawn the first working hypothesis of this in-

vestigation:

The format of anterior lobe locomotor modulation is

one of changing spatial patterns of neuronal activity

in the cerebellar nuclei. Each such pattern nas an

interpretation in terms of various functionally (and

often somatotopically) defined groups of muscles.

In the studies of locomotion in spinal cats mentioned above;
it was found that the gait (walk, trot, gallop) adopted by the animal
was in part a function of locomotor speed (dictated by a treadmill).
That is, on the basis of afferent information spinal mechanisms “de-
cide" upon the gait. Now the utilization of muscles differs in dif-
ferent gaits, but not only in terms of obvious changes in EMG timing

36,127

and in interlimb coordination The relative amplitudes of activity

among muscles and sometimes actual muscles deployed, depend upon the

gait. For instance, trunkal muscles tecome relatively rmore active

122 127,

in the gallops ' ““, where they are used to extend the stride
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119,131

store elastic energy In certain animals (not cats) high-

speed locomotion requires a shift from plantar- to digigrade stepping,
requiring a restructuring of activity in distal extensor5127. By the
above hypothesis, one must then expect that qualitatively different
cerebellar spatial activity patterns arise with different typgs of
gait. Since the mesencephalic locomoting cat also retains the gait/
speed dependency of the spinal cat (when locomotor region stimulation
remains constant)24°. it is probable that cord mechanisms continue to
decide on the gait even with the cerebellum in place. These observa-

tions lead to a second hypothesis:

The cerebellar anterior lobe and associated nuclei

must be informed of the choice of gait made by spinal

Jocomotor mechanisms. The receipt of this information

results in alterations of the spatial distribution of

cerebellar neuronal activity so as to agree with the

muscular usage within that gait.

It seems reasonable to assume that the cerebellum is informed
of gait choices either by direct afferent information (in which instance
it must largely duplicate the spinal decision-making process) and/or
by monitoring activity in spinal locemotor circuitry generating various
gaits. Grillner and Zanggern9 have recently shown that hindlimb de-
afferentation in mesencephalic cats has only a modest effect upon step-
ping EMG patterns in hindlimb muscles. This suggests that the cerebellum
may receive its gait-choice data largely from internal spinal locomotor
circuits. Arshavskii and coworkers 8:20521 have directly demonstrated

that one subset of so-called “fast" spinocerebellar tracfs (VSCT and,
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1ikely, RSCT; terminology of Ecclesgo) does transmit activity in loco-
motor generators to the anterior lobe via mossy fibers. Pericdic acti-
vity within the VSCT in phase with stepping continues after deafferen-
tation and cerebellectomy (the latter preventing fluctuations in de-
scending pathways). However, this class of ﬁossy inputs is probably
not the only source of cerebellar information on spinal gait choices:
Oscarsson has suggested that spino-reticulocerebellar, “slow" mossy

fiber tracts“‘66

207,208

and spino-olivocerebellar climbing fiber pathways

are no doubt also related to spinal motor mechanisms. Unfortu-
nately, recordings from spinal interneurons originating slow mossy or
climbing fiber tracts during locomotion (or other behaviors) are not
available. Still, drawing from earlier discussion, one arrives at a

third hypothesis:

One or more of the VSCT-RSCT, the spino-reticulo-

cerebellar, or the spino-olivocerebellar pathways

alters the spatial distribution of cerebeilar neurgnal

activity to accord with muscle usage in spinally-

selected locomotor gaits.

The present report examines the proposition that the spino-
olivocerebellar system--the climbing fiber system of the anterior lobe--
may have much to do with this spatial restructuring of cerebellar acti-
vity pursuant to different gaits. As mentioned earlier, it has been
notoriously difficult to correlate climbing fiber activity with any
attribute of immediate movement”z’zsz'zsa’254 (Grimm and Robertson,
in preparation), save in the operation of the vestibulo-ccular reflex

and the cerebellar flocculus (reviewed in ref. 37). Explicit studies
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of anterior lobe climbing fibers during locomotion are still unavail-
able (observations on 3 Purkinje cells are reported by 0rlovskii2°])-
Lesions of the cat inferior olive, however, do appear to result in
serious gait disturbances approximating those seen after cerebel-
lectomy (for review, see refs. 9, 36). Therefore, despite the notion
that the climbing fiber is related only to some sort of long-term
plastic change in the cerebellar cortex37. the evidence suggests that
it also has an immediate impact upon cerebellar function, albeit one
unrelated to the "on-line" control of movement.

The results to be reported here indicate that, in theory,
the climbing fiber system is well suited to the production of distinct
spatial patterns of neuronal activity within the cerebellar nuclei--
or in other words, that the spino-olivocerebellar system may serve to
redistribute activity among the various brainstem targets of cerebellar
outflow in accordance with muscle usage in spinally-selected gait pro-
grams. It is shown that the anterior lobe may in fact be sharply tuned
to the spatial properties of the strip-1ike climbing fiber projections
onto the cerebellar cortex that have been described by Oscarsson, Arm-
strong, and others (below). Moreover, it is found that neuronal acti-
vity patterns set up by climbing fibers may be maintained for prolonged
periods (perhaps seconds) by the reticulocerebellar recurrent excitatien
studied by Tsukahara., This dynamic (as distinct from plastic), short-
term memory capacity has many implications both for the interpretation
of climbing fiber properties and for the more abstract understanding
of cerebellar motor modulation (addressed in refs. 36, 37). In parti-
cular, it reinforces the association of climbiﬁg fiber activity with

classes of action (the gaits) rather than with ongoing acts within a
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class (the kinematic events of a particular step).

The model of climbing fiber operation given below arises
from a straightforward application of known cerebellar anatomy and
physiology. Plasticity and other unproved and experimentally distant
conjectures are avoided. The possibility that the VSCT-RSCT and spino-
reticulocerebellar pathways could be responsible for 1ike effects on
the anterior lobe is not ruled out. Yet once the nature of the re-
sults is clear, it should become heuristically evident that theﬁe path-
ways may be better suited to other functions. Some speculations on
those functions are given at the conclusion, along with methods of

experimental test.

2. Architecture of the Anterior Lobe Model

2.1 Cerebellar Module
From the anatomies subserving cerebellar outflow through
the red, Deiters, and reticulospinal nuclei in cats may be abstracted
circuitry duplicated in each system. This replicated schema is herein

termed the cerebellar module and is illustrated in figure 1. Names of

certain specific structures have been replaced by generic labels: The
“brainstem ‘output' nucleus" thus may become the red, Deiters. or a
reticulospinal nucleus in a specific situation. "Cerebellar nucleus"
will then denote the appropriate portion of the interpositus or fasti-
gial nucleus (the Deiters nucleus also shares some of the hallmarks of
a “cerebellar nucleus;" see sections 2.2, 2.3). The hatching in
figure 1 is intended as a reminder that some {not all) of the inter-
connections between the cerebellar and brainstem output nuclei are

somatotopically organized. By “reticular nucleus" is meant any of '
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several pre-cerebellar nuclei (described below) receiving spinal in-
puts, As to other features of the module, the “"fast" mossy fibers
refer to components of the direct spinocerebellar pathways (VSCT, RSCT,
DSCT, CCT) preferentially affecting the cerebellar cortex, while the
“slow" emanate from pre-cerebellar reticular nuclei and reach_both
cortex and cerebellar nuclei. Only reticulocerebellar mossy fibers
will be treated here. In addition, the physiological effects of
climbing fibers and their nuclear collaterals are incorporated into
the model, but the inferior olive per se is not. Evidence for possible
extensions of the cerebellar module to areas outside the anterior lobe
is given e1sewhere37.

Each component of figure 1 will now be examined in detail
to the end of creating reasonable mathematical analogues for computer
simulation. General assumptions embedded within that process are as
follows:

1. A1l cerebellar nuclei are taken without proof to be topologi-
cally transformable into two-dimensional sheets in conformation with
the cerebellar cortex. Specifically, two principal curvilinear “planes”--
one containing the parallel fibers (“mediolateral®) and the other ortho-
gonal to it (“sagittal")-- will also be used to localize corresponding
underlying nuclear regions.

2. Al pre-cerebellar reticular nuclei are also assumed warpable
into sheets conforming with the cerebellar nuclei. Thus, the entire

modular structure becomes unified by a single coordinate system based

upon the cerebellar cortex.
3. Neuronal interconnections among sheets of the module are pre-

sumed representable in “"template" fashion--that is, by diagrams shcwing
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13 the field of influence in one structure of a typical neuron (or fiber)

at an arbitrary location in the other. Template diagrams, then, are

simply the complements of traditional receptive field mappings, with

|
/

o the important, additional assumption of spatial homogeneity.

Inferior
Olive

2.2 Brainstem Qutput Nucleus and Cerebellar Nucleus

Zxcitatory
Projection

Climbing FPiber

Each of the red and Deiters nuclei enjoys a gross somatotopic

relation with bodily musculature. So likewise do their associated

Inhibitory
— Projection

cerebellar nuclei. Thus, in particular, the anterior interpositus
nucleus is known to project somatotopically to the (magnocellular) red

108 which in turn originates the somatotopic

rubrospinal tract to the cord196,222.225. The facilitatory action of

134,220,236

!
[

nucleus in cat69 and monkey

J
Froa Spinal Levels

Reticular

* Nucleus

\
"Siow" Mossy

Fiber
1

this pathway on the flexor musculature

N

has been mentioned

~,

above. Detailed monosynaptic effects may be stronger on distal, rather
235,237,238

than proximal, flexor motoneurons with a greater affinity

for the forel1mb538. Likewise, the anterior fastigial nucleus affects

Deiters nucleus44'257 and thence the cord through the lateral vestibulo-
169,196,221

To Spinsl Levels

spinal tract » a1] topographically; it appears that the proxi-

135,170,220

ma]zas, extensor muscles are most effectively aroused. Orlov-

skii has recorded from the red204 and Deiterszo3 nuclei during mesen-

_'\1

cephalic locomotion, finding their activities well correlated with the

-~

7 ‘ flexion and extension phases of the step cycle, respectively. In in-

Ceredellar
Cortex
Ceredellar
Kucleus

\

tact cats trained to flex and extend their elbows, Burton and Onoda (in

Brainsten
“Output”
Nucleus

press) have also demonstrated a correlation of interpositus activity

“'past” Mossy

Fiber

with control of elbow flexors.

The reticulospinal projections influenced by the cerebellum,

FIGURE 1

which arise principally from the nucleus reticularis pontis caudalis
1lar module and their interconnections.
ompanents of the cerebeliar (NRPC) and the more caudal gigantocellularis (NRG), show 1ittle evidence
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255. Nonetheless, anatomical considerations

of somatotopic arganization
(see ref. 196 for review) suggest that NRPC has a functional specifi-
city for extensors and NRG.for flexors. Recordings from the vicinity
of the NRG during mesencephalic walking show peaks of neural activity

$202.

locked to the flexion phase of the ipsilateral hindlim Cerebel-

lectomy extinguishes this modu1at19n2°°. The two reticulospinal nuclei
probably receive much of their excitation from the fastigial nucleus,
although the connections and their physiology are quite complex and are
reviewed elsewhereas. The evidence indicates that the fastigial nucleus
may be subdivided into a medial portion which excites the ipsilateral
flexor and contralateral extensor reticular regions, and a lateral
area projecting to the ipsilateral Deiters nucleus. This is somewhat
contrary to the more traditional concept that the entire fastigial
nucleus has its prime influence upon Deiters. Actual recordings from
fastigial unitszoz. however, reveal many which are poorly related to
Deiters- activity, but are well in phase with reticulospinal neurons.
This cbservation also indirectly emphasizes the well knowﬁ direct
Purkinje cell control of Deiters. Perhaps that nucleus at times should
be considered “cerebellar" in the sense of figure 1. Deiters does
also sharexsoﬁe of the interrelations with pre-cerebellar reticular
nuclei that are characteristic of the fastigial and interpositus nuclei
(see section 2.3). .

For modeling purposes, activity in the red, Deiters, and

reticulospinal nuclei is taken to replicate events in their source

cerebellar nuclei during mesencephalic locomotion. Thus, only the

cerebellar nuclei will be explicitly represented in the analysis. The

cessation of activity modulation in all these centers following

3 3 2 ¥/ 3 3 3
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cerebellectomy (mentioned earlier) demonstrates tha£ the direct spinal
and labyrinthine inputs received by some of these regions contribute
only secondarily to their operation. In fact, during locomotion some
of these pathways may be suppressed, as are the labyrinthine inputs

to Deiters nucleuszos.

2.3 Reticulocerebellar Interactions: Recurrent Excitation

It has become increasingly apparent that along with their
classical projections to brainstem motor centers, the cerebellar nuclef
also originate significant collateral outflow to particular pre-cere-
bellar reticular nuclei in cats. The latter in turn give rise to "slow"
mossy fiber pathways which return excitatory collaterals to the cere-
bellar nuclei while continuing to the cortex (figure 1). The poten-
tial for regenerative effects or “reverberation” in these excitatory
Joops was pointed out in the past by Iton8 and Tsukaharazso. Physio-
logical investigation of one such loop (between the nucleus reticularis
tegmenti pontis (NRTP) and interpositus nucleus), in the absence of
cerebellar cortical inhibition, has in fact revealed a potent rever-
beratory propensityzsg’zsl.

The “rubral” cerebellar module embraces not only the above
disynaptic, mutually-excitatory loop between interpositus and NRTP47’90.
but also a possible interpositus liaison with the red nucleus itself
70'7]. More roundabout lcops involving the lateral reticular nucleus
are possib1e68'146. As for Deiters nucleus, it originates a projection
to one area of NRTP (a reciprocal return awaits documentation) as does
the fastigial nucleus47. Fastigial exchanges with the 1ateral48'73 and
paramediana3 reticular nuclei and with the descending vestibular nuc1eu549

have also been described.
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The physiological demonstration of recurrent excitation be-
tween the NRTP and the cerebellum has been complemented by anatomical

47'51. The interconnec-

studies of NRTP loops by Brodal and coworkers
tions, described as substantia145’47. appear to be rather diffusely

organized. Regions of the anterior interpositus and fastigial nuclei
do project to somewhat circumscribed areas of NRTP, but considerable
overlap exists (a greater topographic organization may be present in

45).

cerebral cortical afferents to NRTP The NRTP return projection

7,31momhtht requires

seems diffusely to affect most of the organ4
more study to establish. In any event, this description was used in
the simulation of anterior lobe reticulocerebellar loops, along with
two further assumptions:

1. All pre-cerebellar reticular nuclei involved in recurrently
exciting the anterior lobe give rise to slow mossy fibers exclusively
(figure 1).

2. Loop interconnections between each small area of a cerebellar
nucleus and its associated reticular region(s) are truly reciprucalso.

Based upon these assumptions, the simulation template diagram
of figure 2 is constructed. It illustrates a tendency to localization
in the cerebello-reticular projection, with greater diffuseness in the
return path. The quantifying of spatial extent of the projections is
left to section 4.3.

Considering that the lateral reticular nucleus is usually
considered to be the chief "spinal" pre-cerebellar reticular nucleus,
one might wish that more information about that nucleus (rather than

the NRTP) could have gone into the above description. Such data, acide
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from being unavailable, could prove to be less relevant in the Tight
of several recent findings: Autoradiographic study of the lateral
reticular nucleus projection to the anterior lobe has been unable to
demonstrate significant mossy fiber collaterals to the cerebellar
nuc]ei]5] (although a rich cortical arborization was evident). Direct
stimulation of the lateral reticular nucleus does excite fastigial
nucleus neurons, but with surprisingly long and variable 1atenciesgz——
suggesting the possible antidromic activation of lateral reticular
afferents and subsequent cerebellar excitation via another route.
Lateral reticular stimulation is reported to have 1ittle effect what-
ever upon interpositus neurons, despite the presence of "slow" mossy
activation of these units by peripheral 5t1mu1197. These observaticns
tend to place the lateral reticular nucleus in the same category as
the pontine nuclei: The latter originate an apparently "diffuse" pro-
Jection primarily to the cerebellar cortex and not the nucleiﬁ. On
the other hand, the heaviest descending projection of the cuneiform
locomotor region in the cat was found to be in the contralateral NRTP102
only a weak contribution of cuneiform fibers was seen in the lateral
reticular nucleus. It seems clear, then, that when locomotion is pur-
sued, reticulocerebellar recurrent excitation mediated by the NRTP
must be a telling force.

The spinal inputs received in greater or lesser numbers by
the pre-cerebellar reticular nuclei (figure 1) are not treated expli-
citly in this report, except insofar as they provide "backqround" ex-
citation to the cerebellar module (section 3.3), As mentioned in the

Introduction, the function of the spino-reticulecerebellar system may
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not be to provoke changes in the spatial distribution of cerebellar
activity. Its role in the temporal aspects of cerebellar processing
during ongoing movement is currently under investigation (Boylls, in
preparation).

Lastly, recurrent facilitation may come to the cerebellar

nuclei through intrinsic factors such as recurrent axon collaterals
58,60,138,181 58,60

and internuclear connections78'79. None of these features is known

, interneurons (Grimm and Rushmer, in preparation),

to give rise to mossy fibers and so receives no representation here.

(e.g. Nucleus Reticularis
Tegmenti Pontis)

Cerebelior Nucleus .
{e.q. Interposed)

However, some of this possible recurrent excitation may have a bene-

Reticutar Nucleus

ficial effect upon the operation of the cerebellar module (see section
9.1.1).

2.4 Geometry of Cerebellar Cortex and of Cortical Afferents and

FIGURE 2

Efferents

Within the cerebellar nuclei the action of cortical inhibi-
96,139

tion has often been described as spatiotemporal “"sculpting"

Such sculpting will be considered largely responsible for creating

the spatially differentiated nuclear activity patterns of locomotion

Template diagram of a reticulocerebellar loop.

(qee Intreduction). To deduce these patterns' topologic properties
one surely must attend carefully to the extraordinary neuronal geo-

metry both within the cortex and in the terminal patterns of its af-

L__ | ferents and efferents. The “"sagittal® and “mediolateral” coordinate
planes defined above will now be employed to unify that geometry

throughout the cerebellar module.

2.4.1 Intrinsic Cortical Geometry
L1inds157:158,162,167 . oytracted a “"basic cerebellar
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circuit,” consisting of granule and Purkinje cells and mossy, parallel,

and climbing fibers, which seems phylogenetically invariant (and may

]57). The orthogonal relation of

also be mimicked early in ontogeny
parallel fibers (mediolateral plane) with the Purkinje dendritic tree
(sagittal plane) is likewise preserved. This basic c¢ircuit, shorn of
elaborate interneuronal networks, comprised the cortex in the initial
computer simulations of the cerebella} module (section 6). Such a

31,133

cortical model hews more closely to the frog than to the cat

(the frog cortex has already been suggested as a simulation candi-

159

date ~°). MNo attempt was made to capture the staggered arrangement

2]0‘242. nor any supposed inter-

of Purkinje cells described in the cat
mittency of single parallel fiber synapses over successive dendritic
treesZ]z'zaz. nor observations of multiple synapses of a fiber on one
treezog. The spatial scaling of the simulation (one simulated Pur-
kinje cell representing a neighborhood group of about 10; section 5.3)
is such that these local anomalies are unrepresentable. Other authors
consider some of them insignificant:m8 ¥arious reported peculiari-

ties of parallel fibers, notably occasional myeh‘nan:ion]89 or varia-

1,242 were also not dealt with.

tions in length or diameter with depth
There can be little doubt that the interneurons of the cere-

bellar cortex play a significant role in its operation, even in the

most primitive instances158‘230. Thus, in concert with an hypothesis

on the function of the cortical granular layer (section 7), certain

properties of Golgi interneurons were intreduced in later simulations.

These properties are described in section 8. The effect of Golgi inter-

neurons does not radically alter the results from the case of the “"basic

cerebellar circuit," but does alleviate certain of the latter's

A/qwﬁgb
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shortcomings., Simulation of stellate and basket cell influences was
rot carried out owing to technical limitations; however, their contri-

butions are considered in the final discussion (sections 9.2, 9.3).

2.4.2 QOrganization of Slow Mossy Fibers and of Mossy-Granule

Interface
“Slow" mossy fibers from the reticular nuclei are taken to

branch predominantly in the sagittal plane upon reaching the cerebellar

cortex. This proclivity has been documented within single folia2]3 and
over a number of folia, even entire 1obu1e5130']94'197'254. Sagittal

branching at the cortical level is not to}be construed as precluding
prior mediolateral (and further sagittal) arborization of slow mossy
fibers before the cerebellar cortex is reached; medioiateral branching
has been clearly demonstrated55'151'232’245.

Recent investigations of the slow mossy projection from the
lateral reticular nucleus to the spinocerebellum have hinted that scme

degree of topographic organization may be present.
65,66

Clendenin, et al.,
find a crude somatotopic mapping electrophysiologically, while
KﬁnzlelSI sees mossy fiber concentrations in sagittal strips within
the cortex (reminiscent of the climbing fiber and corticonuclear pro-
jections; sections 2.4.3, 2.4.4) using autoradiography. A purely “dif-
fuse" slow mossy projection wés employed in the present computer simu-
lations, which may or may not have some bearing upon the quantitative
accuracy of the results.

The mossy-granule interface, through which mossy fibers trans-
mit excitation to parallel fibers, hes inspired considerable theoreticel

176,184,215,216,217

speculation In this investigation the granular
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layer is assumed subdividable, purely figuratively, into close-packed
cylinders (“"columns") with principal axis normal to the cortical sheet.
The nominal dimensions of the smallest such column may be taken as fol-
Tows:

a. Height: The thickness of the granular leyer (which varies

widely), minimally 100 uag.

189) plus an “average"

b. Radius: That of the granule cell (3 u
dendritic span (13 u213) or 16 p, representing the net synaptic
field of a granule cell.
Given a granule cell density of 2.8 - 106/mm3 for cat211, each column
contains perhaps 225 cells minimally.

The imaginary granule columns act in the simulation as nodal
points for the interaction of mossy inputs at each spatial locus in
the granular layer. An "aggregate mossy fiber input" to each column
may be defined, with an "aggregate parallel fiber output" leaving the
column upon a bundle of parallel fibers aimed at the molecular layer.
A “columnar transfer function" relates input to output. Mathematical
definitions of these terms are found in sections 3.5 and 7.1.

Two ways of viewing the processing in the columns were ex-
amined in simulations: In the first, a column merely relays to Pur-
kinje cells the'aggregate mossy activity entering it (sections 3.5,
6). In the second, recruitment (analogous to the well known recruit-
ment of spinal motoneurons) was assumed to take place among the 200
or so cells of the column (sections 7, 8). The recruitment hypothesis
captures some of the attributes of the more exotic "pattern separation

theories proposed by others for the granular layer, but remains within

"
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the realm of physiological folklore and experimental testability (sec-
tion 9.5).

vSome time ago, Szentibothai89 stated that mossy fibers from
different pre-cerebellar sources could terminate at different depths
within the granular layer. Arshavskii, et a1..19 claimed to have shown
that slow mossy fibers (from the lateral reticular nucleus) excited only
deep granule cells whose parallel fibers ﬁad little influence upon
Purkinje cells (instead, only Golgi interneurons were affected). On

233 and Azzena and Ohno24 could find

the other hand, Sasaki and Strata
no evidence of deep vs. shallow mossy fiber terminations electrophysio-
logically; nor could Kinzle'3! demonstrate them anatomically. No at-
tempt was made, therefore, to account for deep or shallow terminations
here,

Figure 3 illustrates the relationship between a reticulo-
cerebellar loop (figure 2), giving rise to slow mossy fibers, and the
anterior lobe cerebellar cortex on one side of the midline (no attempt
is made to depict crossed projections). Note the introduction of the
cortically based sagittal and mediolateral coordinates (section 2.1).

The juxtaposed fastigial and interpositus nuclei are seen to receiQe
excitatory collaterals (open circles) of slow mossy fibers as the latter
pass upward to the cortex. For the sake of clarity, the cortical grarular
layer and its hypothetical columns, cortical interneurons and Purkinje

cells, and the sagittal branchings of mossy fibers (at the cortical

level) are not shown.

2.4.3 QOrganization of Climbing Fiber Projection

Recent studies in cat have left little doubt not only of the

‘3 _3 3 ‘3 i_3 (3 _3 (_3 3
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FIGURE 3

Template diagram of a reticulocerebellar loop relationship with the
anterior lobe cerebellar cortex. Certain cortical elements are not
shown, nor is sagittal mossy fiber branching (see text).
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predominantly sagittal distribution of the climbing fiber branches
to the cerebellar cortex, but also of the grouping of fiber branches
into compact sagittal strips which are the terminal zones of specific
ascending spino-olivocerebellar tracts. The topography of the climbing
fiber projection has been extensively reviewed9’29'206’207. To sum-
marize briefly, climbing fiber branching of some sort was originally
predicted when cell counts revealed many fewer olivary cells than
Purkinje cells105‘]32'234'255. Extra-olivary sources of climbing
fibers25 could explain this result if such sources could be found.
The branching of climbing fibers, however, has been clearly established
within single fo1ia]]0 and between folia or lobu]eslz’]3’14'15‘]6’27'106.
The gathering of the c1imbing fiber projection into sagittal

strips in the cerebellar cortex has been demonstrated by Oscarsson in

.many publications. On the anterior lobe surface these Oscarsson strips

are distributed as shown in figure 4 (adapted from Oscarssonzos): The
figure represents a view from above the cortex on one side of the mid-
line (which, of course, lies in the sagittal plane). The vermal and
intermediate zone subdivisions of the cortex, and their approximate
widths (in mm), are as indicated. Each strip is designated alphabe-
tically; the numerals indicate the widths of each strip. The asso-
ciation of particular strips with differént ascending spino-olivocere-
bellar tracts is taken up elsewhetje36 (see also refs. 29, 183, 206, 207).
It is likely that each Oscarsson strip in figure 4 consists
of a still narrower set of sagittal "microstrips,” as indicated by
unitary recordings of Purkinje climbing fiber responses following either

104,183,226

electrical or natural stimulation Armstr'onl_:jil6 has conmented
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Schematic top view of anterior lobe cortex, showing sagittal
Oscarsson climbing fiber strips. Widths (mm) as indicated.
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on the severe (“planar®) mediolateral restriction of climbing fiber
branches seen through the axon reflex technique. Behavior of the
cerebellar module was tested on the computer through simulated micro-
strip activations, under the assumption that these represented the
most basic currency of spino-olivecerebellar information transfer (see
section 3.4 for further justification of this assumption). However,
simulation behavior and subsequent mathematical analysis (sections
9.3.1, 9.4) indicated that all microstrips comprising an Oscarsson
strip must become active within a certain time interval in order that
significant alteration of cerebellar spatial activity be accomplished.
Implications of that finding are discussed later in this report, and

in anotheras.

2.4.4 Organization of the Corticonuclear Projection in the An-

terior Lobe

Controversy continues in the literature over the exact geo-
metry of the projection of Purkinje axons from the anterior lobe cortex
upon the fastigial, interpositus, and Defters nuclei. For once, the
present investigation has adopted the traditional view--that each re-
gion of these nuclei receives Purkinje inhibition primarily from a
unique, sagittally oriented strip of cortex. Korneliussen 1491150 a4
Jansen'#? have held that the entire cerebellar cortex (including the
hemispheresj can be subdivided into.a crosshatch pattern of mediolateral
segments and sagittal zones, each “square" having a characteristic re-
lationship to the cerebellar ﬁuc1ei. The anterior lobe comprises one
such square. Within it, Voogt and student5262'263'264 have identified

sagittal cortical compartments appearing to project upon different

N R I A IR B B Y R
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nuclear zones (in cats, ferrets, and rabbits). Older anatomical in-

extent of the target cerebellar nucleus. Similar reasoning may ac-
143,266

vestigations also support the idea of sagittal corticonuclear count in part for the more recent findings of Brodal and Courville ®*72

organization, although without claiming the sort of precision in it in the cerebellar hemispheres and paramedian lobule. Using electrical

advocated by Voogt. The classical lesion and stimulation experiments 96,101

56.57 and natural peripheral stimuli, Eccles and coworkers

have been
of Chambers and Sprague (see also refs. 36, 273) also may be in- unable to find evidence for sagittal inhibitory distributions in

terpreted within the sagittal scheme. either the fastigial or interpositus nuclei (in the former, they do

Several authors' anatomical and physiological observations

remark that inhibition is more restricted than excitationgs). However,
79,83,107,116

admittedly question the above ideas. Some of these ob- Ekerot and Larson have recently shown that just the fast mossy inputs

Jections may be traced to distinctions between the destinations of excited by the sorts of stimuli used by Eccles (not to mention the

individual Purkinje cell axons and the nuclear region influenced by inputs arriving on other channels) distribute to several sagittal zones

104

182
groups of such cells. Golgi studies in both the anterior lobe ™" and of the anterior lobe cortex ~ . In this light Eccles' findings are

60

the cerebellar hemisphere®" indicate that Purkinje axons tend each to

not surprising.

branch in a restricted, conical region of a cerebellar nucleus (see Based upon the discussion above, the corticonuclear template

also ref, 266). Thus, individual cells can hardly be expected to

of figure 5 was constructed to allow computer simulation: A single
M

exert a widespread nuclear influence. Yet Ito was able to demon-

Purkinje cell is shown having an inhibitory field extending over a

stratevthat monosynaptic inhibition upon Deiters nucleus cells could rostrocaudal strip of cerebellar nucleus. In reality, of course (see

be got from an extensive sagittal zone {coinciding well with Voogt's above), this “single” cell must represent a compact group. The nuclear

" [ 264
Deiters "strip"“™) of the anterfor lobe. It would seem, then, that region inhibited need not be strip-like, although the cortical area

each small region of cerebellar nucleus is influenced from the entirety influencing it is (see section 2.5). Figure 5 also illustrates, as

of a sagittal strip. Indeed, Chan-Palay observed that neighboring a reminder, some representative projections of the cerebellar nuclei

arborization cones of Purkinje axons (in dentate nucleus) did not upon brainstem output nuclei through which the anterior lobe injects

necessarily stem from neighboring Purkinje cells in the overlying

cortexsg. Conversely, small cortical lesions involving a group of

its muscular modulation. Once again, crossed projections are not in-

dicated (e.g., between the interpositus and red nuclei); and of course,

Purkinje cells might be expected to produce axonal degeneration over the red and Deiters nuclei (the latter also receiving a direct cortical

an extensive nuclear region, the region corresponding to the cortical projection) are not physically adjacent.

strip in which the lesion was made. Eagers1 found that small anterior

lobe lesions did lead to degeneration over much of the rostrocaudal
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2.4.5 Distribution of Mossy and Ciimbing Fiber Collaterals to

Cerebellar Nuclei

Both slow mossy fibers and climbing fibers are taken to give
collateral excitation to the cerebellar nuclei. No explicit "fan-out"
is represented for mossy collaterals; mossy fibers are assumed to ex-
cite only small neighborhoods about the nuclear regions through which
they pass in traveling to the cortex (figure 3). Although this is

58'59'60']82. the already-diffuse branching of the fibers

likely false
prior to.reaching the nuclei (figure 2) would seem to make extensive
collateral treatment immaterial. As for climbing fiber collaterals,
intra- and extracellular records from cerebellar and Deiters nuclear
neurons frequently show an initial EPSP-IPSP (burst-silence extra-
cellularly) sequence resulting from olivary or peripheral stimulation

92,97,138,250,251

of climbing fibers This sequence likely underlies

the periodic burst responses of these cells following harmaline ad-
ministration77']52']65. Presumably the excitatory phase owes itself
to climbing fiber collaterals, which must therefore lie in the nuclear
region receiving consequent inhibition. It follows from the georetry
of the corticonuclear and climbing fiber projections (sections 2.4.3,
2.4.4) that activation of a climbing fiber strip will result in nuclear
inhibition in an equivalent “sagittal" area27'25]. Thus, for simula-
tion it is assumed that climbing fiber collateral excitation is con-
fined to that nuclear region, although explicit experiments on strip
effects in the nuclei are lacking (see also ref. 180). The occasional
observations of an isolated nuclear EPSP without a following IPSP,

5

triggered by a climbing fiber input”, show that this is an approxiration
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(for an anatomical discussion of the problem, see ref. 60).

2.5 Orchestration of Neuronal Activity Among Descending Spinal g% g § é g é g §§
Pathways by the Anterior Lobe. A Summary of Anterior Lobe Architecture Sg dEHHEEE Sg
and an Anticipation of Its Function il &
) g | 5 | ].8] 5] 8] 5] e
As described in section 2.4.4, the cortex of the cerebellar o | & |5 EE ;E iz s | :E
anterior lobe can be partitioned into a series of sagittal zones, each 1 £l ¢ 1
with an inhibitory influence confined primarily to a unique cerebellar 143
or vestibular (Deiters) nuclear region. Since each of these nuclear ’ Hind E E gig ;3 Hind
areas seems to excite either a unique descending spinal tract, or a (iv) d & ;e flz:; S:é ;b (v)
unique combination thereof, it follows that sagittal cortical zones : } :3
must each govern a unique descending influence upon the musculature. Fore 13 10 ’.0 10 g § gi;‘f; -';:- Fore
More precisely, since the various descending pathways are functionally (V) f: é é}i =f§ (v)
{flexor/extensor) specific, then so must be the sagittal zones of the ! £
anterior lobe,
Section 2.4.3 described the sagittal strip organization of FL EXT EXT FL
the climbing fiber projection to the anterior Tobe. The question con- ‘
sequently arises, to what degree does an Oscarsson climbing fiber strip
correspond to a sagittal cortical zone having influence upon a specific Midline
functional group of muscles? While this problem has yet to be examined FIGURE 6
directly in an experiment, the correspondence must be quite close and . ¥g:?2;t?:g :3:2:$§Ta}ﬁf;:gﬁgggtg:: g:z:;ggogfc??;gslgrf}ggs :g:g:x.
is illustrated in figure 6: The figure is an attempt to indicate the :2;°5}:&egf"1ggu?::hleaglgtsl°§°2§£er$§:tqgge?°rg;22rg:°:1gz:$p:sand
functional groups of muscles affected by each sagittal zone of the :1g§251;:gigag$3egnale$:gggf. {;gér4géri?gztg:°${gng 3?3:;1;¥og:
anterior lobe, the anatemical route by which the effects are conducted, E;?‘S‘Z;tlﬂzlzﬁ?fe 83p25r?21t?3: g::::ezled?gzgscéitbzl{;ixggncesti-
end the clinbing fiber strips which may correspond to those zones. B e ey peariet, of sach sagfttal cortical some, Immtiately
The experimental findings leading to the construction of the figure lar group affected are both indicated. Figure compiled from data

presented in ref. 36. See text for details.

~

have been examined in detail e]sewherest’. and only a summary will be
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given here. As in figure 4, a top view of the anterior lobe is pre-
sented in the lower portion of the figure, save that areas on each
side of the midline are indicated. Letter designations of climbing
fiber strips and their dimensions, given within the strips on the left,
are identical to those of figure 4. Representation of the anterior
lobe is not continued mediolaterally beyond strip d since more lateral

regions seem not to be invoived with locomotor modu]ationaﬁ.

On the
sides of the figure anterior lobe rostrocaudal lobules IV and V are
indicated, along with the hindlfmbiforelimb somatotopy of their in-
fluences of the vermal (extensor) and paravermal (flexor) gross sagittal
cortical areas. The more detailed muscle specificities of the sagittal
corticonuclear projection zones, and the cerebellar (or vestibular)

and brainstem output nuclei affected by each zone, are indicated across
the top of figure 6, Within the strips on the right of the figure the
gross somatotopy and modality specificity of each climbing fiber strip

is indicated (these data are of less concern here).

As figure 6 suggests, then, the triggering of a given Oscars-
son climbing fiber strip should eventually lead to a change in cerebellar
modulation of a particular functional group of muscles. Depending upcn
the descending pathway mediating the modulation, that influence may
also be somatotopic. In any event, discussion might end here if it

were not for the presence of fiber connections between the sagittal

zones of the anterior lobe: The communication between zones mediated

by cortical paralle] fibers is obvious. Less so is the activity spill-

over within both cortex and nuclei made possible by reticulocerehellar

recurrent excitation. Owing to the diffuse nature of reticulocerebellar

i3 D 3 3 -3 P 3 D 3
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loops (figure 2), it might seem that the creation of localized acti-
vity in one cerebellar sagittal zone would rapidly be diffused into
neighboring zones. On the contrary, it-will be shown via computer
simulations of the cerebellar module (sections 6, 8) that this dif-
fuse recurrent excitation is fundamental to the formation, following
climbing fiber strip inputs, of spatially differentiated patterns

of neuronal activity within the cerebellar and output nuclei, Acti-
vation of a strip will be shown to result in the temporary release
of the strip's nuclear target from inhibition. The resulting rebound
of the released area is transmitted to a pre-cerebellar reticular
nucleus, to be returned to both the cerebellar nuclei and cortex on
slow mossy fibers. This diffuse returning excitation is distributed
even further mediolaterally by the parallel fibers, resuiting in an
increase of Purkinje inhibition in the sagittal corticonuclear "com-
partments" on either side of the originally activated climbing fiber
strip. The result, a product of simple lateral recurrent inhibition,
is a pattern of excited and inhibited cerebellar nuclear regions--or

in other words, a redistribution of activity in descending spinal path-
ways. Tying the various types of redistribution possible to the various
types of locomotor gait is in part the task addressed in another re-

port36.

3. Physiolegical Assumptions Employed in the Anterior Lobe Simulaticn

3.1 Cellular Properties

The cells of the cerebellar module to be explicitly modeled

are Purkinje, cerebellar nuclear, and pre-cerebellar reticular nuclezr

3} 3 P ¥y B3 3 3
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neurons--or more precisely, aggregates of them (thanks to the spatial
scale at which the simulation is run; section 4.3). The literature
seems to indicate that each of these cell types exhibits, in the
temporal steady-state, spatial and temporal summation of 1npu§s (ex~-
citatory or inhibitory), within obvious 1imits, when those inputs and
outputs are specified by firing frequency; an exception occurs, of

course, in the Purkinje climbing fiber response (cfr) to be dealt with

separately. In the absence of any input the membrane potential of

89,161 259’260, and nuclear (Deiters

each cell type--Purkinje , reticular
EPSP89'249; Deiters or dentate IPSP89'137']38'250‘25])--also appears
to decay to resting level with approximately an exponential time course.
Consequently, each neuron's membrane potential, m(t), normalized to
a resting level of 0 mv; is governed in the simulation by a basic first-

order differential equation of the form
m(t) = -m(t) + 0(1(t)) m

where T is the membrane time constant (in msec), I(t) represents the
aggregate of cell input firing frequencies (usually a synaptically-
weighted summétion). m(t) is the time derivative of m(t), and 0 is a
“compression function” defined below. The output firing frequency (hz)
is obtained by passing the membrane potential through a simple -threshold

function, [ ]+, defined by

[m(t)1* = m(t), m(t) 20 (2)
= 0, m(t) <0

Cellular modeling of this sort has been applied ty Mortimer to the

cerebellar cortex with reliable replicaticn of many of its physiological
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187
phenomena

To account for the absolute refractory period which sets
the maximum firing frequency of a neuron, inputs to cells were passed

through a compression function of the form
o(1(t)) = (1 - e 1(t)/) (3)

where © establishes the maximum frequency and the ratio ©/a governs
the rapidity of approach to this asymptote. For all cells, here, 0
equalled 1000 hz and ©/a was unity. Since the firing frequencies of

the cells rarely exceeded 300 hz (the Purkinje cfr being the exception)
o(1(t)) = I(t) (4)

The refractory periods of cells were thus irrelevant to the behavior
of the model.

Cerebellar nuclear neurons, since they receive both excitﬁ-
tory and inhibitory inputs (whﬂe_the others experience only excita-
tion), were each simulated with two differential equations ("EPSP"
and "IPSP") to reflect the time course-of each process. The require-
ment arises becéuse. according to the ;heory of Ré]1224, at the nuclear
cell axon hillock Purkinje inhibition, thought to arrive largely axo-

138,182

somatically , will follow a more rapid time course than axo-

dendritic afferent collateral excitation. The net membrane potential
of a nuclear cell was obtained by taking the algebraic difference of
the "EPSP" and "IPSP" processes. Weissteinzssvjustifies this practice,
which is_a1so employed by Mortimer]87

As described earlier, the model's cortical grahu]ar layer

introduces a Qranular columnar transfer function and Golgi cell effects;
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these will be explained in special sections below.

3.2 One-Dimensional Approximation
To conserve limited computer space and facilitate computa-
tion speed, while retaining spatial resolution, only a cross-section
of the two-dimensional tissue sheets of figures 3 and 5 was actually
" simulated. The section was taken along the mediolateral plane, thereby
reducing the module to a set of 3 mediolaterally distributed rows of
cells.
Mathematically, this is justifiable only if the cellular
behavior in the unrepresented sagittal direction is identical with
that seen in the cross-section. But the overwhelming sagittal dis-
tribution of cortical afferents and efferents, coupled with the sub-
stantial "radial" diffuseness of the reticulocerebellar reverberatory
loops, would seem essentially to satisfy this requirement--at least
within a goodly distance sagittally. Conversely, obtaining solutions
for behavior in the cross-section allows one to complete the picture

sagittally, as in fact will be done.

3.3 Basic Governing Equations

The cerebellar module resulting from the one-dimensional
approximation is schematically illustrated in figure 7, where the
variables D, E, F, and G are fan-out (space) constants related to the
magnitudes of the (mediolateral) projections between the various layers
as indicated; Z, X, Y, and R are generic labels for the membrane
potentials of cells in the layers. Table I defines these and other

variables seen in the equations below.
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From figure 7 and the example of equation (1), basic equa-
tions governing the behavior of each cell in the cerebellar module,
at mediolateral coordinate i and time t, can be written down directly

(see Table 1).

. F E
TX(1t) = X(1,t) + 0 £ wIR(i+5,8)]" + T pC(i+i.t))  (5a)
= -F j= -E
. E +
T ¥(1.t) = ¥(1.t) + 0 T plZ(145,t)1) (50)
y j= _E
. G
TROLE) = -RULE) +0( T WX(i4,0) - Y(i+5,t)]" + 8) (5¢)
Jﬂ -
. D
T = <20t vl 3 oD 43,6)1%)) (5d)

Notable features of the governing equations are the following:
Equation (5a) (defining the cerebellar nuclear cell EPSP) contains a
climbing fiber collateral term defined so as to affect that nuclear
region to which a climbing fiber strip of the cortex will project (see
section 2.4.5). Arbitrarily, the effect of the collateral was given
tﬁe same weighting (p) as that of the Purkinje cell axon synapse. Equa-
tion (5b) (defining the cerebellar nuclear cell IPSP) shows the straight-
forward effect of the Purkinje corticonuclear projection.

Equation (5¢) (defining the behavior of a pre-cerebellar
reticular cell) contains an exogenous excitatory term, B, representing
a constant level of “background" excitation to these neurons. It is
used in simulation to help bring the resting discharges of all simulated

neurons throughout the module into their normal physiological ranges.
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TABLE I

VARIABLES OF BASIC GOVERNING EQUATIONS

Variable Units Description

R(i,t) mv Normalized membrane potential of ith re-
ticular neuron as a function of time

2(1,t) my Normalized membrane potential of iiﬁ
Purkinje neuron as a function of time

X(i,t) mv Depolarizing component of normalized mem-
brane potential of ith nuclear neuron as a
function of time

Y(i,t) mv Hyperpolarizing component of normalized
membrane potential of ith nuclear neuron
as a function of time

Tr msec Membrane time constant of reticular neuron
T2 msec tiembrane time constant of Purkinje neuron
Tx msec Time constant of membrane depolarizaticn of
nuclear neuron
Ty msec Time constant of membrane hyperpolarization
of nuclear neuron
2D+1- nm equiva- Granule cell column-to-Purkinje cell fan-out
lents (1ength of parallel fiber), D integer 2 0
2E+1 ' mm equiva- Purkinje-to-nuclear cell far-out, E integer
lents 20
2F+1 rm equiva- Reticular-to-nuclear cell fan-out, F integer
lents 20 .
2G+1 rm equiva- fiuclear-to-reticular cell far-out, G integer
lents 20
w mv/hz Multiplicative synaptic efficacy of connection
from nuclear cell to reticular cell or vice-
versa, ron-negative
p tv/hz Multiplicative synaptic efficacy of cornection

from Purkinje cell to nuclear cell, or from
climbing fiber collateral to nuclear cell, non-
negative
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TABLE I (cont'd)
Although cerebellar cortical neurons (and perhaps others of this module)

Variable Units Description do display spontaneous activity in the absence of afferencezz’sg. back-
q mv/hz Multiplicative synaptic efficacy of para- ground cortical excitation is also suspected to depend upon the acti-
lel fiber-Purkinje cell contact, non-
negative vity in cerebellar reticular nuclei--particularly the lateral reticular
M(i,t) hz (summed) Aggregate granule columnar mossy fiber in- nucleusso. ReticulocerebelTar loops have also been suggested as con-
put activity at spatial locus i as a func- 138,258,261
tion of time tributing to this activity = ' . B represents the combination
G --- Granular columnar transfer function of exogenous afferent and spontaneous activity not attributable to
c(i,t) hz Nuclear collateral activity of ith climbing recurrent excitation through such loops. Strength of the latter, of
fiber
course, is a function of the coupling ("loop gain") between the reticu-
B hz Constant “background" activity of reticular
nuclear afferents and cells not attributable lar and cerebellar nuclei. Many combinations of B and recurrent ex-
to reticulocerebellar recurrent excitation
{see text) citation lead to the same background excitation in the module. It

will be shown, however, that these combinations are not equivalent in
terms of its spatiotemporal response to climbing fiber inputs (sec-
tions 4.5, 4.6).

Lastly, equation (5d) (defining the response of the Purkinje
neuron) is noteworthy for two reasons. The first is the introduction
of functions describing the processing within granule cell columns;
these functions will be defined in subsequent sections of their own
(3.5, 7.1). The second is the absence of a term defining the action
of the climbing fiber upon the Purkinje cell. This complex effect-
is also treated separately (section 3.4).

Note that no attempt has been made to make the various sy-
naptic weightings functions of the fan-out constants. Al1 spatial
weighting functions are “rectangular.” This is probably truly ap-
propriate only for the parallel fiber influence; however, without quan-

titative information on the densities of the other projections, one
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may as well make do with rectangles since they lead to simpler stimu-
lation routines. _

The time and space (fan-out) constants of the governing equa-
tions are quantified in section 4. There also the synaptic efficacies

and other parameters are derived.

3.4 (Climbing Fiber Effects and Physiolegy of Strip Inputs

Computer simulation of climbing fiber inputs to the cerebellar
module requires specification of the action of individual climbing
fibers and of the collective behavior of fibers within cortical Oscars-
son strips. Turning first to the former, only the documented physio-
logical consequences of climbing fiber activity on individual Purkinje
and nuclear cells were incorporated into computer simulations., That
1s, no further theoretical propositions on the behavioral import of
this activity were entertained prior to examining simulation results
(for review of others' ideas on climbing fiber function, see ref. 158).
A single activation of a climbing fiber was thus defined by a chain
of three events in the cerebellar module:

a. The climbing fiber response (cfr), consisting of a momentary

collateral excitation of nuclear cells followed immediately by a burst
discharge of a target Purkinje cell inhibiting those nuclear units.
b. The silent period, a shutdown of the Purkinje cell discharge
following the cfr.
c. The recovery period, resumption of Purkinje discharge.
Each event will now be discussed separately, beginning with the cfr,
When activated by various of their afferents, olivary cells

in cats give rise to a single large action potential followed by a
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varying number of smaller, secondary spikes at high frequency74‘75; this
entire complex appears to be transmitted to the cerebei'lumn. There,
as reviewed earlier (section 2.4.5), cerebellar nuclear cells are momen~
tarily invaded by climbing fiber collateral excitation prior to being
strongly inhibited by the Purkinje cfr. The cfr in cats consists of

a burst discharge at a frequency of several hundred herz and lasting

5-8 msecg'sg']gz.

140

Most of this burst seems conducted to the nucleus
The Purkinje cfr in frog is likewise a barrage of, perhaps,
slightly lower frequency and longer duratir.m]60 than in cats.

The silent period following the cfr is the latter portion
of the Purkinje “"inactivation response* of Granit and Phil]ips‘ZI.
This silencing is observable under a variety of experimental conditions
in cats, its duration varying with those conditions. Thus, under an-
esthetics or decerebration, pauses are regularly seen after the cfr

26’33'53']56'19]"92‘229, sometimes reported as lasting hundreds of

mil]iseconds‘gl. A silent period is also seen in the sleeping cat174.
Under all these conditions silencing may well be phylogenetically in-
variant, since it appears present in the frog195 and alligator (un-
published observation).

The existence of the silent period in awake, intact animals
(or in the mesencephalic lTocomoting cat) is equivocal. Frequent short
pauses following the Purkinje cfr are described for awake, moving
monkeys252 and occasionally are noted in lightly anesthetized guinea
pi9527. Following presumptive cfr's in the mesencephalic cat silencing
seems present (ref. 201, fié. 1C). However, Murphy and colleagues see

no cfr-related pahses in awake, paralyzed catslga. nor dbes Mortimer
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find them in awake monkeys following cfr's elicited by startling the

animallss

. It appears that the safest course to steer between these
contrasting findings is to assume that when pauses are present in
awake animals, they are much shorter than when cbserved under anes-

thesia or following decerebration (see below).

Recovery of the Purkinje cell from the silent period is
largely determined only by silence-producing mechanisms. That is,
cfr-evoked EPSP is largely decayed after 20 msec in both cat and

frog®9:160

and hence will have little effect on subsequent discharge

if fnactivation persists for approximately this period. Bloedel and
Roberts33 (see also refs. 177, 178) suggest that inactivation of the
Purkinje spike generating mechanism could silence the cell for at least
this interval. In advanced cortices climbing fiber collateral activa-
" tion of cortical interneurons may result in more prolonged Purkinje
shutdown by either direct inhibition (stellate and basket cells) or
inhibitory curtailment of Purkinje input (Golgi ce115)26'33’53']56’]9]‘
192'229. Thése interneuronal effects are not stressed in the present
work. The silent period instead will be assumed due only to inactiva-
tion of Purkinje spike generation, witk a cell's membrane potential
continuing to respond normally to inputs. The cfr EPSP will not be
carried owing to its substantial decay during silencing (see above).
Drawing from this discussion, Table II describes the sequence of events

used in simulating climbing fiber (and nuclear collateral) effects.

120 33

Certain authors, notably Granit = and Bloedel and Roberts””,
have suggested that Purkinje inactivation may be the most significant

physiological contribution of climbing fiber input. The theory holds

3 3 =2 3 3 D '3
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that, while various cortical mechanisms block Purkinje output after
the cfr, collateral activation assists the resulting release of target
nuclear cells from inhibition (see also ref. 272). The present simu-
lation results will be seen to support such a view, with some'exten-
sions. Lest, however, the simulations be prebiased to this outcome,
the Purkinje cfr discharge has deliberately been defined to be of
slightly longer duration than usually occurs, while the inactivation

period is kept rather short (cf. Table II and the above discussion).

TABLE II

CLIMBING FIBER RESPONSE PARAMETERS

Purkinje
Time Output c(i,t)
(msec) (hz) (hz) Description
t <1 Z(i,t) 0 -
1.3t 2 Z(i,t) 200 Nuclear collateral burst
2<t 10 500 0 Purkinje cfr
10- 5t 26 0 (] Silent period
26 St 2(i,t) 0 Recovery period

Section 2.4.3 described the entry of climbing fibers into
the cerebellar cortex in a series of broad, sagittally-oriented Oscars-
son strips, each in turn probably resolvable into smaller microstrips.
Evidence exists that fibers to a given Oscarsson strip arise in one

(sometimes several) compact regions of the inferior olive®’'’*2%6
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145,288 1 physiological'®® evidence that

There is also strong anatomical
neighboring cells of the olive are electronically coupled. In other
words, olivary regions giving rise to climbing fibers of Oscarsson
strips (or at least the microstrips thereof) may behave somewhat as
a syncytium. Synchronization of the cfr's within a climbing fiber

strip may be the resultlss. There is some experimental evidence for

a tendency to such synchrOny27-225

{Roberts, personal communication}.
Therefore, strip inputs presented to the cerebellar module in simu-
Tations consisted of synchronous climbing fiber volleys throughout

the strip.” The results, however, indicated that synchrony was a con-
venience, but not a necessity, for the production of spatially distinct
patterns of neural activity within the module (section 9.4). It is

the author's opinion that the properties of olivary electronic coupling
be investigated mathematically to discover whether "synchrony" is its
only outcome. Depending upon the temporal filtering properties of

the gap junctions mediating the coupling, either the fast depolarizing,
or slow hyperpolarizing, potentials of olivary neurons74 could selec-
tively be coupled between neighbors. The first type of coupling would
probably lead to synchrony; however, the second type would in essence

effect lateral inhibition between olivary neurons and could partition

the olive into “domains” of active and inhibited populations (each

such population projecting into a strip of cerebellar cortex, of course).

3.5 Granular Layer. Aggregate Mossy Fiber Input and Columnar

Transfer Function
As was described qualitatively in section 2.4.2, the granular

layer of the cerebellar cortex is taken to be divided into hypothetical
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columns, each serving to process an aggregate, slow ﬁossy input at
specified locations in the granular layer. The aggregate mossy in-
put to the column at mediolateral location j, M(j) (dropping t; see
Table I), is defined as the sum of firing frequencies on mossy fibers
entering the column. Examining figure 7, and recalling that slow
mossy fibers (from the pre-cerebellar reticular nuclei) were con-
sidered to undergo no further mediolateral branching between the cere-
bellar nuclei and cortex (section 2.4.2), it is evident that M(j) is
given by

2 -

M(3) : [R(3+k)1*
= +
ks -F j' : (6)

Section 2.4.2 also mentioned that the processing of M(j)
by its granule column into a parallel fiber output was governed by a
granular columnar transfer function, here called G (Table I and equa-
tion (5d)). In the initial simulations of the cerebellar module, whose
results are given in section 6, G was simply an identity transforma-

tion:
G(M(])) = M(J) (7)

That is, mossy fiber input was taken to be relayed intact to parallel
fibers by the granular layer. In later, revised versions of the simu-
lations (sections 7, 8), G was altered to reflect the possibility of
recruitment among granule cells in a column. The rationale for this,
and derivation of the recruitment G, are given when the simulation

results are presented.
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4. Quantifying the Simulation Model ’ TABLE III
4.1 “Average" Cerebellar Module MEMBRANE TIME CONSTANTS
Three basic classes of undetermined coefficients are evi-
dent from the governing equations (5) of the cerebellar module; namely, Time Value
Constant (ms) Reference Figure(s) Comment
membrane time constants, spatial fan-out constants, and synaptic ef-
Tx 3 137 2,3 Deiters nucleus
ficacies. The first two of these can be grossly delimited from the
5 89 137 Deiters nucleus
literature; a neighborhood for the third is then determinable from —
15*-20 249 3 Deiters nucleus
certain criteria given in sections 4.5 and 4.6. Experiment has only
provided broad bounds for many of these paramters; wide scatter pre- Ty 4 89 130 Deiters nucleus
vails. To combat this uncertainty an "average" paramterization for 5 137 7 Deiters nucleus
the module ("average" cerebellar module) was first extracted from 6* - - -——-
existing data and was then subjected to crude performanﬁe optimization 10 89 132 Dentate nucleus
by parameter variation (section 4.6). In the tables of parameters 10 138 139 Dentate nucleus
to follow, values used for the average module are indicated with super- 30 251 1 Deiters nucleus
scripted bars, while values employed in the actual optimized simula- 30-50 250 8 Deiters nucleus
tion are denoted by asterisks (*).
Ty 3 147 2 Lateral reticular
nucleus
4.2 Membrane Time Constants
3-4 260 1 NRTP
Time constants were estimated by examining published records
3-4 259 1 NRTP
of decaying PSP's in each cell type. More rigorous determinations -
5* -- - -
of time constants by means of unitary PSP or current injection tech-
niques are generally unavailable. There results a considerable Tz 8 161 2 Frgg Purkinje
ce
variance in each parameter deduced by this methed, but which was re- —
15 89 84 Cat Purkinje
duced by parameter optimization. Table III contains the various time cell

constants and their sources. ( ) = Average Parameterization

( )* = Actual Parameterization
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4.3 Spatial Fan-Out Constants

Use of the sagittal-mediolateral coordinate system to unify
the spatial metric of the cerebellar module (described in an earlier
section) is of singular importance in specifying the extent of pro-
Jjections between the cells. Since there are an integral number of
cells, governing equations (5) were constructed with integer fan-out
constants., Each unit increment of a constant thus represents a fixed
number of “millimeter equivalents" of fan-out, calculated as follows:

Recall that the coordinate system is referenced to the cere-
bellar cortex--that all other components of the module, regardless
of their true dimensions, are taken conformally equivalent to it.

The spatial scale of the simulation is therefore set by the actual
medfolateral dimension of the “locomotor" anterior lobe. Figure 6
(section 2.5), by summation of strip widths, shows this to be ap-
proximately 8.6 mm. Now each cell layer of the cerebellar module (i.e.,

cortical, cerebellar nuclear, and reticular nuclear) was simulated

with 100 active cells (section 5). This implies a simulated cell density

of

10

3% sinulated cells 1) 6 cimulated cells/m (8)
Thus a single simulated cell represents a cortical region of approxi-
mately 0.09 mm (the reciprocal of (8)) and becomes the number of milli-
meter equivalents represented by a unit change in any fan-out parameter.
Relation (8) is used to convert actual fan-out extents (in millimeters)

into integral fan-out constants after rounding (see example below).

r%s:eéa F?=f=%§ r=aa=§§ ﬁ====§§ r===f§§ F:==$§
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One may regard the behavior of each model cell as repre-
senting the average activity in a group of actual cerebellar cells
at some location. The size of this group (in the mediolateral plane),
which indicates something of the spatial "grain" of the simulations,
is calculable for cat cerebellar cortex using the recent measurements
of Palkovits, et a1.212. They find that approximately 225 Purkinje
cells 1ie along a 2 mm parallel fiber. The 8.6 mm anterior lobe
measures 4.3 such lengths, implying that about 968 Purkinje cells span
it. Hence, the simulation represents a cortical group size of per-
haps 9.7 real cells/simulated cell (mediolaterally). Unfortunately,
no estimates can yet be made of the group sizes represented in the
remainder of the module.

One may now proceed directly to the calculation of fan-out
constants. The results, with references (where available), are given
in Table 1V. Comments on each calculation follow:

a. 2D+1, granule cell column-to-Purkinje cef1 fan-out (length
of parallel fiber). The length of the parallel fiber in cats has been
estimated differently by various authors, as Table IV indicates. An
example of fan-out parameter calculation, to illustrate points above,
is given for a length of 3 mm (length in the "average" module): Usinrg

the reciprocal of (8)

2041 (mm equivalents) = 1 (mm equivalent)
TE . 3m

= 33,3 (mm equivalents)
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Thus D = 16 after rounding.

. TABLE 1V

b. 2F+1, reticular-to-nuclear cell fan-out. This parameter, and
the two remaining, are difficult to assess. For most of the pre- SPATIAL FAN-OUT CONSTANTS
cerebellar reticular nuclei no quantitative projection information
seems to exist. Since different broad divisions of the lateral re- Extent V?;;e
ticular nucleus have been said to favor entire vermal or hemispherical Constant {om) equivalents) References
cortical regions (although with considerable overlap42'48). the fan- b 2.0% 0% 212, 242
out from each reticular neuron was varied about an extent approximating T 13 89, 246
hemi-vermal width (3 mm, figure 6). 5.0 2% m

€. 2E+1, Purkinje-to-nuclear cell fan-out. This is equivalent
to the (mediolateral) extent of cerebellar cortex projecting to a given : F 1.8* 9 -0t
nuclear neuron. Voogt has shown that (in ferret) neither the vermis 2.0 10 ==
nor the intermediate zone projects entirely to the same subcerebellar 30 6 42, 48
nucleu5264. Consequently, 2E+1 is probably less than the widths of - 4.0 20 o=
either of these cortical subdivisions. For the "average" module the £ 0.2 0-1 o
width was posited to be about that of a typical Oscarsson climbing 0.6 3 o
fiber strip--1 mm (figure 6, section 2.5). Other values were examined, Wil T o
as shown in Table IV, 2.0 10 o

d. 261, nuclear-to-reticular cell fan-out. Almost no details
of this projection exist, save that it is probably less diffuse than G 0.4* Cl -t
the reticular-to-nuclear return (2F+1; see figure 2 and section 2.3). o 5 ===
It was treated as having properties similar to the Purkinje-to-nuclear 2.0 10 o=

projection.

. ( ) = Average Parameterization
4.4 Width of Climbing Fiber Strips

( )* = Actual Parameterization
Oscarsson strips within the “locomotor" anterior lobe are

3% _3 _3 _d» _3» 3 I ¥ _B» B3 B 3 3 I 3 3 _B3 3 3
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approximately 1 mm wide (figure 6). However, these strips may resolve
into narrower microstrips (sections 2.4.3, 3.4) activated by particu-
lar types of peripheral input. Simulated climbing fiber inputs were
thus given in strips 0.6 mm wide, in fair agreement with fhe width of
a paravermal microstrip (0.7 mm) found to respond to footpad inputs

in cat226 (Roberts, personal communication).

4.5 Synaptic Efficacies
While the experimental determination of synaptic efficacies

in cerebellar systems awaits undiscovered techniques, it is possible

to avoid purely trial-and-error methods in specifying them for simu-
lation. To do so one may hypothesize the existence of a unique spatio-
temporal steady-state in the cerebellar module, in which neurons of a
given type are firing at nearly identical frequencies, unchanging with
time. Such a state may correspond to cerebellar activity in the alert,
quiet, intact cat (or other animal). In the mesencephalic, treadmill

cat the condition may exist during brainstem locomotor center stimu-
lation, but without treadmill activation (and resulting movement);

such stimulation appears to produce a generalized elevation of reticular,

cerebellar nuclear, and cortical activitng‘zm’202’203’204

(for de-
tails, see ref. 36). The spatiotemporal steady-state is derived from
governing equations (5): a) by setting all derivatives to zero;

b) by replacing compression function 0 with an identity function (equa-
tion (4), section 3.1), assuming all neurons to be operating in their
linear range; and c) by equating the activities of all neuron types

in a layer to a single non-zero value (thereby eliminating spatial

~3 —~3 —3 —% —3 —3 —3 —3 —3 ~—3 —3% ~F I ¥ —3 —3 —3 —3 73
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indices). These manipulations (dropping the climbing fiber col-

lateral term), and use of equations (6) and (7) (section 3.5) re-

sult in:
X = (2F+1)wR (9a)
Y = (2E41)pZ (9b)
R = (26+1)w(X-Y) + B {9¢)
Z = (20+1)q(2F+1)R (9d)

Defining E = 2F+1, etc., normalizing by B by defining X* = X/B, etc.,
and defining S= X - Y ({.e., net nuclear activity, with S* = X* - y*),
it is possible to use equations (9) to solve for synaptic efficacies

w and q as functions of p as follows:

Following normalization and substitutions

X* = FuR* (10a)
Y* = Epz* (10b)
R* = Gus* +] (10¢)
2* = DFqR* (10d)

Substracting (10a) from (10b), and substituting (10c) into both that
result and into (10d)

Ew(EwS* +1) - EpZ' (11a)
DFq(GuS* +1) (11b)

gk
I*

n
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. . cats under various conditionsm'97']38’173']74'201’257 (during mesen-
Collecting terms in w within (11a)

cephalic locomotion average nuclear frequencies may be somewhat higher

F6S*wl + Fw - EpZ* - S* = 0 (12) 202 14 Purkinje frequencies slightly 1cwer2°]). For use in equations
or (14) and (15) these values must be normalized by B, the magnitude of
- "background” reticular activity (cells and afferents) not attributed
2 1 EZ*p + S*
L GSF* W - (—I;F) =0 (13) to reticulocerebellar recurrent excitation (see section 3.3). No
ready experimental means can dissect out this value from simple ob-
or, solving the quadratic in w servations of R, the reticular steady-state activity. For fixed S
1 1 T A and Z, however, increasingly smaller values of B imply increasing re-
—_ - + 4 El;g_:_éi ipatd ; -
wip) = Gs* -\///:GS*)Z ( Fes* ) (14) current excitation. Table V documents various values of B for 5 = 37
2 and Z = 70 according to the amount of reverberation. Parameter opti-

mization (section 4.6) was used to determine its final simulation value.
where the negative root was found to yield a negative w. Returning

to equation (11b), solving for q:

TABLE V
qlw(p)) = i (15) “BACKGROUND EXCITATION
FO(GS*w(p) +1)
B8 S* z*

Thus, specification of normalized Purkinje (Z*) and nuclear (S*) acti- (hz) (dimensionless) (dimensionless) Comment
vity (see below) defines a family of synaptic efficacies by (14) and 3 1.0 1.891 tﬁﬁﬁ:ﬁtdSEZ?iaﬁgoﬁe'
(15) which will produce this activity. When stability and other con- 24,667 1.5% 2.838*
siderations are added during parameter optimization (section 4.6), 18.5 2.0 3.784
such a family can be further narrowed. 77 50 9.4

In all simulations, average steady-state values for nuclear 3.7 10.0 18.91 Highest degree of re-
and Purkinje cell firing frequencies were taken to be those found by 1.0 37.0 70.0 current excitation

Thach for the alert, quiet monkey--S = 37 hz for nuclear cells and

(-3 = Average Parameterization
Z =70 hz for Purkinje252‘254.

Similar activity levels are seen in
( )* = Actual Parameterization
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4.6 Parameter Optimization

Beyond invoking a spatiotemporal steady-state to narrow the
choice of synaptic efficacies that remain consistent with other module
parameters, an attempt at parameter optimization through variation
of "average" parameters was attempted to promote further precision.
Parameter variations were done in partial derivative fashion (i.e.,
by varying but one parameter at a time a small amount) about the
“average" values and the effects were evaluated in light of the fol-
lowing two constraints:

1. The spatiotemporal steady-state must be temporally, asymp-

totically staB1e. with no class of neurons either firing maxi-

mally or inhiﬁitorally silenced,

2. Spatially differentiated activity patterns in the cerebellar

nuclei must result from cerebellar afferent activity.
The first constraint reasonably assumes that the resting state is not
balanced delicately between “"unstable" alternative conditions in-
volving inhibitory or excitatory saturation. The second is merely
a restatement of working hypotheses of the Introduction. Methods of
rapidly assessing pehavior in terms of the contraints (for the pur-
pose of variational analysis) are derivéd below:

Constraint 1. Steady-state temporal stability of governing

equations (5) can be approximately assessed through the eigenvalues

of the linearized equations (9) with derivatives resotred; namely:

Tx).( = <X + FuR (162)
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Ty§ s =Y + EpZ {16b)
T R = R+ GuS 48 (16¢)
1,2 = -2 + DqfR ©(164)

In employing equations (14) and (15) to calculate families of synaptic
efficacies, the resulting eigenvalues of (16) were simultaneously
computed and used to identify stable and unstable choices in the manner
illustrated by figure 8: Ignoring the "UD" and "US" lines momentarily,
the two graphs show the requisite constraints between the synaptic
efficacies which will produce the identical spatiotemporal steady-
state for the “average" parameterization of the cerebellar module
(Tables III-V). Thus for increasing Purkinje effects on nuclear neurcns
(increasing p), reticulocerebellar connections must be strengthened
(increasing w) and parallel fiber synapses weakened (decreasing q)

to maintain the resting condition. The qualitative relations shown
were found to be characteristic of all other realistic parameteriza-
tions of the module.

The two superimposed 1ines on figure 8 relate to eigenvalue
behavior. Beyond line "US," with increasing p, the eigenvalues have
non-negative real parts, indicating a temporally unstable steady-state.
The proper choice of synaptic efficacies must therefore 1ie to the
left of this line. Between the "UD" and "US" lines is a region of
complex conjugate (stable) eigenvalues characteristic of an under-
damped system. Operation of the module here results in scmewhat oscil-

latory temporal phenomena {Note: This region can be absent in other
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parameterizations). With further decreases in p to the left of the
“UD" line the eigenvalues are real and stable--the system is over-
damped. Here one expects rather sluggish, non-oscillatory behavior.
uo us Parameter optimization under constraint 1 thus involved examination
". of the "UD" and "US" regions (particularly the latter) with changes
) in the "average" parameterization. It was required that the stable
] _ ) 2zone be increased, if possible. This makes temporal phenomena in the
4 e . - module less critically dependent upon the exact parameter choices.

Constraint 2. Prediction of meaningful spatial differen-

Q_ tiation in nuclear activity patterns is difficult short of actual
simulation trials. Governing equations (5) do not admit of ready,

: \\~\\"*-—____ and informative, analytical solutions. With a linearized version of
the equations, one could search for spatial “resonances" with Fourier
R transform techniques, as did Calvert and Meno in modeling the cere-

gt 54

P bellar cortex™ . This in fact has been done in section 9.3.1 in an

effort to understand the observed behavior of the simulation. The
analysis there, however, depends upon knowledge of the temporal be-
FIGURE 8 ' havior of the module got through simulation: It was found where on

Functional relationships between synaptic efficacies got by solving the temporal frequency spectrum the spatial response curves should

equations (14) and (15). UD and US lines indicate resulting behavior

of eigenvalues of equations (16). See text for explamation. be constructed. But before this knowledge existed, simulations were

run on a trial basis using various parameterizations (which were al-
ready constrained by considerations of stability and steady-state
activity) to determine additional empirical correlates of figure 8
attaching to greater nuclear spatial differentiation pursuant to

climbing fiber activity. These correlates proved to be:
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a. An increased overall magnitude of q.

b. An increased initial (negative) slope of q(w(p)).
Under constraint 2, then, variational analysis sought the goals of
(a) and (b).

Table VI records all results of parameter variation analysis

in terms of the optimality criteria surrounding constraints 1 and 2.
Additionally, the impact on the overdamped zone of figure 8 is noted.
Certain time constants were varied only in one direction, since to
go the other seemed unrealistic. In Table VII the unequivocally “use-
ful® variations of Table VI are isolated by applying the criteria de-
veloped above and were used in setting the final "optimal® simulation
parameters; the latter have already been recorded in Tables III-V,

save for the final synaptic efficacies used in all simulations, which

were:
w = 0,21 mv/hz
p = 0.45 mv/hz
q = 0,003 mv/hz

Employing the appropriate parameters in equation (9¢c), the

reticular nuclear steady-state activity for the simulation model is

found to be approximately 64 hz. Such a high degree of reticular ex-
citation (which can be seen experimentally in the lateral reticular

nuc]euszza) is essential for the module behaviors to be described be-
low. It should be a matter of some concern in evaluating experimental
tests utilizing procedures that may depress reticular centers3o’32 (see

section 9.5).
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A number of the “"useful” variations in Table VII bear on
current controversies in the literature: That D be decreased argues
jections, to improve spatial effects (Table V1). Similarly, decreasing
G suggests evolving a more punctate cerebelloreticular projection.
Decreases in time constants Tty and tz both result in more rapid im-
pressment of Purkinje inhibition in the nuclei with changes in paral-
lel fiber activity. The import of these variations is considered in
detail in the Discussion (section 9). Adjustments in E, F, or B are
each seen to have offsetting effects relative to the constraints
(Table VI). Nonetheless, an overall improvement in performance was
effected by decreasing F to enhance spatial patterning while in-
creasing B and decreasing £ to compensate for the resulting instabil

ity.

5. Simulation Methods

Response of the cerebellar module to climbing fiber inputs
was identified by solving governing equations (5) on a PDP-15 mini-
computer having graphical facilities. Use of fully interactive pro-
gramming written in FORTRAN and assembly language permitted the con-
duct of experiments mimicking standard physiological practice, with
the advantage of simultaneous monitoring of all cells, Despite the
nonlinearities and small time constants of equations (5), it was found
that simple Euler integration with 1 msec time increment was adequate
to express their behavior. Tests with trapezoidal quadrature (i.e.,

by appending the next term in a Taylor's series expansion of the
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TABLE VI
TABLE VII

IMPACT OF PARAMETER VARIATIONS
"USEFUL" PARAMETER VARIATIONS

(+) = Increase in property

Useful Overdamped
(-) = Decrease in property Paraneter Variation Zone
(0) = Ho change Ty - +
{ ) = tot applicable Tr + -
. T2 - +
Overdamped
Parameter Variation Stability q q Slope Zone D - 0
Tx - - - G - -
Ty _ - + +
Ty + - -
r + + - derivatives of (5) added nothing qualitatively to the results, but
Tz - + + did, of course, increase computation time and storage demands of the
D * 0 = = 0 computer. ]
0 - 0 + 0 0 It was required that cells on the two boundaries of the simu-
E + - 0 + + Jated module be held at “background” levels--that so-called “edge ef-
E - + 0 = + fects" be suppressed. This two-point toundary condition can be satis-
F + + - 0 - fied by solution of equations (5) in a spatial Fourier series of
F - - + + + period equal to the width of the modu1e6]. Such a periodic solution
6 + - - 0 + was approximated by attaching to each side of the rodule's layers 50
G - + + 0 - additional "ghost” cells whose behavior began the periodic replica-
B * + - - - tion of cellular activity inside the layer. To complete this tech-
8 - - + * + nique the outputs of the ghost cells were used as fan-in inputs to the

module, according to the geometrical parameters described above.
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Two types of display of simulation activity were provided:
The first yielded traditional plots of firing frequency as a function
of time for any two cells of the module. The second--of by far the
greater interest--depicted the firing frequencies of all cells in any
two layers as a function of their mediolateral spatial locus at any
given moment. The time sequence of development of this spatial acti-

vity was analyzed cinematographically.
6. Simulation Results

6.1 Achievement of Spatiotemporal Steady-State

Application of background excitation B (Table V) to governing
equations (5) animates the simulated cerebellar module, causing all
cells eventually to assume their resting discharges. The temporal
approach of typical cerebellar nuclear and Purkinje cells to this con-
dition is shown in figure 9 (N. Nuclear cell; P. Purkinje cell; both
at the same mediolateral ccordinate): B initially causes excitation
of reticular cells which in turn excite both nuclear and Purkinje cells
via "slow" mossy fibers. Almost immediately, however, nuclear acti-
vity begins to experience Purkinje inhibition as shown. As nuclear
firing wanes, excitation of reticular cells through the cerebello-
reticular projection also declines, causing a drop in mossy excitation;
the 1atter further depresses cerebellar nuclear cells and, eventually,
Purkinje cells. But with the decline in Purkinje activity, nuclear
cells begin to recover from inhibition, the reticulocerebellar loap

excitation contributing materially. Beyond this point both Purkinje

Behavior of simulated cerebellar nuclear (N) and

Purkinje (P) neurons at same mediola

hz
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and nuclear cells slowly increase their activity, levelling off at
their spatiotemporal steady-state firing frequencies of 70 hz and
37 hz, respectively. .

6.2 Comparison of Simulated and Experimentally-Obtained Single

Unit Response
Before the simulated cerebellar module is used to predict

novel responses of the cerebellar module to climbing fiber inputs,
it is first necessary to check its accuracy in replicating known ex-
perimental data. Most such data has already been used to define the
performance of various elements of the module. However, it is pos-
sible to examine two experimental phenomena which are at least one
step removed from the behavioral quirks of individual cell species:
The first test has to do with the operation of the reticu-
locerebellar loops. Within the simulation, although reticulocerebel-
Tar recurrent excitation accounts for only a modest amount of acti-
vity, (Table V), it can still be shown to be a potent force by re-
moving the cerebellar cortical inhibition that normally holds it in
check. Figure 10 depicts the result of applying B to the module (as
in figure 9) with corticonuclear synapses nullified. Unrestrained
reticulocerebellar recurrent excitation drives the nuclear cell firing
frequency upward approximately exponentially (the eventual satura-

tion of the discharge is not shown). Now Tsukahara2>J*25!

has con-
ducted an analogous experimental test on the interpositus nucleus
(cat). Cerebellar cortical inhibition was removed using picrotoxin

i.v., which antagonizes the inhibitory transmitter (GABA). A pulse

—3 -3 3 _3 _3 _3 _3 __3

3

-72 -

was injected antidromically into the loop between the interpositus

and NRTP nuclei and the results monitored by intracellular recording
in the red nucleus (to which the interpositus projects}. Figure 11 A
(extracted from Tsukaharazsg, fig. 2) shows the response of a red
nuclear neuron. As is obvious, following the stimulus (arrow) loop
excitation builds and the firing frequency of the cell increases in
the qualitative manner of figure 10. That this response is truly due
to recurrent excitation in the reticulocerebellar loop was carefully
checked by Tsukahara. On this test, then, the simulation appears to
agree with experiment. It might be mentioned that Posén and Scheid227
cooled the cerebellar cortex in an attempt to eliminate cortical in-
hibition and then recorded from interpositus neurons following peri-
pheral nerve stimulation. They did not find the explosive buildup
of excitation seen by Tsukahara, but did observe greatly enhanced ex-
citatory responses in the nucleus,

A second test involves the responses of cerebellar nuclear
neurons to climbing fiber inputs. Recall that the simulated Purkinje
cfr and subsequent events (silent period, etc.) were carefully de-
fined, but that ﬁuc]ear responses vere not (save for the influence
of climbing fiber collaterals). Seen experimentally, such responses

92 .
are typified by figures 11 B (from Eccles, et al.” ; fig. 10) and 11 C

(Eccles, et a1.97; fig. 5). These were obtained in decerebrate cats
following brief gtimu]ation of the inferior olive. Figure 11 B shows
a series of poststimulus-time histograms of spike probability in a
fastigial nucleus neuron following the olivary stimulus (black bar

on left); stimulus current was graded from lowest (upperrost histogram)

—3 - -3 -3 -3 3 _3 3 __3
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12 ms

FIGURE 10

Response of cerebellar nuclear cell to application of background B
when cerebellar corticonuclear inhibition is nullified. Recurrent
excitation drives firing rate explosively upward (discharge satura-
tion not shown). Compare with Figure 11 A,
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to highest (lowermost). There appear to be three reliable response
phases; an initial sharp excitation, followed by a sileﬁc1ng. and then
by a somewhat broader “rebound” excitation. Both excitations and
silencing become more pronounced at higher current levels (see be-
low). The two excitatory periods separated by silence are also seen
in responses of interpositus neurons to olivary stimuli, shown in
figure 11 C. The lower trace is the poststimulus-time histogram. while
the upper is the actual extracellular record of the response. Dura-
tions of the exbitatory and inhibitory periods can be seen to be
comparable to those in the fastigial nuclgus (figure 11 B).

As "olivary stimulus” can also be given to the simulated
cerebellar module by activating a climbing fiber microstrip (which,
presumably, is what an actual weak olivary stimulus does). Figure 12
records the module response to a single volley (defined in sections
3.4, 4.4) from one microstrip.as seen in a nuclear (N) and a Purkinje
(P) cell lying at the same mediolateral coordinate within the region
directly affected by the microstrip. The stimulus is presented at
the origin of coordinates (the conduction latency from the inferior
olive is not represented). It is seen that the nuclear cell is
briefly activated by climbing fiber collaterals before being completely
suppressed by inhibition from the Purkinje cfr (symbolized by the
heavy black bar; the cfr firing frequency (500 hz; Table II) is too
high to be shown). Following the cfr the Purkinje cell enters its
silent period, releasing the nuclear cell from inhibition. The latter

rebounds, assisted by reticulocerebellar recurrent excitation. The
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FIGURE 11

Experimental observations corroborating behavior of the simulations.
(A; from Tsukahara?5®). Response of red nucleus neuron excited by
unchecked reticulocerebellar recurrent excitation; compare with figure
10. (B; from Eccles, et al.%?, C; from Eccles, et al.’’, D; from
Armstrong, et al.!°), Responses of cerebellar nuclear cells to shocks

of inferior olive or peripheral nerves, evoking climbing fiber volleys.

Compare with figure 12. See text for details.
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Purkinje cell then resumes its discharge, re-inhibiting the nuclear
cell and causing its return to the “background" firing rate. The
slight rebound of the Purkinje neuron fo11owing the silent period is
caused by increased slow mossy fiber excitation reaching the cortex
from the momentarily increased reticulocerebellar recurrent excita-
tion.

Comparison of the simulated nuclear neuron response of
figure 12 with those of figures 11 B and C demonstrates their quali-
tative, if not quantitative, similarity. While poststimulus-time
histograms cannot be directly translated into frequency-time plots
without additional information, it is clear that the durations of
the response epochs (excitations and silencing) and their latencies
relative to each other are equivalent in the histograms and in the
simulation results. .

The investigators who produced the data given in figures 11 B
and C'gave no detailed explanation of the source of the second, rebound
excitatory period in nuclear cellsgz'97. The simulations indicate
that the silencing of Purkinje cells following microstrip cfr's could
account for it well, The augmenting of both nuclear excitatory phases
(and of the silent phase) with increasing'o11vary stimulus current
(figure 11 B) can eaéily be attributed to the recruitment of more
climbing fibers within the strip zone, i.e., a simultaneous increase
in collateral excitation, Purkinje inhibition, and subsequent nulli-
fication of that inhibition.

Using peripheral nerve and "natural® stimulation, thereby

activating both spino-olivocerebellar pathways and other ascending

3 _3 _3 3 __3 3 _2
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(mossy fiber) tracts, other authors have observed excitation-silencing-

rebound sequences in the cerebellar and Dgiters nucleilo‘]]']79'248’25]'

252. One of the more spectacular examples of such a sequence is the
interpositus unit response (to stimulation of a hindlimb nerve in a
chloralose cat) shown in figure 11 D (from Armstrong, et al.lo; figure
1). After the stimulus the cell fires a single spike, is then silent
for about 200 msec, and finally rebounds with a flourish, The half-
second duration of this rebound is remarkable and does not reflect
the simulation results of figure 12. It has been claimed by some that
such long-duration responses are produced through the climbing fiber
system in the same way described above; olivary stimulation reportedly
can provoke the reactionlo. Mortimer, however, while seeing similar
nuclear responses following startle-stimuli given awake monkeys, was
unable to correlate them with cfr-related Purkinje cell behavior in

Athe overlying cortexlea. It will be presumed here, therefore, that
the simulation does indeed provide a qualitatively accurate model of
cerebellar reactions to climbing fiber inputs at the single unit level.
The responses take place in the time frame of figure 12. What that
figure cannot show (and what has yet to be studied experimentally)
are the effects microstrip activity has upon the spatial distribution
of neuronal activity. When this is examined in the next section,

then another type of long time-course phenomenon will be seen to emerge.

6.3 Spatial Response Patterns to Single Climbing Fiber Microstrip
Inputs

A1l climbing fiber inputs were presented to a single, centrally

Yocated “strip® of the cerebellar module. Dimensions of the strip

s T T T, |
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FIGURE 12

Simulated cerebellar nuclear (N) and Purkinje (P) single-unit responses
(at same mediolateral coordinate) to a climbing fiber microstrip volley
at their location. Black bar is Purkinje cfr. Compare nuclear response
with figure 11 (8, C, D).
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(0.6 mm) and simulated physiological effects of the cfr have been de-
scribed earlier (sections 3.4, 4.4). Figures 13-16 portray the spatial
distributions of activity in nuclear (N) and Purkinje (P) neurons as
they evolve over time before, during, and following a single strip

cfr. Each figure is concerned with one of the 3 successive epochs

of this activity as follows:

a. Purkinje cfr (figure 13). Prior to presenting the stimulus,
the module is placed in the spatiotemporal steady-state (0 msec).
Stimulus presentation begins in the first millisecond with a momen-
tary burst of nuclear excitation within the microstrip zone;
this reflects the action of climbing fiber collaterals. Immediately
thereafter, Purkinje cells of the strip begin their cfr burst at 500 hz
(arrows) which will continue for 8 msec. The resultant tremendous
buildup of Purkinje inhibition rapidly extinguishes the nuclear burst.
Neighboring nuclear cells undergo a small excitation (as do Purkinje
cells) owing to increased reticular nuclear (thus, slow mossy fiber)
éctivity brought about by the initial cerebellar nuclear burst.

b. Purkinje silent period (figure 14). Commencement of Purkinje
silencing in the 10th millisecond also finds nuclear cells silenced
in the cfr strip zone, with the discharges of their neighbors col-
lapsing because of the consequent loss of reticular drive; Purkinje
cells bordering the strip likewise show a gradual decline in activity
for the same reason (but distributed over a wider area, thanks to the
parallel fibers). Inactivation, however, removes Purkinje inhibition

from the original nuclear targets of the cfr, They recover rapidly and
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a spectacular “rebound” excitation ensues, bolstered by reticulo-
cerebellar recurrent-excitation reminiscent of figure 10. Neighboring
cells are also eventually carried upward on this tide. Purkinje
neurons begin to feel the same excitation as the inactivation period
closes.

c. Recovery period (figures 15, 16). Resumption of Purkinje
activity in the strip region immediately begins to quench the nuclear
rehﬁund until the affected cells are returned nearly to their original
resting discharge rate (see figure 12 and figure 19 below). Even as
this quenching proceeds, though, Purkinje discharges are slowly ele-
vated over a broad area because of excitation spreading on the paral-
lel fibers)--an effect due once more to augmented reticulocerebellar
interactions transmitted on slow mossy fibers. The ensuing medio-
lateral spread of inhibition in the nuclear region results in the de-
pression of cells bordering the original excited strip. 50 msec fol-
lowing cfr initiation, then, a hill-and-valley spatial differentiation
of nuclear activity has been created along the mediolateral axis. The
“"hi11" coincides with the original climbing fiber strip; the inhibited
valleys lie to each side. This, of course, can now.be seen as merely
a manifestation of classic lateral inhibition made recurrent via re-
ticulocerebellar interchange. However, the pattern--characteristic
of simulations reported herein--has the further property of persis-
tence; it survives well beyond the climbing fiber input which ini-
tiated it, as is well illustrated in figure 16. Even after 150 msec

has elapsed following the original strip input, some vestige of its
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FIGURE 13

Evolution in time of mediolateral spatial activity distribution in
cerebellar nuciear {N) and Purkinje (P) cells following isolated
Firing frequencies on vertical axis; mediolateral
Time of activity snapshots (msec) shown
Figure

microstrip cfr.
location (mm) on horizontal.
at center. Black arrows indicate Purkinje microstrip cfr's.
shows events only through the time of the cfr.
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FIGURE 14

Continuation of figure 13 showing evolution of spatial phenomena
cognecged with the period of Purkinje silencing. Note nuclear
rebound.
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FIGURE 15

Continuation of figure 14 into the Purkinje recovery period. Augmented
Purkinje inhibjtion develops in nuclear areas mediolateral to the ori-
ginal microstrip zone thanks to spread of reticulocerebellar recurrent
excitation on parallel fibers.
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FIGURE 16

Continuation of figure 15 demonstrating the remarkable persistence
in the cerebellar nucleus of the hill-and-valley spatial activation
pattern left by the single microstrip climbing fiber volley.
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spatial effect remains. Such persistence allows the pattern to be
potentiated by repeated climbing fiber barrages (examined in the next
section). It also has far-flung functional implications addressed

36,37
both later in this report and elsewhere ' .

Tradition holds that the Purkinje cfr and its resulting nu-
clear inhibition are the critical physiological phenomena the climbing
fibers contribute to cerebellar processing. Instead, however, the

simulations demonstrate that the Purkinje silent period following the

cfr, despite its brevity, is the critical factor with respect to es-
tablishing a spatial pattern of neural activity within the cerebellar
nucleus. Cfr inhibition should still not be thought superfluous: Ex-
amination of figure 14 shows that the production of laterally inhibited
nuclear side lobes is begun by cfr inhibition, to be finished during
the recovery period (figure 15).

6.4 Potentiation of Spatial Activity Patterns with Repeated Micro-

strip Inputs
In general, repeated activation of the same climbing fiber

strip enhances the vividness of the related nuclear hill-and-valley
activation pattern, provided the repetition interval is “short" rela-
tive to the pattern’s decay. As an example, when the strip of figures
13-16 is activated three successive times at 50 msec intervals, be-
ginning from the steady-state, the potentiation proceeds as in figure
17 (N. Nuclear region. P. Purkinje regfon). The figure displays
snapshots of activity taken 50 msec following each cfr and clearly

demonstrates increasing spatial differentiation.
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It may reasonably be argued that the 20 hz (50 msec
period) cfr repetition rate used in the demonstrations above is “non-
physiological” since maximum cfr (or olivary cell burst) frequencies

rarely exceed 10 hz under various laboratory condition527’]52']64’]65’

251 (but see ref. 75; and reports on awake, especially “behaving ,"

animals support even lower frequencies]93’252’253'254. However, these
lTower cfr rates should in no way influence the qualitative results of
figure 17. The reason, of course, lies in the long persistence of
the patterns. As shown in figure 16, the time constance of persis-
tence is at least 150 msec, allowing pattern potentiation by climbing
fiber volleys occurring at 6 hz or less. As will be explored in the
next section, that time constant may also be adjustable by alterations
of reticulocerebellar recurrent excitation. Thus, only the acquisi-
tion rapidity and eventual degree of potentiation can safely be said
to be governad by the repetition frequency of strip volleys. In fact,
the notion of "repetition" could itself probably be replaced by a more

statistical measure of the density of cfr's in a strip.

6.5 Persistence of Spatial Activity Patterns

A1l spatial patterns of activity created by climbing fiber
inputs in the simulations persist for some period of time after those
inputs have ceased. The persistence period is significantly longer
than the membrane time constants of the cells involved. For example,
if the activity pattern created by the 3 successive cfr's of figure 17
is allowed to continue in time with no further inputs, the behavior of

figure 18 results (N. Nuclear region. P. Purkinje region): Time 0
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FIGURE 17 ’ FIGURE 18
Potentiation of spatial activity patterns in cerebellar nuclear (N) Persistence of the potentiated spatial activity pattern following the
and Purkinje (P) regions following each of 3 successive microstrip third cfr of figure 17. An inhibition-disinhibition process is evident,
cfr's at 50 msec intervals. Each snapshot is taken 50 msec following resulting in spatial instability (see text).

the previous cfr, immediately prior to the next volley. Increasing
vividness of the hill-and-valley pattern is obvious following suc-
cessive volleys.
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corresponds to the state following the third cfr of figure 17. It

is clear that both nuclear and Purkinje regions retain their basic
activity patterns even after an additional 100 msec have elapsed (cf.
figure 16 also). As noted, such persistence is what allows potentia-
tion of the pattern despite long and possibly irregular intervals be-
tween climbing fiber activations.

The persistence stems from two processes. The first, and
most obvious, is the recurrent excitation supplied by reticulocere-
bellar lcops. It slows the decay of patterns. The time constant of
persistence is thus largely adjustable through the gain of those loops.

The second persistence process is the classic inhibition-
disinhibition spatial sequence found in most lateral recurrent in-
hibition systems--a disguised recurrent excitation effect, of sorts.
As seen in the later snapshots of figure 18, climbing fiber input has
triggered development of a quasi-sinusoidal standing wave of inhibi-
tion-disinhibition. The spatial period of the pattern is about 2.4-
2.6 mm/c. Note that this spatial “"resonance" would make the module
especially receptive to simultaneously aptive Oscarsson climbing fiber
strips spaced in a lattice at intervals of about 1.2 mm which perhaps
is a significant clue to anterior lobe function (see section 9.3).

The inhibition-disinhibition standing wave will eventually
partition the entire module into excited and inhibited regions. Hence,
the simulation may be said to suffer from covert “"spatial instability"
in the sense ‘that inputs restricted in space do not produce similarly
restricted outputs. In section 8 below, it will be shown that this

problem may disappear when the effects of granule cell recruitment
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and Golgi inhibition are accounted for. The present simulations of
the unadorned cerebellar module have nonetheless shown that the spino-
olivecerebellar system can produce significant alterations in the
spatial distribution of anterior lobe neural activity, at least in
theory. An unexpected finding was that, once created, these altera-
tions tend to persist in short-term memory fashion for significant
lengths of time (say, seconds, with sufficient reticulocerebellar
feedback). The persistence leads to the ability to potentiate pat-
terns using climbing fiber inputs that can be well spaced out in time.
No appeals to neuronal plasticity were made to achieve these results;

the seeming "memory” function is entirely a dynamic process.

6.6 Comparison of Simulated Spatial Activity With Experimental
Results

If the behaviors of figures 13-18 are actually characteris-
tic of climbing fiber induced activity in the cat anterior lobe, one
must ask if they have been spotted electrophysiologically., Strictly
speaking, they have not been--but then neither has the spatial distri-
bution of responses in the anterior lobe been explored beyond the de-
1imiting of strips of cfr's in Purkinje cells. Still, one might at
least expect the potentiation effects seen in the simulations to have
been noted in individual cerebellar units. Indeed, Gresty and Pau1123
have recently reported that repeated stimulation of one caudate nucleus
in cats progressively enhanced the "late facilitation" following each
stimulus in the contralateral fastigial nucleus, while in the ipsi-
lateral nucleus an identical response became progressively weaker.

This experiment scarcely proves that climbing fibers were responsible
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for the potentiatidn effects (even though it is tempting to equate
“late facilitation" with reticulocerebellar rebound excitation); but
it does demonstrate that some sort of repeated input leads to an al-
teration of the spatial distribution of neural activity in the cere-
bellum.

The Gresty and Paul experiment aside, the weight of evi-
dence would seem to indicate that no potentiation effects occur in

cerebellar neurons after repeated climbing fiber activations. The
88

most extreme test of this to date is probably that reported by Eccles

who attempted to test Marr'sas’”6 1.2

and Albus hypothesis that the
conjunction of climbing and parallel fiber activity has some sort of
plastic effect upon parallel fiber-Purkinje cell synapses. Repeated
climbing fiber volleys were given and Purkinje responses carefully
monitored; no evidence of any change in any cell's response was noted
(i.e., including changes associated with the type of potentiation seen
here). Are the simulations therefore incorrect?

To answer that question, “"single-unit recordings" were simul-
taneously made of simulated nuclear and Purkinje cells which responded
immediately and predictably to climbing fiber microstrip inputs; this
would appear to replicate the bias present in similar physiological
experiments., Figure 19 illustrates the results taken from a nuclear
(N) and a Purkinje (P) cell (at the same mediolateral coordinates)
located centrally within the domain of the active microstrip (see figure
12 for further account of response features). When the simulation is

started in the spatiotemporal steady-state, the response of the cells
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to a climbing fiber input s given by curve 1 (1ight dots) in both
graphs (identical with figure 12). If, however, a hill-and-valley
spatial activity pattern has already been created by prior activa-
tion of the strip (two volleys at 50 msec intervals; see figure 17),
then an additional strip volley produces the cellular responses given
by curve 2 (heavy dots). It is obvious that despite the pronounced
spatial patterning present in the cerebellar nuclei following this
third climbing fiber input (figure 17), the discharge patterns of the
two cells are virtually identical with those following the first cfr.
This accords with the experimental findirgs showing no significant
changes in discharge properties following repeated cfr's. Therefore,
no real conflict appears to exist between the simulations and physio-
logical data (as far as the latter go).

How is tt, then, that on a single-unit basis no prolonged
effect of the climbing fiber input can be demonstrated, while such
an effect is so obvious over space? The answer is equally obvious
from figures 17 and 18: Spatial patterning and its potentiation are
largely seen in the actions of cells located mediolaterally to the
active microstrip--that is, in cells which show-neither classic climbing
fiber responses, nor particularly rapid activity alterations following
such inputs. It is doubtful that such units would be seriously studied
physiologically owing to their “unresponsiveness." Such changes as
do occur in these units would 1ikely appear to be more fluctuations
in “"background” (a daily finding in the laboratory) than anything to

be paid attention to. And, of course, the time averaging techniques

™ "3 T3 T3 T3 T3 T3 3
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currently in vogue would Tikely wash out fortuitous observations of
activity alterations.

It may be possible to overcome some of the problems stated
above and set up experimental conditions wherein the proposed activity
changes following climbing fiber strip activation can be directly de-
monstrated. For example, it is evident from figures 17 and 18 that
patterning is much more evident in the cerebellar nuclei than in the
cortex; the nuclei thus become a more attractive target for investi-
gation. This, and other experimental methods, will be taken up in

section 9.5.

7. First Revision of the Simulation Model. Granule Cell Recruitment

Hypothesis

7.1 Defivation of Recruitment Columnar Transfer Function

Other cerebellar theories have attributed much more sophis-
ticated processing capability to the granular layer of the cerebellar
cortex than that of simply summing and relaying mossy fiber excitation
to Purkinje cells, even though the simulation results given above
(section 6) show that the cerebellar module is capable of non-trivial
behavior under a "relay" hypothesis. The minuteness and extreme den-
sity of granule cells is somewhat puz2ling if mere relaying is all
that takes placess.

In reality, it has been clear for some time that the granu-
1ar layer is not simply a ré]éy. Several physiological investigations
34017 have demonstrated that the temporal convergence of two mossy

fiber inputs of fixed strength will be transmitted very effectively
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through the granular layer, while either input presented in isola-
tion méy actually be blocked. This suggests that the granular layer
may at least function as a summer with a significant threshold.

In the course of studying simulation behavior to exogenous
mossy inputs (Boylls, in preparation), it was found that “slow" in-
puts of a given strength (firing frequency) applied through a punc-
tate locus of pre-cerebellar reticular nucleus {e.g., the lateral re-
ticular nucleus) had an overwhelmingly more potent effect on a given
Purkinje cell than an equally strong and punctate “fast" mossy in-
put delivered directly to that cell (say, via the DSCT). This of
course owes itself to the fanning out of the reticular input to the
cortex and its subsequent reconvergence (via the parallel fibers) on
the Purkinje cell. Thus, if the well-known punctateness of fast mossy
inputs is to be reflected at all in Purkinje outputs, it follows that
one or more of the following propositions should Tikely hold:

1. The average “"fast" input is either much more spatially dense,
or is much stronger, than the average “slow" input.

2. Synapses involving fast inputs are much more efficacious than
are slow synapses. ‘

3. A mechanism for boosting the strength of punctate inputs must
exist in the cortex.
Owing to lack of evidence, it is doubtful whether much can be said
one way or the other about propositions (1) and (2). However, a
fairly suggestive case, though indirect, can be made regarding (3)--
that there may well exist a cortical "boosting” mechanism and that

its substrate is recruitment of granule cells by mossy inputs
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(recruitment, incidentally, also fits with the threshold behavior to
mossy inputs mentioned above):

Consider granule cells to share the common morphology of
having roughly spherical somata with radiating dendrites. Each den-
drite participates in a mossy fiber glomerulus, but each cell receives
no more than one input from a given fiber213. Suppose further that
the efficacy of a mossy fiber synapse, measured by the amount of cur-
rent injected into a granule cell per mossy action potential, is simi-
lar for all mossy synapses and that the membrane voltage thresholds
(measured at the axon hillock) of granule cells are similar as well.
Now although granule cells may display from 2 to 7 dendrites, those
having 4 or 5 éccount for over 80% of the total in cat2]3. Thus the
number of synapses on each cell of a granular “column” (section 2.4.2)
at { receiving aggregate mossy input M(i)} (section 3.5) is roughly
constant. Assuming that M(i) is distributed uniformly over the column
(section 2.4.2), it follows that M(i) injects approximately the same
current into all cells of the column. Zucker274 has shown that the
input resistance--and thus the depolarization, V--of a cell under these
conditionﬁ is proportional to r“. where r is the cell radius. Con-

sequently, the depolarization sensitivity to any fluctuations in r is

dv(r 1
r « v - 1
r r r3 (7

The smaller r becomes, then, the more dramatic the fluctuations in

‘M(1)-induced membrane potentials throughout the column with any siight
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developmental varfations in r. Thus, if the actual voltage thresholds
of the célls are similar (as postulated), the column will exhibit an
apparent dispersion bf firing thresholds as a function of M(i). For
the same degree of variance in r, that threshold dispersion will grow
more pronounced as the average value of r decreases. Therefore, cells
of the column will be systematically recruited with increasing M(i)
for r sufficiently small.

Several structural features of the cerebellar cortex could
well be viewed as corollaries of possible granule recruitment. The
small size of the cells has already been cited as a ploy for producing
a wide range of operational thresholds. The high density of cells
in each column (at least 225, as calculated in section 2.4.2) allows

‘a continuous recruitment spectrum within the column and promotes uni-
formity of the recruitment function over columns. Smo‘lyaninov242 has
found that the radii of granule cells are somewhat larger, and the
density of cells somewhat lower, in the frog cerebellar cortex than in
the cat. Perhaps one could thus conclude that recruitment (or a de-
cided tendency toward it) conveys a selective advantage over phylogeny.
Lastly, note that out of the size and density of granule cells required
for recruitment necessarily emerges a correspondingly high density
of small-diameter, slowly conducting parallel fibers. Other authors

have been inspired to assign "reliability"se‘zal
2,115,176 39,40,41,112,114

, "pattern recogni-

tion® , and "delay-line” functions to these
attributes of parallel fibers and their many synapses with Purkinje

cells, On the other hand, it is also possible that parallel fiber
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properties emerge as epiphenomena of the design of the granular layer.
A test of the effect of granular recruitment upon the simu-
lated anterior lobe cerebellar module requires the derivation of a
columnar transfer function, G (Table I; sections 3.3, 3.5). In this
derivation it will be assumed that all cells within a column, having
a threshold © expressed in terms of the aggregate mossy input to the
column, will fire at a frequency o(M(i) -@), a a proportionality con-
stant, whenever © is exceeded. That is, the cells are assumed to be
linear above threshold with exceedingly short membrane time constants
(see section 8 as well). These assumptions are more for the sake of
simplicity than anything else. Unfortunately, actual recordings of
granule cells (which are exceedingly difficult to make) shed little
1ight on the validity of the assumptions]9’94']93"94. To proceed,
let p(0) be a unimodal probability density function indicating the
number of granule cells in a column likely to have thresholds around
0 (a multimodal distribution would not materially affect the results).
Let M* be the mean of p(6). Then the number of granule cells recruited
at a frequency © is 8p(6)de, where g s the total number of cells in
a column, The output of the column, to the parallel fibers, at in-

put frequency M(i) 2@ for cell recruited at @ is thus
a(M(i) - @) -8 p(o)de = 9(M(i) -e )p(0)do, (18)
where g = o+ B = a “firing-density” factor.

The total output of the column--the aggregate parallel fiber

output--is merely the sum of all outputs of cells recruited for all
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¢ SM(i). That sunmation is presumed to take place within the (1inear)
Purkinje cells. Thus, the granular columnar transfer function G is

defined by
M(i)
G(i(1)) = I a(M(i) - o)p( e)de (19)

Defining P(Mi)), the cumulative granular columnar threshold distri-

bution as,
M(i)
P(M(3)) = fo p( ©)de : (20)

equation (19) may be integrated by parts.

M(4)
6(M(i)} = gIM(iIP(N(i)) -£ op(©)do ]

M(1) _fM(i)

= gMP(H()) - (0 P(0)| " £ P(0)eO)]
M(1)
=g[M(1)P(M(i)) - M(i)P(M(i)) ‘U; P(9)do]
M(1)
=g {’ P(©)do (21)

As a unimodal cumulative distribution function, P{M(i)) will
be some type of sigmoid curve. For simulation, this sigmoid was in
turn modelled with a parameterized logistic curve of the form (dropping

the spatial index, i)

PM) & ) (22)
1+ e-a(M-t)
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where a 20 is proportional to the maximum slope of the curve (i.e.,
inversely proportional to the variance about mean M*), With this form

for P(M), G(M) becomes

log(1 + e’a("'"*:) - log(1 +¢*"") ] (23)

6(M) = g +

Figure 20 illustrates 3 instances of G(M) and associated
P(M). In both (a) and (b), M* = 1000 and g = 1, while a = 0.006 in
(a) and a = 0.1 in (b). Note that for M>>M*

G(M) = M - M* (24)

In this case the granule cells of the column would be fully recruited
and the columnar output reduces conceptually almost to an "identity"
G(M) (section 3.5). The slope parameter, a, obviously controls the
abruptness of recruiting. Figure 20 C illustrates the case for M* =
606, g = 2, and a = 0.006, which was actually used in simulation. Re-
cruitment now begins at lower levels of mossy intensity, while the
full-recruitment output rises twice as fast as the identity case. The
method of calculating M* is given below. The choice of a and g was
made heuristically merely to produce a clear alternative to an identity
transformation.

To test the effects of granule recruitment on the cerebellar
module, the spatiotemporal steady-state was chosen equivalent to that
of earlier simulations (section 4.5), thereby allowing the same set
of synaptic efficacies, etc., to apply to all simulations. This was

achieved by choosing the mean, M*, of the granular columnar recruitment



- 102 -
- 10 -

threshold distribution such that (frem equations (5d) and (9d))

2+ = (20 + 1)g6((2F + 1)R*) = DgFRe (25)

implying, from equation (23), that

-a(FR* M)y _ og(1 + e’M*)]= Fre (26)

G(FR¥) = g [FRe + Joall t e

a

Defining v = e®FR*(1-9)/9 {4 can be shown that

wee Liog p Ll — (27) —
e'&FR -y Jg
where, from (25)
Zt
R* = (28) ¢
DFq
The parameters g and a were stipulated in the above section; (27) was
used to evaluate M*.
7.2 Simulation Effects of Granule Cell Recruitment
The spatial effects of granule recrﬁitment upon cerebellar 5004 G(M)
module responses to single climbing fiber microstrip volleys was ex- '
amined according to the regimen of section 6.3. The recruitment re- 101 P(M) M
sults, {llustrated in figures 21 and 22 (N. Nuclear region; P. Pur- 1000
kinje region), will be compared below with the non-recruitment case . FIGURE 20
presented in figures 13-16. Granular columnar transfer function, G, as a fu?ction of agc);regate
: i - columnar mossy fiber input, M, for three forms (A, B, and C) of granu-
As usual, the module was started in the spatiotemporal steady lar columnar threshold distribution, P. Text describes the three dif-

: : . 3 ]
state. The immediate reaction to the cfr in both nuclear and Purkinje ﬁgzﬁﬂ;‘tﬁ,g,ﬁimg}?;li:t;ﬁ"ihe Eelzb;?‘;aio;:d:i:? In staulations of granule
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cells (i.e., to 9 msec) was virtually identical to that without re- o .

cruitment and is only sketchily illustrated in figure 21. ODuring
the Purkinje silent period, however, significant differences between
the recruitment and non-recruitment cases become apparent. At 17 msec

9
the depression of Purkinje cells neighboring the climbing fiber strip ———t

is decidedly greater with recruitment than without. This arises out
of "de-recruitment" in the granular layer, causing parallel fiber
drive to decrease faster than proportionate mossy excitation decreases. 17

With time the rebounding nuclear cells beneath silenced Purkinje units —

become surrounded by a plateau of mildly excited nuclear cells mirroring

these depressed Purkinje neighbors (25 msec).

25

Recruitment effects are most manifest during the recovery

period. At 40 msec, Purkinje activity is driven to a high peak (cf.

figure 15 at 40 msec) as strong “slow” mossy firing recruits much of a
local granule population (demonstrating, incidentally, the amplifica- A . 30
tion of spatially restricted mossy inputs for which recruitment was *,/—L_ —

postulated; see section 7.1). Nuclear cells are virtually extinguished MS

by the ensuing inhibition, reducing reticular mossy drive and causing N P

hz
100

a _prec'ipitdus collapse of Purkinje activity (“de-recruitment” again)
by 50 msec. At 60 msec, the nuclear cells have responded to the in-
hibitory loss by rebounding a second time. Activity out to 100 msec
essentially amounts to such continued, but slowly decaying, nuclear

FIGURE 21

and Purkinje oscillations nearly 180° out of phase with each other. .
’ e P Time evolution of spatial distributions of activity in cerebellar

Note also that no spatial pattern is formed. Indeed, activity gradually nuclear (N) and Purkinje (P) regions following single microstrip cfr
volley when granule recruitment is present in the cerebellar module.
spreads thrcughout the module in quasi-epileptiform fashion, driving Format is identical with that of figures 13-16. Present figure shows

events through the early recovery period of Purkinje cells.
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into synchrony cells within the various layers. The oscillation

40
| S——
period, roughly 40 msec (25 hz) is much faster than in typical “sei-

zure" activity, of course.
The rather catastrophic behavior of the cerebellar module
50 : with recruitment stems from granule recruitment acting essentially

T~ as a time-delay element in the Purkinje negative feedback system that

stabilizes the module. Without recruitment, Purkinje silencing after

2 cfr allows nuclear excitation to lead inhibition momentarily; how-

60 S ever, by 40 msec at least, inhibition is sufficiently in phase with

excitation (figure 15) to check the latter effectively. This occurs
despite the reticular delay interposed between nuclear and Purkinje
70 responses. On the other hand, granule recruitment (figures 21-22)

reduces Purkinje inhibition excessively after nuclear excitation has

been low (17 msec, 60 msec, 100 msec) and likewise produces excessive
inhibition after nuclear activity peaks (40 msec, 70 msec). As a re-
100 sult, inhibition forever chases excitation unstably through the mo-

dule--thus the comparison of granule recruitment to a time-delay pro-

MS cess.

hz The inexorable spread of synchronous activity over the spatial

100 extent of the module may also be laid to the recruitment-delay of ap-

propriate inhibition. A potential for spatial excitation propagation
obviously exists in the diffuse reticulocerebellar nuclear connections.

Normally, however, Purkinje inhibition outflanks any such spreading

FIGURE 22 tendency--in the mediolateral plane--mostly because of the extent of
Continuation of figure 21 illustrating "seizure" behavior of cere-~

bellar module stemming from granule recruitment (see text). the parallel fibers (the mediolateral magnitude of the corticonuclear
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projection, is also a factor). This in fact accounts for inhibited
side-lobe production in the cerebellar nucleus (figures 15-16), But
such outflanking can only occur if inhibition is sufficiently in phase
with, or leads, reticulocerebellar recurrent excitation. Inhibition
instead lags in the presence of granule recruitment, and figures 21
and 22 show that from 25 msec onward, the spatial extent of nuclear
activity always exceeds Pﬁrkinje. hence the spreading involvement of
the entire module. When one considers the control of excitation
spread in the sagittal plane, i.e., where parallel fibers play no role,
some fntriguing hypotheses arise that are topics for the Discussion
(section 9.3.2). -
Presuming that recruitment remains an attractive hypothesis
for granular layer operation, some method of ridding the cerebellar
medule of the resulting phase lag in Purkinje inhibition must exist.
The most obvious way to compensate for the lag would be to introduce
phase lead into the inhibitory pathway, i.e., at essentially any point
in the conversion of mossy excitation into Purkinje inhibition. The
next section (section 8) considers how the action of Golgi inhibition
in the cortex may act to produce this phase lead and what the resulting

effects on the cerebellar module might be.

8. Second Revision of the Simulation Model. Introduction of Inkibi-

‘tory Phase Lead by Golgi_ Interneurons

8.1 Derivation of the Golqi Influence

Murphy and co'lleagues‘93 have suggested, on the basis of

studies in unanesthetized cats, that cortical interneurons are

-3 3 3 _3
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responsible for the transformation of somewhat “tonic" cortical in-
puts (produced by muscle stretch) into “phasic” Purkinje outputs;

that is, the interneurons introduce phase lead. In response to vesti-
bular inputs in frogs, Llinds and coworkers168 observed a spectrum

of Purkinje reactions, from “tonic® to “phasic," which they attributed
to ideosyncrasies of the cells themselves. This interpretation ap-
parently grew from anatornical133 and physiulogica131’161 observations
showing a seeming paucity of cortical interneurons and their inhibi-
tory effects. Other findingszso'243, however, indicate a significant
presence of inhibitory interneurons in frog cortex. Thus, Murphy's
thesis will be accepted here. This section treats the Golgi influence;
another (section 9.2.2) considers the role of molecular layer inter-
neurons (basket and stellate neurons).

The cat Golgi neuron is well knovm89 to display two den-
dritic arborizations, one sampling mossy fiber input in the granular
layer, the other the parallel fibers. The arborizations are both con-
fined to the radially-symmetric cortical “"compartment” in which Golgi
inhibition of granule cells is expressed. Whether the compartments

111,187,189 89,211

of neighboring cells do » or do not overlap is not

of great concern here. Phylogenetically, it appears that mossy fibers
supply the initial inputs to Golgi cellslss. Neither selachiansg3 nor
aﬂigators162 display significant parallel fiber contacts on Golgi
dendrites; in frog the molecular layer arborization is only modest243.
Golgi cells apparently begin their evolutionary careers, in other words,
as purely local inhibitory controllers. This local control is amen-

able to simple analysis:
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Figure 23 is a caricature of a cluster of granule cells, _('I =3y M+ M uforcing function”
T2

X, inhibited by a Golgi cell, Y. X, in turn, may excite Y (i.e., via

the parallel fibers). M, a mossy input, excites both X and Y. Synap- If the granule membrane time constant, t;, is very small (as is also

tic strengths are represented by a and b, with b subject to further required for the recruitment analysis in section 7.1), then (30) is

special treatment (see below). Then, assuming X and Y are sufficiently approximated by

depolarized to be firing, a system of differential equations defines

their behavior: : X + (]—;zﬁ) X= ('—;—}) M+ (31)

TX=-X-a¥+N (29) KR 1-a T2 .

T (29b) or (ysap) X=X+ (v M+ (7535 M (32)
where a, bf'Z 0 and ,, T, 2 0 are the respective membrane time con- This implies, of course, that granule cells will behave as though they
stants. - have a membrane time constant of t,/(1+ab) and are driven by a linear

By differentiating (29a) once again and solving for Y and Y combination of M and I"4; the latter term represents phase lead intro-
in terms of X a.nd its derivatives, a simple equation for X ‘results: duced into the Purkinje input, thereby increasing lead in the cortical

output. Judging from the steady-state condition ().( =M= 0), it must

. 3('4- 0+ -r_,_) X . (] + ab) X = (] IR " v : (30) be that a - £1, lest the granule cutput be negative. As a approached
1 s
T2 T2 T2 1, the system becomes increasingly “phasic,” responding only to changes
This is in the forn of a driven damped harmonic oscillator with terms in mossy fnput. Note that in the "early phylogenetic" case, in which
identified as: no parallel fiber Golgi input is present, b = 0 and (32) becomes
T . “mass”® ‘r,).( a-X+(1-aM+r1, M (33)
.
1+T i dampi That is, derivative sensitivity to mossy inputs can still be present;
1+ 1 “viscous damping”

T2 ) however, the effect of b is to reduce the time constant of the system,

thereby speeding up the response to M. This partly could account for
1+ ab “spring constant”

Ty . the evolution of the Golgi upper dendritic tree (see below). One
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further point about the general system (30): It is stable for all
finite parameter values within the constraints stated, as is evident
from the identifications made with the damped harmonic oscillator.
Could molecular layer interneurons also provide phase lead
in the Purkinje output? Interactions akin to figure 23 may be en- '
visioned between these interneurons and Purkinje cells, but the ef-
fects are not equivalent to the Golgi-granule case, and simple de-
rivative sensitivity may not be their outcome. The Discussion gives
details (section 9.2.2).
\', Beside improving the transient sensititivy of the Golgi-
granule system, extension of Golgi dendritic trees into the parallel

fibers may also introduce spatial focussing of mossy 1nputs89 by re-

current lateral inhibition; such focussing would only appear in the
mediolateral plane (for implications, see section 9). So-called “pat-
tern sensitive gating” of mossy signals by Golgi inhibition has been
described by Precht and L1ina’s223 and supported theoretically by Pel-
li0n152216 and Mortimer]87. Recently, Pellionisz has withdrawn his
focussing suggestions, claiming instead that the Golgi-granule system

I\/' may smooth the spatial contour of mossy fiber 1nput52]7. No attempt

' was made to resolve the issue here (in fact, it is easy to show by

spatial frequency analysis that either high- or low-pass filtering

FIGURE 23

Lumped-system circuit diagram of Golgi-granule interaction under could obtafn depending upon the synaptic efficacies of the Golgi-

s t i . R
;E?e::;;gquse:fi22:iﬁe::g::s(sgzt§gﬁ ;?Ef;?j5n§§l1p::§$;gf }?Eeﬁ th granule interaction). Instead, to reflect the Golgi influence a tran-
inputs. Text describes significance of the indicated variables. sient term was added to the argument of the granular recruitment trans-

fer function, G (section 7.1) as follows

—3y -3 3 Py -3 3 '3 3 ¥ -3 % 3 _3 3 _3 .3 3 _ 3
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G(M(i)) + 6(M(1) + R(i)) | (38)

That is, the system was assumed to have a weak ability to “focus" dif-
fuse reticulocerebellar mossy inputs before attending to their rate-

of-change. Certain technical limitations vis 3 vis computer capacity

also constrained the form of (34).

8.2 Simulation Effects of Recruitment With Added Golgi Phase Lead

in Purkinje Nuclear Inhibition V-4

8.2.1 Spatial Response Patterns to Single Climbing Fiber Micro-

strip Inputs

The spatial response of the cerebellar module with granule 17

recruitment and Golgi interneuron effects was tested with the micro- — N — ~

strip input used in previous sections (6.3, 7.2). The results are pre-
sented in figures 24 and 25 (N. Nuclear region; P. Purkinje region)

and will be compared with the recruitment-only (figures 21, 22) and

non-recruitment (figures 13-16) cases:

MS

Once again, significant differences between this and the
earlier simulations are not apparent until the Purkinje silent period hz
(12-25 msec; figure 24). The earlier stages of the silent period are 100
qualitatively similar in both the recruitment-only (figure 21) and

Golgi cases, demonstrating nde-recruitment” depression of Purkinje
cells neighboring the stimulated strip zone and consequent develop- FIGURE 24
ment of @ disinhibited excitation plateau in the cerebellar nucleus {;?eag;°;g:1$:jgf(;ga::;:ozgt};;%zw?;;tgiggzlggir:g gg:e:gl:a;ozgclear

. \ 7 , ater d s granule recruitment and Golgi inhibition are present. Format is simi-
surrounding the rebound area, At 17 msec, even greater depression lar to previous figures (13-16 and 21-22).
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FIGURE 25

Continuation of figure 24, demonstrating how Golgi inhibition stabilizes
the time-delay effects of granule recruitment, while retaining the hill-
and-valley nuclear patterning characteristic of earlier simulations
(figures 13-16). .
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of Purkinje cells occurs in figure 24 than in figure 21 owing to the
addgd. Golgi-mediated sensitivity of the granular layer to the nega-
tive rate-of-change of mossy firing (recall that reticular nuclear
activity--hence mossy firing--declines at this time following cfr in-
hibition of cerebellar nuclear cells). At 25 msec that same transient
sensitivity, this time detecting a positive rate-of-change of mossy
activity from the rebounding reticulocerebellar loop, has propelled
Purkinje inhibition upward, overcoming the usual delay introduced by
recruitment (cf. the recruitment-only situation, figure 21, at 25 msec--
Purkinje cells are still depressed). The Purkinje activity peaks at
30 msec during recovery (as against 40 msec in figure 22) and the over-
all response thereafter is highly damped; inhibition now lags excita-
tion by a tolerable amount.

50 msec following the cfr (figure 25) a hill-and-valley
spatial pattern of nuclear activity has been created, reminiscent of
that left in the non-recruitment simulation at the same moment, under
the same conditions (figure 15). In the present instance, however,
the pattern is greatly muted for reasons outlined in the following
section. The spread%ng excitation of the recruitment-only simulation
does not develop. It will be shown that non-recruitment spatial in-
stability (figure 18) has also been eliminated. Even so, the wave-
like flavor of lateral recurrent inhibition still underlies the spa-
tial(response of this model, and the module will retain particular
sensitivity to strip inputs spaced periodically at the appropriate
period mediolaterally (see sections 6.5, 9.3).
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8.2.2 Potentiation and Persistence of Activity Patterns Fol-

lowing Repeated Strip Inputs
As in the non-recruitment simulations, three cfr strip acti-

vations at 50 msec intervals were given the Golgi simulation to examine
potentiation. The resultant pattern was then allowed to develop in-
dependently. Figure 26 conveys the outcome of these maneuvers (N.
Nuclear region. P. Purkinje region): O msec denotes a time 50 msec
following the third cfr. Only a very slight potentiation of the nu-
clear pattern has taken place. The reason for so minute an effect is
obvious from the snapshot 50 msec later--phe pattern has almost com-
pletely decayed. Persistence is short (although again “long" rela-
tive to cell membrane time constants), allowing but little potentia-
tion. Note, however, that the system "erases" itself, that spatial
instability does not arise.

The weakness of nuclear patterns and their lack of persis-
tence in this case can be traced to the very mossy transient sensi-
tivity (via Golgi inhibition) that, paradoxically, was invoked to stabi-
1ize the cerebellar module in the presence of granule recruitment (and
which it does do). It is evident that nuclear patterning in the Golgi
simulation attempts to follow the basic configuration found in the
initial non-recruitment case; that is, an excited nuclear region de-
velops beneath the cortical climbing fiber strip, to be flanked by in-
hibited "valleys.® But owing to transient sensitivity, Purkinje in-
hibition develops too quickly over the excited nuclear zone; it quashes

much of the rebound effect (figure 25, 30-40 msec) which otherwise

- 18 -

50
MS

hz

50

mm

FIGURE 26

y patterns created by

s at 50 msec when granule recruitment and Golgi inhibition are
Spatial instability is absent, but

both potentiation and persistence are greatly reduced (see text for explanation).

Decay of spatially-differentiated nuclear (N) and Purkinje (P) activit
The figure is the counterpart of figure 18,

3 successive microstrip cfr'

present.
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would produce not only the excited "hill1,"” but also (via parallel fi-
bers) the "valleys," according to the earlier findings (figure 15,
35-50 msec).

Computer limitations unfortunately prevented the ready ad-
Justment of the amount of simulated mossy input transient sensitivity
mediated by Golgi interneurons (the form of equation (34), which is
not entirely satisfactory, was also computer limited)., Even so, it
seems that the introduction of Golgi effects leads in the right di-
rection so far as correcting recruitment-induced instability is con-
cerned. Had the capacity for titrating transient sensitivity been
present in the simulations, it is quite likely that an optimal setting
of it could have been achieved which would have left intact the per-
sistence properties of the non-recruitment case while eliminating 1ts
spatial instability. It is also quite possible that the sagittally-
directed effects of Purkinje axon collaterals and of molecular layer
interneurons may also collaborate in adjusting transient sensitivity
in Purkinje inhibition so as to promote the persistence of spatial
patterning (see section 9.2.2 below). Therefore, it will be assumed
in the discussion to follow that the behavior of the initial simulations
(section 6) correctly reflects the qualitative behavior of the cere-
bellaf anterior lobe to climbing fiber microstrip inputs even when

granular and interneuronal influences are appended.
9. Discussion

9.1 Sumnary of Results

The commission received in the Introduction (section 1) was
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to determine whether or not the spino-olivocerebellar climbing fiber
system could -play any part in spatially restructuring neuronal acti-
vity within the cerebellar anterior lobe, such as almost surely must
occur when different locomotor gaits are adopted by cats. The results
indicate that this indeed is possible, at least in theory. Those cere-
bellar nuclear areas affected by an isolated microstrip volley were
found to be left in an excited state, while areas receiving from cor-
tical zones mediolaterally adjacent to an active microstrip became
depressed. The process creating that type of hill-and-valley spatial
pattern was as anticipated in section 2.5: The brief silencing of
Purkinje cells following a microstrip cfr momentarily releases the
nuclear targets of the microstrip from inhibition. The disinhibited
nuclear cells quickly rebound, assisted by recurrent excitation mediated
through loops between the cerebellum and the pre-cerebellar reticular
nuclei. This rebound excitation is also returned to the cerebellar
cortex via slow mossy fibers where, after passing through the granular
layer, it is spread mediolaterally away from the active microstrip
on the parallel fibers. Consequently, Purkinje inhibition comes to
outflank reticulocerebellar excitation (in the mediolateral plane),
leading to the formation of laterally-disposed "valley" areas flanking
the nuclear region initially disinhibited by the microstrip cfr.

The cerebellar cortex has been described as having a “"dead-

beat" charactersa'89

» in that all activity set up within it by some
momentary input will decay within, at most, 100 msec (there being no
recurrent excitation in the cortex to perpetuate activity). The dead-

beat notion has been extrapolated to cerebellar operation as a whole.

3 3 -3 -3 .3 3 3 3
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The organ is thought to be some sort of on-line computer for the
rapid correction of "erroneous movements," necessitating that it

clears itself quickly of the residue to previous computation584’85

88’]00. However, one somewhat unexpected result of the present work
is that neuronal activity patterns created in the cerebellum by
climbing fiber action do not decay rapidly by any means, which alse
allows the potentiation of activity patterns by repeated climbing
fiber inputs. Reticulocerebellar interactions are responsible for

the persistence of cerebellar activity, of course; but, this source
of recurrent excitation, lying just outsige the cerebellar cortex, is
overlooked in the dead-beat hypothesis. If the simulation results are
correct and the cerebellum does indeed have a dynamic, short-term
memory capacity, can that be reconciled with the idea of the cerebellum
as a high-speed, on-Tine controller of movement? An answer to this
question begins to take form in sections 9.2, 9.3, and 9.4 below and
is carried much further when the present findings are applied in de-
tail to 1ocunotion36.

The recruitment of granule cells, introduced as an hypothesis
to explain their enormous numbers, small size, high density, fixed
number of synapses, etc., was found in itself to have disastrous con-
sequences for the operation of the cerebellar module: Climbing fiber
microstrip inputs produced seizure-like spatial propagation of syn-
chronous, oscillatory activity away from the site of the input until
the entire module was involved. This reaction proved to be caused by
the recruitment-delay of change in Purkinje inhibition relative to

1ike change in nuclear excitation. However, the introduction of Golgi
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interneuron influence, which was shown to introduce phase lead (tran-
sfent sensitivity) into the mossy-Purkinje pathway, readily abolished
sefzure behavior, restored the spatial patterning set up by climbing
fiber volleys, and corrected the earlier spatial instability of the
cerebellar module. The qualitative response of the cerebellar module
to microstrip inputs, however, appeared to be little affected by the
presence or absence of recruitment plus Golgi influences.

Detailed discussion of the simulation results will be di-
vided below into the temporal, and then the spatial, properties of
possible climbing fiber effects upon the cerebellar anterior lobe.
This will be followed by deductions on the nature of information trans-
mitteq through spino-olivocerebellar pathways, and lastly, proposals

for experimental tests.

9.2 Temporal Phencmena Attending Activation of Anterior Lobe

Climbing Fibers
Mutually offsetting excitatory and inhibitory forces under-

lie the behavior of the cerebellar module to climbing fiber stimuli.

In the quiescent state the recurrent excitation of reticulocerebellar
loops is led via the slow mossy fibers to Purkinje cells which then
check, by inhibition, this excitation. A climbing fiber strip input

in substance acts to arrest for a short time that inhibitory feedback
within the strip region by means of Purkinje silencing. The resulting
rebound of the recurrent excitation system s then directly responsible
both for the "hil1" of nuclear activity that develops beneath the strip
and (through the lateral inhibition of the parallel fibér-Purkinje

cell network) for the abutting mediolateral “valleys" (figures 15, 25).
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Three topics related to temporal aspects of this behavior deserve

further treatment :

9.2.1 Properties stemming From Reticulocerebellar Recurrent Ex-

citation
a. Stability considerations. In isolation, reticulocerebellar
recurrent excitation may be inherently unstable, as in these simula-

tions (figure 10) and actual experiment259'26]

(figure 11 A). Under
Purkinje inhibitory control, however, the cerebellar module as a whole
can be rendered stable over a goodly range of synaptic efficacies for
reasonable choices of cellular membrane time constants (figure 8)--

if the effects of granule recruitment are ignored. But in the pre-
sence of recruitment, which introduces a destabilizing phase lag in
Purkinje inhibition (figures 21, 22) other mechanisms must emerge to
secure sufficient coincidence of excitation and stabilizing inhibi-
tion in the cerebellar nuclei (e.g., the Golgi inhibition of figures
24, 25). Despite their derivation in the recruitment-free case, the
“"useful variations" in certain membrane time constants (section 4.6;
Tables VI, VII) are now seen simply to reflect this coincidence de-
mand. Increases in T, and the already-large magnitude of Ty (section
4.2; Table II1) stall the development of excitation as decreases in
ry and T, speed the impressment of inhibition. Various anatomical
features of the cerebellar module may have evolved in accord with these

variations. For example, the excitatory recurrent axon collaterals
58,60,138,181

60,138

of cerebellar nuclear cells and the axodendritic connec-

tions of mossy fiber collaterals may both be mechanisms serving
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to increase T,; an equivalent reticular system (recurrent collaterals

48,185
*™") could boost t,.. The reason re-

3 and axodendritic synapses
current collaterals promote time constant increases is the following:
Let the membrane time constant of either cell type be 1, membrane po-
tential be m, input firing frequency be I, and aggregate strength of
recurrent collateral connections (excitatory) be b (2 0). Then the
behavior of each such cell is governed by (cf. equation (1), section

3.1).

m = -m + bm +I] (35)

Rewritten this is

N E ' (36)

implying that the cell now responds with an effective time constant

of t/1-b. If b<1, the cell remains “stable,” but with an increased
effective time constant. A further consequence of such recurrent coi-
laterals, however, is that the input synaptic efficacy is also in-
creased by 1/1-b (equation (36)). Within the reticulocerebellar loops,
that would amount to an increase in w (section 3.3; Table I). Hence,
as recurrent collaterals proliferate, tﬁe constraints between module
synaptic efficacies (figure 8) dictate that parallel fiber-Purkinje
synapses (q) must be weakened and Purkinje inhibition (p) strengthened
to compensate for the increased w.  Very surprisingly, those demands

appear also to have been evolutionally met in tandem with anatomically
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implementing the remaining “useful" time constant variations as fol-
Tows:
The axosomatic and proximal dendritic synapses of Purkinje

axons upon nuclear ce]1559.60,138

should reduce 7y (a "useful varia-
tion"); simultaneously, a desired increase in p is obtained (relative
to an axodendritic location for these synapses). Along with w, p is
also multiplied by nuclear cell axon collaterals since it governs a
cellular input (see above). Such mechanisms as Golgi inhibition (en-
hancing the dynamic sensitivity of granule cells to mossy inputs) and

59,158,167

possible Purkinje dendritic spikes act to diminish v, (use-

ful variation). Additionally, so will any Purkinje-Purkinje mutual

89.154,189.209. The

interactions via their axon collateral plexuses
last assertion again follows from equations (34, 35) if such inter-
acting Purkinje cells are treated as a single “average" cell with an
inhibitory axon collateral (i.e., b<0). It is seen that the effec-
tive time constant is now reduced to t/1+[b]; moreover, the aggregate
Purkinje input (parallel fibers) is also scaled by 1/1+|b|, i.e., there
is an effective weakening of q (as desired--see above).

The original proposition that stability requires timing con-
straints on Purkinje inhibition relative. to reticulocerebellar excita-
tion in the cerebellar nuclei superficially resembles comments of
Ecclesw'ea’go’92 regarding the excitatory-inhibitory clash triggered
by exogenous mossy fiber inputs, with the rationale for such timing
left to the "computer-Tike" operation of the cerebellar complex. The

present account has gone further, albeit with very crude approximations
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meriting verification by simulation, to demonstrate how the timing
phenomenon--or precisely, the entire substance of module stability--
may emerge from structures and processes seeming isolated, yet
actually inextricably intertwined, often mutually dependent, and, per-
haps, necessarily co-evolved.

b. Llong time-course phenomena. As mentioned in section 9.1,
neural activity restricted to the cerebellar cortex may well be rap-
idly extinguished thanks to the absence of an recurrent excitationeg.
yet reticulocerebellar positive feedback greatly extends the global
response of the cerebellar module to climbing fiber inputs. The
longest membrane time constant employed in the simulations is 15 msec;
however, even the highly damped response present with Golgi inhibition
persists, very conservatively, for 50 msec (figure 26) following a
microstrip input.

Persistence duration is set essentially by the gain of re-
ticulocerebellar feedback (especially when the regeneration attaching
to lateral recurrent inhibition is eliminated, as in the presence of
Golgi inhibition). The relatively low gain used in these sinulations
(section 4.5; Table V) produced persistence on the order of .hundreds
of milliseconds (see figures 16, 18); however, somewhat higher
gains could probably extend this @o seconds or longer. Recent &na-
tomical studies have also demonstrated the existence of direct con-
nections of the cerebellar nuclei with the inferior o1iveao. Such
pathways, along with cerebello-olivary projections via the brainstem

output nuclei {e.g., the parvocellular red nucleuszes). could represent



-127 -

additional routes allowing recurrent excitation to maintain existing
cerebellar activation patterns.
The association of the cerebellum with long time-course
events {not involving plasticity) has some experimental support. Clark
2 observed protracted after-effects (a succession of peculiar pos-
tures lasting several minutes) following cerebellar cortical surface
stimulation in intact cats. In a later repetition of the work, he
precociously associated the prolonged phenomena with hypothetical "re-
verberatory loops," wondering whether the effects were not in fact
part of the "normal cerebellar control of muscie synergy63." Cere-
bellar lesions abolished the after-effects. Passouant, et al.2]4 have
more recently made similar findings, adding the incidental observation
that prior olivary stimulation lowers the threshold for producing after-
effects following a cortical shock. Nashner (in preparation) found
that human subjects with cerebellar disease were unable to maintain
the habituation of a long-latency, "functional stretch reflex" in the
gastrocnemius, while normal subjects retain the habituation for many
seconds. Although hardly conclusive, these observations do appear
to implicate the cerebellum in long time-course processes of some sort.
Moreover, the simulation studies indicate that an existing correlation
between climbing fiber activity and such phencmena may be difficult
to observe at the single cell level (section 6.6; figure 19) unless
one is more experimentally circumspect (see section 9.5 below).
An appreciation of the advantages of recurrent excitation

in neural systems has been slowly evolving from classic theories of
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short-term memory (briefly reviewed in ref, 55) to recent studies of

136 reflex mechanisms. Lundberg's hypo-

motor cortica123 and spinal
thesis that positive feedback in spinal FRA pathways may reinforce
and prolong central activation effects]71 is cousin to the present
conclusions: Reticulocerebellar feedback reinforces and prolongs the
consequences of climbing fiber activity. In another report (Boyl1s,
in preparation) such feedback is also implicated in the time inte-

gration of certain types of exogenous mossy input.

9.2.2 Temporal Effects of Granule Recruitment and Their Compen-

sation

Several recent theories of neural population dynamics7’269'270
have exploited the threshold recruitment of large neuron groups in
fashioning nonlinear transfer functions. The granule population is
implicated in the present work in nonlinearly amplifying punctate
mossy fiber inputs, amplification that is elsewhere shown necessary
(Boylls, in preparation). Reliable recruitment nonlinearities ensue
from exceedingly weak prerequisites--the existence of thresholds and
a stationary distribution thereof, a means of suming outputs of re-
cruited cells, and a large number of cells, all of which seem eminently
availabie in the cerebellar cortex and, for that matter, in many other
nervous system locales (cf. ref. 270). Recruitment, because it em-
braces the “unreliability" of granule cells (in threshold) to synthe-
size interesting functions, is somewhat the antithesis of theories

88,231

stressing the need to overcome such neural noise To some

~ 176 1,2
extent the recruitment hypothesis grows from work of Marr ", Albus .,
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and Pe11i0n1522]7 who have dealt with populations of variable thresh-
old granule cells having outputs summed by Purkinje dendritic trees.
Commonality ends beyond this point, however.

Granule recruitment, uncompensated, delays Purkinje inhibi-
tion, resulting in “epileptic" module responses to climbing fiber strip
inputs; that is, the responses involve spreading, synchronous acti-
vity of neuron populations (section 7; figure 21, 22). Added Golgi
inhibition alleviates the delays, returning the response to the re-
cruitment-free template (section 6), but with the spatial instability
of the latter (figure 18) eliminated. Uqfortunate]y. however, pat-
terning and persistence are attenuated since Golgi-mediated Purkinje
sensitivity to mossy fiber transients causes inhibition to develop
too quickly in rebounding nuclear regions following Purkinje silencing,
The technical 1imits imposed upon the simulation (section 8.2.2) no
doubt played some role in producing this result. However, it is also
possible that nuclear spatial patterning and>persistence both could
be restored if there were a way to remove mossy transient sensitivity,

and to reduce the magnitude of recruftment-amplified Purkinje activity,

only in an excited strip region. Specifically, the rebound "hin®

of nuclear excitation that powers all other spatial activity effects
would then develop as in figures 13-15. The inhibited valleys to either
side of the hill would form, but would be located in the Golgi-influ-
enced region outside the strip. Consequently, spatial stability would
be ensured. And by virtue of the hill's demonstrated persistence in

the non-Golgi situation, so might the entire pattern retain both the
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persistence and potentiation features of earlier simulations (section
6).

Certain “natural® cortical mechanisms may be evolved, in
part, precisely to achieve such strip-limited reduction of transient
sensitivity. Those mechanisms are as follows:

a. Purkinje infraganglionic plexus and Golgi cells. The in-
fraganglionic plexus of Purkinje cell collaterals appears to be sagit-
tally oriented in mammalssg'zogg collaterals arising at a given corti-
cal location may course sagittally over several foliaeg. The plexus
is positioned to contact the ascending dendrites of Golgi cells (among

189,209
other elements), and collateral-Golgi synapses at that site U,

and closer to the cell body‘n'209 are common. Thus, sagittal groups
of covarying Purkinje cells, typified by the "hills" and “valleys"
created by strip activity, should exert potent inhibitory control over
Golgi cells beneath them by means of the infraganglionic plexus. In
particular, Golgi inhibition--and consequently, mossy transient sensi-
tivity--will be reduced within the hill region that coincides with an
active strip, relative to the surrounding valleys (which will have
augmented inhibition and sensitivity). This seems precisely the strip-
Tocalized modification demanded above, although simulation tests are
required. Also, one wonders about the role of the mysferious Lugaro
ce1ls‘ll which receive heavy Purkinje axon collateral contacts209

b. Purkinje supraganglionic plexus and molecular layer inter-
neurons. Basket and stellate inhibition of Purkinje neurons obeys a

89,212

well-known sagittal restriction The supraganglionic Purkinje
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axon collateral plexus, synapsing on these interneurons153‘]54']55’
]89'209, is often said to have a mediolateral course89'1]1'154; re-
cent work suggests that the plexus may instead distribute sagitta11y209
(confusion with myelinated parallel fibers might have occurred in the

189).

past Long-distance excursions of the collaterals (sagittaily)

have been notedsz'sg. Therefore, the Purkinje-interneuron interaction
apparently represents another process distributed along the climbing
fiber dimension. By its diffuseness, the reticular, slow mossy in-
put to the cortex should vary quite slowly as a function of the sagit-
tal coordinate along a strip (a condition of the one-dimensional ap-
proximation used in simulation); more punctate, "fast® mossy inputs
will be 1gnored.' The parallel fiber inflow to a strip-distributed
system of Purkinje cells and interneurons may thus be approximated

as independent of location, in which case the system reduces to the
lumped system of section 8.1, figure 23, and equation (30), with these
identifications

X Purkinje membrane potential

Y Interneuron membrane potential

M Aggregate parallel fiber input

T, (Effective) Purkinje membrane time constant

T, Interneuron time constant

a, b Synaptic efficacies (figure 23; b inhibi-
tory)

The effective Purkinje time constant may be taken as small (thanks to
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dendritic spikes, Purkinje-Purkinje interactions, etc.; see section
9.2.1), allowing the approximation that led to equation (32). Re-
writing this for b 20 (but inhibitory) '

T - T
(rgp) &= K + (T8 s (=) A (37)

When the supraganglionic plexus is sparse (as in mice154'209 and rab-
bits]54), b approaches 0 and (37) reduces to the form of equation (33).
In other words, the Purkinje-molecular layer interneuron system be-
comes merely an elaboration of the Golgi-granule interaction. Infra-
ganglionic plexus inhibition of Golgi cells thus is the sole means of
achieving strip-reduction of mossy transient sensitivity. But note
that when b becomes a factor, as in cats (where Purkinje collateral
inhibition of basket cells can be denonstrated33']53). the Purkinje

cell behaves as though it possessed a time constant of T,/1-ab; the

' response to parallel fiber inputs becomes increasingly sluggish as

the product ab increases. This, then, also has the effect of canceling
Golgi transient sensitivity. The question is, how is such cancella-
tion to be restricted to active climbing fiber strip regions? One
possible answer follows:

Bloedel and Rbberts32 discovered that Purkinje neurons, pre-
sumably via their axon collaterals, "dominated" molecular layer inter-
neurons in unanesthetized (decerebrate) cats, but that nembutal over-
turned the hierarchy (i.e., interneuron inhibition became prominent);
this is supported in monkeys34. The nembutal effect is partly attri-

butable to either a blocking of conduction, or threshold elevation,
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in granule ce1ls]]7’1]8. Such findings indicate that "dominance
switching" is a function of the strength of parallel fiber input.
If so, then Purkinje activity must be relatively more dominant over
interneuron effects in the “hills" created in active climbing fiber
strips than in'the “yalleys.” But this implies an effective increase
in b (Purkinje cell collateral impact) in hills, i.e., cancellation
of Golgi-mediated mossy transient sensitivity therein, as is desired.
Meanwhile, molecular layer interneurons dominance in the valleys aug-
ments t}ansient sensitivity, The etiology of such dominance switching
as it is known to exist is uncertain; hoqever, bistability follows
from equation (37) when ab 21: The resultant instability will force
one or the other neuron population 1nfo dominance.

Cortical interneurons, at least of the molecular layer, are
thought to arise phylogenetically in concert with Purkinje axon col-

laterals]62'163.

The above piecemeal arguments speak more precisely
for the co-evolution of granule recruitment, Golgi inhibition, and
‘the infraganglionic collateral plexus. The molecular layer inter-
neurons and supraganglionic plexus seem not so closely tied to these
other elements, though their influences can be complementary. It is
likely the molecular layer system will be better understood with re-
spect to the modulation of climbing fiber patterns by focussed, “fast”

,1

67,103 .
mossy inputs along the strips {Boy11s, in preparation).
In summary, the cerebellar complex may have a short-term
memory capacity, in that spatial activity patterns created by climbing

fiber strip volleys persist for significant lengths of time. Some

- 134 -

experimental evidence exists for this. The memory process is dynamic,
stemming from reticulocerebellar recurrent excitation and, possibly,
from cerebello-olivary connections., However, a potential for in-
stability arises from recurrent excitation and also from recruitment
of granule cells, Among the anatomical features of the cerebellar
complex which may have evolved to combat such instability are the
following:
1. Recurrent axon collaterals in the cerebellar, and pre-
cerebellar reticular nuclei.
2. Axodendritic excitatory synapses in these nuclei; axo-
somatic Purkinje inhibitory synapses in the cerebellar nuclei.
3. Purkinje-Purkinje mutual interactions (inhibition).
4. Golgi interneurons.
5. Purkinje dendritic spikes.
6. Inhibition of Golgi interneurons by the infraganglionic
plexus of Purkinje axon collaterals.
7. Molecular layer neurons, insofar as they interact with

the Purkinje supraganglionic collateral plexus.

9.3 Spatial Phenomena Attending Activation of Anterior Lobe

Climbing Fibers

In the mediolateral plane the cerebellar module reduces to
a classical lateral recurrent inhibition network, albeit elaborate.
Recent theoretical work on lateral inhibition systems having signifi-

cant recurrent excitation]85'27° already has shown that the wavelike,

persisting activation patterns seen here are one possible trait of
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such configurations. Hence, the present results hold no abstract
novelty, but nonetheless may be significant in understanding “real”
cerebellar operation.

Along the sagittal dimension, cerebellar architecture may
also support a less obvious lateral recurrent inhibition scheme with
its attendant behaviors. Processing in each of the two planes is con-

sidered separately below.

9.3.1 Lateral Recurrent Inhibition in the Mediolateral Plane

Activity patterns deposited in the cerebellar nuclei by climb-
ing fiber strip activation qualitatively resemble the "spatially in-
homogeneous steady states” discovered by Wilson and Cowan270 {see also
ref, 186) in their analysis of cerebral cortical and thalamic tissue.
The patterns partition nuclear space into regions of differing acti-
vity which, following their creation, change but slowly with time--
they are in temporal equilibrium, to first approximation. Thus, a
spatial Fourier analysis of linearized, recruitment-free governing
equations (5) (section 3.3) at temporal equilibrium may serve to con-
nect spatial patterning succinctly with anatomical features giving
rise to it. Calvert and Men054, in investigating only the cerebellar
cortex, also employed Fourier analysis isee, too, the more general
work of Marko]75). but worked without prior knowledge of any de facto
time-independent state that might have allowed the direct utilization
of the spatial frequency response as a predictor of activity patterns.
Use of a Fourier description also led Calvert and Meno to think of

the cerebellum as an elaborate filter of its inputs (for the similar

- 136 -

ideas of physiologists, see refs. 113, 190). Yet, with reference to
climbing fiber contributions, this metaphor may be highly misleading.
The cerebellar complex does not, according to the present findings,
"shape” or “modify" climbing fiber signals in the traditional filter-
ing sense for subsequent retransmission. Instead, climbing fiber in-
puts jar the organ into generating particular activity states that
represent de novo information not extractable from the original mes-
sages. It would appear, therefore, that the proper application of
Fourier analysis to the cerebellar module lies in obtaining its spatial
"impulse response” spectrum; the spectrum will reveal the existence
of any normal modes of spatial "osci1iation“ within which the system
equilibrates following climbing fiber perturbations.

To begin this analysis, equations (5) are rewritten in con-
tinuous, linearized, recruitment-free form at temporal equilibrium

(deleting the climbing fiber collateral term):

F

X(k) = FI wWR(k + Y)dY (38a)
E

Y(k) = £ pZ{k +r)dY (38b)
5

R(k) = Gr w(X(k +Y) - Y(k +Y))dv + B (38c)
D F

Uk) = s qFI R(k + B + Y)dBdY (38d)
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In the spatial frequency domain, these equations become:

X(ju) = -2R(ju)iRE (392)
Y(ju) = -2p2(ju) it (39b)
RGW) = -2w(X(w) - Y(gu)ERE & 54 (ju) (39¢)
I(jw) = 4qR(jw)SiL:§"M (39d)

pefining S(jw) = X(jw) - Y(jw) to be the output of the cerebellar module,

equations (39) may be made to yield the spatial impulse response:

S(jw) _ 28 (20)
6(Ju 1 . sinuG
STAar - STrubsTiaE W - + Mg
4o [—— " w9 ]

For use in (40) synaptic efficacies p, q, w and fan-out constants D,
E, F, and G were rescaled in terms of millimeters (rather than milli-
ﬁeter equivalents) according to the values used in the simulations
(section 4.3; Table IV). Log,|S(jw)/8(jw)| as a function of spatial
frequency {c/mm) is plotted in figure 27.

The figure demonstrates that the module impulse response
has two prominent resonance points, one at .125 ¢/mm (8 mm/c period)
and a stronger at .445 ¢/nm (2.25 mm/c period). Though not shown here,
the response beyond 0.5 ¢/mm is greatly attenuated. Now from the be-
havior of the non-recruitment simulations in section 6 (figures 16
and 18), it appears that the simulated module “rings” quasi-periodi-

cally at a spatial period of 2.4-2,6 mn/c (.385-.417 c/mm frequency)
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to a climbing fiber microstrip input. Comparison with figure 27
strongly suggests, then, that strip inputs excite the module at its
higher frequency (.445 c/mm) resonant mode. Indeed, when equation
(40) was re-evaluated using the "millimeter equivalent” parameters

of the discrete simulations (which, of course, only approximate the
continuity underlying (40)), the behavior of figure 27 was replicated,
but with the higher resonance shifted to .41 c¢/mm (2.44 mm/c period),
in good accord with the simulations.

The lower frequency resonance (.125 c¢/-m) was never observed
during simulations, likely because inputs of breadth comparable to its
period (8 mm/c) were never applied. Because this resonance involves
activation patterns of "locomotor” anterior lobe extent (section 2.5;
figure 6), it is tempting to speculate that it may relate to the to-
tality of excitation in this cerebellar subdivision.

In view of the controversy over certain cerebellar anatomical
features (e.g., extent of the parallel fiber and of the corticonuclear
projection), the impact of these parameters upon nuclear activation
patterns, as governed by equation (40), is worth ascertaining. Several
approximations, based upon features of the parameterizations used in
this work, simplify the task.

1. The spatial extent of the reticulocerebellar projection ap-
proximates the length of a parallel fiber. Thus D = F,

2. The corticonuclear and cerebelloreticular projections are
sufficiently restricted so that the terms «E and wG are small over

the interval in w of interest.

™3 T3 T3 T3 T3 3 ~3 3
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O.l
c/mm

FIGURE 27

Logarithm of equation (40) as a function of spatial frequency (c/mm),
i1lustrating resonance at .445 c/mm, near the frequency of nuclear
hil’l-and-va]’ley patterns triggered by climbing fiber microstrip in-
puts.
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With these approximations, equation (40) becomes

28
Ju 1 + 4G (41)

inwD, 2 inwDd
4pqE (—ST,N ) - w——“w

Spatial resonances of (41) will occur at @ whenever

sinoD\? _ sinad _ _ _1
4pqE (T) - W-a—— i 3 (42)

implying a resonance condition

siod _ w14 /w_ w1 (43)
% " BpaE * 7 V/4pqEldpqE © ;g )

In gross appro;(‘lmation (w G "large“), this is written

sinad _ 0* 1. (44)

0 W5 W <
T = WeDE  FpQDE
Thus, discounting their higher-frequency harmonics, two fundamental
resonance points exist, as illustrated in figure 27. One occurs at
spatial frequency fy = 1/20; since D = 1 mm for a 2 mm parallel fiber
length, f] = 0.5 c/mm. Another resonance at a lower frequency, fz,
is a function of the value of w/4pqDE, with f varying directly as
P»q,D, and E, and inversely as w. From the calculated value of fy
and the relation fp <fy, it is evident that fy represents the higher-
frequency resonance of figure 27, and fp the lower. fy, therefore,
presumably rules climbing fiber-induced patterns. Since fy is pri-

marily an inverse function of D alone (keeping in mind the strictures
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on other parameters which led to this point), it follows that pat-

terning seems to be determined essentially by the inverse of paral-

lel fiber length. Consequently, to sharpen patterning of nuclear

activation--that is, to elevate f,--parallel fiber length should be
reduced. Also, the mediolateral extent of the reticulocerebellar
projection (F) would require diminutfon to accord with earlier con-
straints. The reduction of parallel fiber length was also a recom-
mendation of the earlier parameter optimization (section 4.6; Tables
VI, VII) for pattern enhancement. It must be emphasized that "re-
ductionf refers to a small change; too chh reduction, aside from
violating the premises used in the approximations above, would also
result in a breakdown of recurrent inhibition (and thus spatial pat-

terning) in the cerebellar module. Pellionisz, et al.ﬂ9

» have re-
ported that immobilizing the legs of kittens from birth eventually
results in the development of "short” parallel fibers and concomi-
tant cerebellar ataxia. Perhaps the proposed breakdown of recur-
rent inhibition is responsible for that ataxia.

Is there in fact “shortening" of parallel fibers over phy-
logeny, possibly indicating an evolutional selection for finer nuclear
activation patterns? There may well be, provided that “shortening,”
along with alterations in any other geometric parameters, is inter-

preted within the spatial scale upon which a given cerebellum is ccn-

structed. Thus, in frog some parallel fibers reportedly traverse

the entire cortical extent]67

, while in mammals this is not found--
implying that, to cortical scale, mammalian fibers truly are "shorter"

than frog's (regardiess of the absolute length of either). Within
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mammals, although there may be a continuous reduction in absolute
parallel fiber length from man down through macaque, cat, rat, and
mouse242, a progressive reduction in cerebellar size also obtains .
through this series; perhaps then, the mouse parallel fiber actu-
ally is "longer" than the human relative to cerebellar dimensions..
Conceivably, f above may be adjusted by changes in p,

9, W, d, and E so as to coincide with fy, thereby achieving heightened
module response to climbing fiber inputs. The implied alterations

would involve:

i. Increasing the mediolateral extent of the cerebellar
corticonuclear projection (E).
ii. Lengthening the parallel fiber,
iii. Increasing the strength of parallel fiber synapses
(q) and/or Purkinje inhibition.
iv. Weakening existing reverberatory effects (w) (or in-

creasing B, by implication).

The effects of these maneuvers were not tested in simulations. However,
invoking (i) would have deleterious influences on temporal stability

of the module (section 4.2; Table V1), (ii) would reduce f] (the

prime patterning determinant), and (iv) dqmpens pattern persistence.

Only (iii) seems constant with earlier derived constraints, provided

the demanded change was confined to the Purkinje-nuclear connection
(increases of the parallel-Purkinje synaptic strength are to be avoided--

see section 9.2.1).
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Because the anterior lobe cerebellar module rescnates at
a spatial period of 2.2-2.6 mm/c to simulated climbing fiber micro-
strips only 0.6 mm wide (section 4.4), it follows that such stimuli
are not the most effective in evoking spatial patterning. Instead,
a climbing fiber strip should be on the order of 1.1-1.3 mm wide
so as to fit better the "hill" portions of spatial activity patterns
having the above period. Curiously enough, the broader Oscarsson
climbing fiber strips of the locomotor anterior lobe have approxi-
mately this width (section 2.5; figure 6). That correlation, and
the fact that Oscarsson strips probably consist of microstrips, may
be of exceeding importance in understanding anterior lobe climbing
fiber function; much of the entire section below will discuss this
(section 9.4). First, however, goings-on in the sagittal plane

will be briefly examined.

9.3.2 Sagittal Plane Behavior

The use of a mediolateral, one-dimensional approximation
in simulating the cerebellar module requires an assumption of para-
metric and input homogeneity in the sagittal plane, the evidence
for which was discussed in section 3.2. Existence of such homo-
genefty implies that sagittal module acfivity patterns emerge simply
by replicating the mediolateral results at each sagittal coordinate.
When this is done for the pattern arising from activating a single
climbing fiber strip (microstrip or Oscarsson strip), figure 28 re-
sults. Here the activity levels of cerebellar nuclear cells at

various locations in the two dimensions are plotted as proportional
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FIGURE 28

Schematic conception (cf. figure 5) of cerebeilar nuclear spatial
activity patterning following activity of a sagittal Oscarsson climbing
fiber strip. Height of the surface indicates relative degree of nuclear
excitation. A ridge of activity is left in the nuclear region corres-
ponding to the active Oscarsson strip, while inhibited valleys develop
in regions receiving from cortical areas mediolateral to the strip.
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to the height of an undulating surface over the cerebellar nuclei;
caricatures of the cortex and brainstem “"output” nuclei are appended
for perspective (cf. section 2.4.4, figure 5). What in mediolateral
cross-section was a hill of climbing fiber-induced excitation-is now
seen to be a sagittally-directed "ridge" flanked by the usual in-
hibited valleys likewise elongated.‘ The pattern is shown as having
a substantial, but limited, sagittal extent; however, this is but
a conjecture growing from the following considerations:

a. Facilitation of sagittal excitation spread by reticular feed-
back. In describing the cerebellar architecture which underlies
the cerebellar module, it was briefly noted that reticular mossy
fibers distribute indiscriminately in both the sagittal and medio-
lateral planes (but see ref. 151). The reticulocerebellar system
appears designed to flood the module with excitation, as other authors

have conmented52’24]

, and which the simulation results of section 7
affirm: In the absence of appropriately timed lateral inhibition
from the cerebellar cortex, wildfire excitation will spread medio-
laterally over a cerebellar nucleus following a climbing fiber strip
stimulus. The parallel fiber-Purkinje cell network may normally
create lateral 1nhibition which confines reticulocerebellar excita-
tion mediolaterally--but is there an equivalent of that circuitry
sagittally? If not, then it would appear that an entire climbing
fiber strip region in the cerebellar nuclei would eventually become

fused together by the sagittal spread of reticulocerebellar excita-

tion, as is depicted in figure 28. The sagittal branchings of
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individual climbing fibers within a strip do fit easily into such
a scheme, in that they would simultaneously ignite excitation at
numerous points along the strip and thereby speed the fusing pro-
cess. It is also conceivable, however, that some degree of tempering,
sagittal lateral inhibition is mediated by the mechanism next con-
sidered:

b. Lateral inhibition effects of the corticonuclear projection.
The sagittally-oriented cerebellar corticonuclear projection dia-
granmed in figure 5 (whose rationale was developed in section 2.4.4)
forms an implicit lateral inhibition system upon the cerebellar nuclei.
Presumably it would be capable of outflanking spreading reticulo-
cerebellar excitation in a way analogous to the mediolateral opera-
tion of the Purkinje-parallel fiber network. Thus, while uniform
climbing fiber strip activation would serve to create excitation
in a homologous nuclear region, in areas sagittally adjacent to the
latter there would be inhibition. For this reason nuclear “ridge"
excitation is shown diminishing sagittally in figure 28.

The presence of sagittal lateral inhibition also suggests
concomitant sagittal disinhibition beyond inhibited regions at the
ends of an excited strip segment. In the nuclei this would take the
form of secondary, excited ridges arising in the plane of the original
ridge, but separated from it by inhibited gaps. A close-packed sys-
tem of isolated ridges and inhibited Qalleys could consequently arise
through the activation of multiple strips in the following manner:

In the mediolateral plane the spatia) frequency selectivity of the



- 147 -

anterior lobe (section 9.3.1) will permit the activation of parallel
sagittal strips spaced at the resonant period of 2.2-2.6 mn/c. "lLo-
comotor" anterior lobe Oscarsson strips are approximately 1 mm wide
(section 2.5; figure 6). Thus, lattices of alternating active and
inactive Oscarsson strips fit directly within the "passband" of the
anterior lobe (the behavioral import of such lattices is considered
in section 9.4). The impact on the anterior lobe of activating a
lattice is schematically illustrated in figure 29. This shows a

top view of a nondescript sector of anterior lobe dominated by three
sagittal Oscarsson strips (bottom of figure). Portions of two of

the strips (vertical hatchings) are taken to be active as a lattice
in the middle of the figure. In the mediolateral plane at that site,
two “hills" (+) corresponding to the lattice will arise in the under-
lying cerebellar nub]ei, while between the hills will be an inhibited
valley (-). However, in the sagittal plane the corticonuclear lateral
inhibition described above will inhibit the regions immediately rostral
and caudal to the active lattice strip segments. Still further sagit-
tally, disinhibition will produce secondary hills lying in the active
§trip regions, and between them will be inhibited valleys mediolater-
ally, just as at the original lattice location. Among the hills

and valleys are left the "neutral zones" (NZ) indicated, which pro-
cesses just described. However, since these zones are disinhibited
by the surrounding inhibited valleys in both planes, they will become
excited hills, as shown in figure 30. In this way a dense packing of

excited and inhibited zones could come about in the cerebellar cortex.
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FIGURE 29

Top view of anterior lobe cortical region receiving input from a
lattice of two active Oscarsson strip segments (active strips verti-
cally hatched; inactive strip horizontaily hatched). Segments are
centrally located as shown, Areas of nuclear excitation of resulting
are indicated by (+), inhibited areas by (-). Disinhibition takes
place at sagittal ends of active strip segments. Neutral zones (NZ)
are regions unaffected by immediate inhibition or disinhibition pro-
cesses (see text).
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FIGURE 30

Evolution of neutral zones of figure 29 into excited "hi11" regions
(+). The figure indicates the possibility for dense packing of
excitation and inhibition in the cerebellar nuclei if recurrent in-
hibition is characteristic of processes in the sagittal plane, as
wéll as in the mediolateral,
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The discussion above must be treated as sheer specula-
tion until the simulations can be performed which would test it.
Nonetheless, ways in which such an organization could bear upon
the interaction of the anterior with other cerebellar lobes are ex-
plored in a different report36.

c. Sagittal effects of cortical interneurons and Purkinje axon
collaterals. Whatever spatial “focussing" in the mossy-granule trans-
formation Golgi interneurons might produce (earlier section) is likely
to act only mediolaterally because of the orientation of parallel
fibers implementing Golgi-granule lateral inhibition. Thus, these
cells may facilitate emergence of sagittally elongated ridges and
valleys of nuclear activation (since no focussing occurs in this
plane). In an earlier section it was also argued that Golgi cells
should be suppressed within active strip regions and released else-
where, and that this action will be performed by the infraganglionic
plexus of Purkinje axon collaterals. The sagittal orientation of
this plexus can now be seen as a means of restricting the inhibition
to 1ie along ridges and valleys as desired. Moreover, in shutting
down Golgi inhibition and releasing Purkinje activity at the ends
of a strip segment, the plexus intensifies corticonuclear lateral
inhibition.

One of the more obvious functions of the sagittally-oriented
axon processes of molecular layer interneurons (basket and stellate
cells) may be the creation of somewhat uniform silencing of all
Purkinje cells between the branches of climbing fibers in an active

strip (the interneurons are contacted by climbing fiber collaterals).
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“Lateral inhibition" of Purkinje cells at the ends of Oscarsson loop connections). Lattices of alternating active and inactive
strips has been described during strip cfr's; climbing fiber col- Oscarsson strips could give rise to a close-packed array of sagit-
laterals and interneurons are probably invo1ved229. Other than at V tal excitation ridges and valleys in the cerebellar nuclei. It is
moments of strip activation, however, Purkinje excitation in ridges also possible that some features of the molecular layer interneuron
is expected to dominate molecular interneuron inhibition, while the and Purkinje collateral system are explained by such behavior, but
reverse obtains in "valley" regfons (described earlier). Llin55163 this is a matter for further research,

has commented that the sagittal lateral inhibition of Purkinje cells, . '
: 9.4 The Nature of Spino-Olivocerebellar Messages and Their

Encoding

mediated by stellate and basket units, amounts to lateral facilita-

tion in the cerebellar nuclei. Presumably this would be most ap- The spino-olivocerebellar system seems clearly, according
- »

parent in nuclear valleys, perhaps assisting their rapid conversion
to the results here, to have the capacity for altering the spatial

to ridges when climbing fiber activity patterns change. But it is
distribution of neuronal activity within the anterior lobe complex.

doubtful that any appreciation for the true richness of this system
That system is thus capable of redistributing activity among descend-

can be got by such piecemeal spéculation without further simulation
ing spinal pathways which receive from the cerebellum znd in turn

studies.
influence specific functional groups of muscles. According to the

To summarize, the process of lateral recurrent inhibition
-working hypotheses of the Introduction, the purpose of such activity

may be fundamental to the creation, through climbing fiber activity,
redistribution would be to bring cerebellar Tocomotor modulation

of different cerebellar spatial excitation patterns appropriate to
into agreement with muscle usage in the different spinally-selected

different locomotor gaits. In the mediolateral plane the "loco-
gaits. If so, then it is information about the current gait which

motor" anterior lobe complex seems to be sharply spatially tuned
must be transmitted to the cerebellum via spino-olivocerebellar tracts.

to the widths of individual Oscarsson climbing fiber strips. Micro-
: But in what form is this information?

strip inputs “ring" the anterior lobe at the Oscarsson spatial fre-
. It was pointed out at the end .of section 9.3.1 that climbing

quency. Within certain limits this frequency is most critically :
fiber microstrips, although observable experimentally (sections 2.4.3,

dependent upon parallel fiber length and the diffuseness of the slow
3.4), do not fit so well into the spatial bandpass of the locomotor

mossy fiber projection from the pre-cerebellar reticular nuclei. . :
anterior lobe as do the broader Oscarsson strips which represent

In the sagittal plane lateral recurrent inhibition may
the termination zones of entire spino-olivocerebellar tracts. Moreover,

come about through the corticonuclear projection (and reticulocerebellar
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3 _3 _3 _3 _3 _3 _3 _3 _3 _3 _3



3

- 183 -

as was coveréd in section 2.5, the coincidence of Oscarsson strips
with the sagittal compartmentalization of the anterior lobe cortico-
nuclear projection implies that each Oscarsson strip relates to a
particular functional grouping of muscles (i.e., different uses of
flexors and extensors). The simulations demonstrate that activation
of a microstrip, and therefore of an Oscarsson strip, will lead to
the retention of excitation in the nuclear region corresponding to
that strip, and the suppression of regions receiving from adjacent

cortical areas. Thus, putting all these facts together:

When a particular locomotor gait is selected at spinal
levels, those spino-olivocerebellar tracts must become
active which project into Oscarsson strips corresponding
to anterior lobe zones governing the functional groups

of muscles utilized in that gait.

The role microstrip activation may play in the awakening of an Os-
carsson strip will be considered shortly.

The previous section (9.3.1) introduced the idea of lat-
tices of simultaneously active Oscarsson strips, which is the form
of multiple strip activation most naturally suited to the spatial
frequency response of the locomotor anterior lobe. The lattices
spoken about consisted of groups of alternating active and inactive
Oscarsson strips distributed at the resonant spatial period of 2.2-
2.6 c/mm. Sparser lattices at subharmonics of this period would

also be admissable. No case has yet been made for why any sort of
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multiple strip activity should be expected during locomotion, al-
though it is evident that if activation of a single strip relates

to the usage of either the flexors or extensors in a particular gait,
then at least two strips (on each side of the midline) are required
to cover all muscles of the step cycle. A subsequent report36 de-
tails the requirements for multiple strip activity and demonstrates
that certain close-packed lattices cover very nicely the flexor

and extensor zones of the anterior lobe, enabling predictions of
where strip activity should be found during different gaits. Such
predictions could be tested in the mesencephalic cat.

Certain authors, notably Ecc1e586’95

and more recently,
B1oedelzg. have objected to the entire idea of considering either
Oscarsson strips or microstrips thereof to be of importance in under-
standing cerebellar function. Eccles has generally described Purkinje
cells responding with cfr's to weak mechanical peripheral stimula-
tion to lie within numerous small colonies, each having a very refined
receptive field (especially on the footpads)ga'gg. One cannot help
wondering whether these colonies do not in fact represent Oscarsson
strips at high resolution, that the weak stimuli used activate but

few climbing fibers and their sagittal branches. There can be no
question but that both microstrips and Oscarsson strips exist, es-
pecially in the light of the purely anatomical demonstrations of
Armstrong and Voogt described in earlier sections (2.4.3, 3.4).
Armstrong's group has even provided evidence of at least one coin-

14,16

nervated strip lattice of the type described above (i.e., two
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strips innervated by branches of the same climbing fibers, but sepa-
rated from each other by a strip-like gap of cortex). Bloede]zg.
while accepting the existence of Oscarsson strips, argues that their
“stripness” will be hopelessly blurred during actual motor perfor-
mances owing to the frequent similarities of receptive fields of
adjacent strips. In making the statement, Bloedel ignores the dif-
ferent sensory modality specificities known to be present among
the strips, which is likely to thin out any "blurring" to some ex-
tent. But that aside, Bloedel's hypothesis is directly refuted by
the findings of Roberts and Rushmer226 (Roberts, personal communica-
tion) who have recently demonstrated that footpad stimuli akin to
those encountered in locomotion produce cfr's in a distinct strip
of anterior lobe cortex and not a diffuse arousal of climbing fiber
activity. These results and others related to them are explored
further e'lsewhere36

The “activity" in an Oscarsson strip, or lattice of strips,
by which the anterior lobe is to be informed of spinal gait choices,
has to be translated into the separate activities of microstrips,
and perhaps even activity within a microstrip. Now the simulations
have demonstrated that Purkinje silencing is the primary means whereby
climbing fibers initiate the development of spatial activity patterns
within the cerebellar complex; this agrees with the conjectures of
other authorsg'29’33'12°. Computer work also indicates that such

patterns are retained in the cerebellum for significant lengths of

time. From these two observations follow a number of ways in which
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spinal gait information could be encoded into microstrip activity
within an Oscarsson strip:

To consider Purkinje silencing first, the patterning ef-
ficacy of an isolated microstrip volley could be measured in terms
of the degree of Purkinje silencing it produces. Likewise, the
“imperativeness" of the spinal message triggering that microstrip
could be similarly graded. One ready method for regulating Purkinje
silencing is via the spatial summation of climbing fiber (Scheibel)
collateral inputs upon cortical interneurons (for refs., see section
3.4)--that is, through the amount of synchrony of cfr's within a
microstrip. The principle is noted, and demonstrated in chloralose
cats, by Armstrong9 and agrees with the observations and specula-

27'33. Electrotonfc coupling between cells in a small

tions of others
region of the olive projecting into a microstrip may promote cfr
synchrony, as was described in section 3.4. If, as has been sug-

]66'244. olivary inputs can regulate the amount of coupling

gested
between olivary cells, then coupling adjustment becomes a means for
encoding spinal gait messages along a continuum of “importance."
The thought should therefore be entertained that microstrip volleys,
although appearing to be all-or-nothing events transmitting little
information75. may actually be transmitting a great deal of infor-
matfon in an analog fashion. Indeed, changes in Purkinje silent

period duration following successive cfr's are frequently notedzs‘

19]’]92. What an “important,” coupling-producing input "is" be-

haviorally requires considerable added information about ocomotion
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itself. This is given in another report36

A second method of regulating Purkinje silencing takes

advantage of temporal summation onto cortical interneurons that
would occur dufing high-frequency repetition of cfr's, again shown
possible by Arm§trong9 with shocks at 500 hz. However, any behavioral
occurrences of such bombardments seem not to be systematically do-
cumented, although they might possibly be present in cat following
“natural” footpad stimulation (Rushmer and Roberts, unpublished).
It has also been shown that the inactivation of the Purkinje spike
generating mechanism caused by the cfr does not last as long as the
cell becomes hyperpo]arized]78; that works against the prolongation
of silencing by the temporal summation of inhibition,

The discussion above pertains to individual microstrips,
although the regulation of synchrony (and of high-frequency volleys,
if they exist) among the microstrips of an Oscarsson strip could as
easily be a mechanism for encoding gait information into the latter--
that is, for defining what is an "active" strip as distinct from an
"inactive." However, to such single-shot encoding schemes must be
added some which depend upon the persistence of excitation patterns
created by climbing fibers:

In the case of the isolated microstrip, the simulations
have demonstrated that repetition of synchronous microstrip volleys,
within the persistence time of spatial activity patterns set up in

the cerebellar module, will potentiate such patterns. In guinea

pig, Bell and Kawasaki27 have presented evidence of a rough periodicity
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in the occurrences of cfr's in sagittally distributed pairs of Pur-
kinje cells. The period was 130 msec--well within the persistence
time demonstrated in the simulations (sections 6.3, figure 16; 6.5,
figure 18). Bell and Kawasaki did not describe synchronous micro-
strip cfr's spaced at 130 msec intervals, but only the tendency of
one climbing fiber within a microstrip population to fire 130 msec
after another, not unlike a statistical renewal process. No peri-
pheral stimuli were given to elicit this phenomenon; it is part of
the "background” behavior of the inferfor olive. Its causes are
essentially unknown. Since climbing fibers all over the anterior
lobe no doubt have similar periodicities, it is doubtful any spatial
patterning in the cerebellar nuclei arises from it.

It was pointed out above that the regulation of electro-
tonic coupling in the inferior olive could be used to encode spinal
gait messages within microstrips (or even entire Oscarsson strips).
Strong coupling, causing cfr synchrony, would help establish nuclear
patterning quickly. But then, strong coupling would probably also
help produce synchronous strip volleys repeated at 130 msec {or
thereabouts); and that, too, by the pattern potentiation process,
will also lead quickly to alterations in the spatial distribution
of excitation in the cerebellar complex. Therefore, the amounts
of microstrip cfr synchrony and periodicity should stand in direct
proportion to each other (the best example thus far being the extra-
ordinary synchrony and periodicity of cfr volleys occurring spon-

taneously following administration of harmaline77']52']65). And



- 159 -

the adjustment of o1ivary electrotonic coupling may thus be a key
spino-olivocerebellar encoding mechanism for two different reasons,
instead of just one.

It is quite possible once again to extend everything which
has been said about microstrip periodicity, synchrony, o1iva§y electro-
tonic coupling, and so forth, to the Oscarsson strips governing
functional muscle groups in different gaits. However, the very sub-
division of Oscarsson strips into microstrips suggests that not all
possible coding schemes in the spino-olivocerebellar system have been
described as yet. While the spatial frequency selectivity of the
locomotor anterior lobe requires that an entire Oscarsson strip be
vactive" to be effective--that most or all of the microstrips therein
be generating synchronous (and possibly periodic) cfr's--it is not
required that the microstrips be synchronous with respect to each
other: The long persistence of effects from each microstrip activa-
tion allows the spatial summation of the results of different micro-
strip activations whether or not they are all synchronous. Thus,
microstrips may themselves "stand for something," even though their
volleys must be gathered into an Oscarsson strip in order to effect
changes in cerebellar spatial activity patterns. Rushmer and Roberts
(Roberts, personal communication) have made a very tentative obser-
vation showing that the location of a microstrip activated by fore-
limb cutaneous inputs migrates with respect to the location of those
inputs, although always seeming to remain within a well-known "fore-
limb-cutaneous” Oscarsson strip in the cat anterior lobe. Therefore,

one might expect that as the cat locomotes (in the gait appropriate
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to that Oscarsson strip), these microstrips are probably all trig-
gered, but at a variety of times--perhaps in a seemingly “random"
fashion. VYet the nuclear patterning so elicited will be independent
of that timing.

The import of the above paragraph cannot be fully examined
here. It touches upon just what is meant by "gait information."
Still, one might consider this: [f the patterning wrought by climbing
fiber activity is designed to remain for a "sybstantial® time within
cerebellar circuitry, stored temporarily by reticulocerebellar re-
current excitation, then what kind of spinal information is appro-
priate for such storage? 1Is it the type required for the quick cor-
rection of a transient anomaly in one step cycle (e.g., the informa-
tion supposedly utilized in "load compensation®)? Or is it a type
appropriate to many step cycles, to the holistic performance of the
locomotor act under only slowly changing environmental constraints?
If the latter, then again, what is such information? These topics
are considered in another reporfas.

In summary, the mechanisms encoding information in the
spino-olivocerebellar tracts are, in theory:

1. The location of active Oscarsson strips and strip
lattices. Location governs which combination of descending
spinal pathways will be potentiated and, consequently, which
functional groups of muscles (collections of flexors and ex-
tensors) will be influenced by cerebellar modulation. Loca-
tion is thus the primary means by which spinal locomotor cir-

cuits inform the cerebellum of the current gait.
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2. The degree of electrotonic coupling in the inferior

olive. As coupling waxes strong, both synchrony and perio-

dicity of cfr's within individual microstrips (and possibly
within entire Oscarsson strips) become more pronounced. Syn-
chrony increases the silent periods of Purkinje cells, so in-
creasing the pattern-creating capacity of each microstrip
volley. Periodicity augments spatial activity patterns through
potentiation. It is presumed, then, that spino-olivary inputs

act somehow to control olivary electrotonic coupling.

A third encoding mechanism--the triggering of individual microstrips
by specific types of spinal events--must await full discussion in

another paperas.

9.5 Methods for Experimental Test

Experimental evidence bearing upon the validity of the
simulations has been given in sections 6.2 and 6.6, as well as in
scattered references in the remainder of the report. The purpose
of this section is but to give guidelines for further experimental
exploration of the work. Only acute experiments on non-locomoting
cats will be considered. Locomotor tests are described in a subse-
quent paper35, although some overlap with its material is unavoid-
able here.

Since the simulations were constructed with the aim of
understanding anterior lobe physiology in the locomotor state, it
is appropriate that experiments be performed on the anterior lobe

complex in an acute preparation capable of locomotion (but not

[ "‘i@
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locomoting). Thus, the preparation of choice is the precollicular
decerebrate cat preferably receiving locomotor region (cuneiform
nucleus) stimulation during tests. It is possible that a precol-
licular cat receiving DOPA or chlonidine i.v. might also be accept-
able (although no experiments on such a cat have been reported).

In any event, it is imperative that all pre-cerebellar reticular
nuclei be fully excitable, which absolutely rules out the use of
barbiturate anesthetics30’32'91.

Probably the most important aspect of this work which
requires experimental examination is the creation of distinct spatial
distributions of cerebellar activity following activation of an Os-
carsson strip. As was pointed out in section 6.6, essentially no
information on this subject can be got from recordings in the cere-
bellar cortex., According to the simulations, patterning is more
pronounced in the cerebellar nuclei. But then, since each sagittal
corticonuclear zone is associated with an entire brainstem output
nucleus (sometimes more than one; figure 6, section 2.5), patterning
might become most evident through simultaneous recording from two
or more of these nuclei. Thus, with recording electrodes in, say,
the red and Deiters nuclei, one would weakly stimulate various re-
gions in the medial accessory olive projecting into different Os-
carsson strips. The immediate, transient effects of the stimuli
would be of no interest. Instead, one would expect to see gradual
changes in the "background" activity of red and Deiters neurons re-

lative to one another as the olivary stimuli were repeated. These
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changes would differ as a'function of olivary locus stimulated (and
could be predicted from figure 6 if the activated Oscarsson strip
were known). This experiment would also demonstrate the extent of
persistence and potentiation of the resulting cerebellar activity
patterns, of course, To see these effects, however, the usual time
averaging of successive responses in the brainstem nuclei would have
to be avoided. Instead, the vagaries of individual cell discharges
could be eliminated through spatial averaging--averaging the responses
of different cells in the nuclei during equivalent moments in time
(i.e., at equivalent times in the history of the repeated olivary
stimulus). There may be other ways to at least.demonstrate (without
a direct association with climbing fiber activity) a short-term
dynamic memory capacity in the cerebellum, but these involve the use
of spinal reflexes and are covered elsewhere36

The importance of Purkinje silencing to the creation of
cerebellar activity patterns would 1ikely fall out as an immediate
consequence of the above experiment if the Oscarsson strips acti-
vated were kept track of. However, the author has already advanced
deductions from others' data on the vestibulo-ocular reflex sug-
gesting that certain phenomena of the reflex can only be most easily
explained if climbing fibers have a silencing effect on Purkinje
cells (ref. 247 and subsequent report3’).

Demonstration of granu1e‘ce11 recruitment would be quite
difficult in a direct manner. An indirect demonstration, and one

which would also say something about the role of cortical interneurons
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(notably, Golgi cells) in compensating for the side effects of re-
cruitment, would be to eliminate intracortical inhibition through

28,76,271  pctivation of a climbing

the application of various drugs
fiber strip should then lead to the “cerebellar seizure” showh in
section 7.2, which is the result of uncompensated granular recruit-
ment.

The sample of experiments given above is primarily designed
to show that most of the major conclusions of this report can indeed
be attacked experimentally without a great deal of retooling. Sensa-
tional demonstrations, such as a proof that the cerebellum "learns,”
are not required. There do exist some fairly new, and very powerful,
biochemical techniqués which could be applied to some of the problems
above. However, the elaboration of those techniques will be done

elsewhereas.

10. Conclusion
A new view of cerebellar climbing fiber function has been
introduced in this report, and with it a new view of cerebellar opera-
tions in general--at least with regard to the anterior lobe role in
locomotion. It has been held that anterior lobe outflow must be re-
structured to mesh with the muscular deployments characteristic of
different locomotor gaits. Computer simulations and mathematical
analysis have demonstrated that climbing fibers, activated as Os-
carsson strip populations, could accomplish such restructuring. In
a very restricted sense, then, the cerebellum may be “"programmable”

through the agency of the spino-olivocerebellar system. The "programs"

3 3 _.3 _9 3 _3 _3 __3 _.3




- 165 -

are differing distributions of excitation among descending spinal
pathways under cerebellar control--or homologously, unique spatial
activity patterns within the cerebellar nuclei and cortex set up
by microstrip volleys within Oscarsson strips.

The notion of programming carries with it the implication
of program storage; and indeed, it has been demonstrated here that
the cerebellar complex may have a short-term memory capacity that
é]lows the temporary storage of climbing fiber-induced activity
patterns. Crucial to the storage function is reticulocerebellar
recurrent excitation, which also makes possible the lateral recur-
rent inhibition underlying the spatial behavior of cerebellar acti-
vity. Thus, climbing fiber volleys in Oscarsson strips effect an
extended bias upon the musculature, a bias appropriately thought
of more in terms of holistic motor acts rather than the moment-to-
moment contractions of individual groups of muscles.

Superimposed upon the slowly changing distributions of

cerebellar excitation from the various spinocerebellar and spino-
reticulocerebellar mossy fiber pathways. So far as is known, these
tracts do convey information about the immediacies of movement,
A subsequent report (Boylls, in preparation) demonstrates that pre-
existing cerebellar spatial excitation patterns created by climbing
fiber activity may channel incoming mossy information into specific
cerebellar sagittal zones--in other words, into specific descendirg
pathways and muscle groups. As a result, during locomotion in a

specific gait, mossy fiber inputs (regardless of their source) are
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inevitably chﬁnne1ed into the muscle groups and linkages thereof
which carry out the locomotion. A great deal of mossy information
is therefore multipurpose, subject to differing cerebellar inter-
pretations according to the contexts furnished by the spino-olivo-
cerebellar system and, ultimately, spinal locomotor circuits.

As this report has attempted to show, at least one role
of the climbing fiber in anterior lobe physiology may be quite under-
standable in terms of available knowledge; no added functional pos-
tulates (e.g., plasticity) are required. This is not to say that
climbing fibers have no other function than that presented here.
Like other fiber systems, they likely guide the ontogenesis of
various neural elements in the cerebellar cortex, they may exert
“trophic" influences through axoplasmic flow, and so forth. Per-
haps they do mediate plastic change. But to place the last alterna-
tive ahead of all others, as has been done in many quarters, may well
be to expend one's energy studying a third- or fourth-order conse-
quence of climbing fiber activity, rather than its primary effect.

What has been said above about the remote functional pos-
sibilities for climbing fibers applies equally to other components
of the cerebellar cortex and of the entire cerebellar system. In
this report, propositions have been advanced on functions of the
granular layer (recruifment for the amplification of certain types
of mossy input) and certain cortical interneurons (stabilization
of recruitment and recurrent excitation byproducts). The proposals

are familiar in terms of functions computed elsewhere in the nervous
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system; they are testable with existing physiological techniques.
Their impact, according to the simulations, is merely one of re-
finement of cerebellar calculations--but then, nothing more was
expected, On the other hand, granule cells and cortical interneu-
rons might well be part of a pattern recognition scheme, learning
device, a clock, or a half-dozen other engineering achievements
conveniently replicated within the brain.

Motor control functions are hierarchically arranged. In
understanding the cerebellar station within the hierarchy, one should
consider that there exist circuits external to the cerebellum which
decide if movement is appropriate, and subsequently, what the move-
ment should be and which muscies to employ in it. Only after these
executive decisions are specified does cerebellar outflow take on

significance. Therefore, despite its anatomical position, the cere-

bellum is probably quite close to the bottom of the control hierarchy.

Climbing fibers might thus be thought the terminals of a “descending”
pathway delivering executive information to the cerebellum, while
mossy fibers "ascend” to the cerebellum with reports on the perfor-
mance of lower systems the cerebellum can influence. This scheme,
and its more general relevance to the Bernstein paradigm for motor

control, will be examined in later report536’37.
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