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Abstract-A
computer simulation
of the neuronal circuits in the cerebellar cortex of frog is developed
as a means of testing the functional
properties
of this cortex. The model is based on present day
information
regarding
morphology
and function of the different cortical neurons. In order to allow
the model to resemble as closely as possible the actual cerebellum, the model was grown by-the computer
to simulate data obtained from anatomical
studies of the different elements.
The model comprises
a Purkinje cell layer consisting
of 8285 Purkinje ceils, 1.68 million granule
cells, and 16,820 mossy fibers. Their connectivity
was specified on the basis of probability
density
functions based on the spatial organization
of these different elements.
Once the cerebellar model was assembled, computer
results indicated that the mossy fiber/granule
cell system displayed functional
specificities which were not expected a priori. (1) A spatially localized
mossy fiber input in the peduncle generated
localized activation
in the cells of the granular
layer
despite the stochastic
nature of the connectivity.
This activation
of the granular
layer occurred
in
a spindle-like
manner which tended to be localized in particular
depths in the granular
layer. (2)
Simultaneous
activation
of several discrete points in the peduncle, rather than producing
a diffuse
activity in the granular layer, generated distinct activation
of sets of neurons in this layer.
In conclusion
the model gives evidence for functional
specificity in the absence of morphological
specificity. This finding suggests that only a limited amount of genetic specificity may be necessary
to generate functional
specificity in certain neuronal circuits.

IN VIEW of the increased amount of detailed information about cerebellar anatomy and physiology provided in recent years (ECCLES, ITO & SZENT~~THAI,

The modeling efforts indicated a need to obtain
specific data absent at that time and pointed out the
existence of numerical inconsistencies.
But more im1967; LLINAS, 1969; PALAY & CHAN-PALAY, 1974), portantly, these studies suggested that modeling based
it has become correspondingly
more opportune
to
on pure connectivity had serious limitations. Moreintegrate these data in the form of a global, selfover, these attempts reinforced the suggestion based
consistent, predictive model. Although first heuristic
on single-unit recordings
that the individual funcand then mathematical
and statistical models have
tional properties of ‘the Purkinje cells are crucial to
already been proposed (SZENTAGOTHAI, 1963, 1965;
an understanding
of the functioning of the cerebellar
MARR, 1969; ALBUS, 1971; MITTENTHAL, 1974), it
cortex (LLINAS, PRECHT & CLARKE, 1971). For these
remains necessary to resort to simulation,
using a reasons, we based the present simulation model on
digital computer, to provide precise predictions
on
single neurons, their behavior being characterized by
a cellular level for any model of a particular cerenonlinear features, as opposed to modeling concepts
bellum. Several efforts along these lines have been
in which the ‘unit’ is an assembly of neurons, often
published (PELLIONISZ, 1970, 1972; MORTIMER, 1970, described by linear features.
1973; MENO, 1971; CALVERT & MENO, 1972). Our
As suggested previously (LLINAs, 1971), the frog
own earlier modeling work (PELLIONISZ & SZENTA- cerebellum is best suited for this type of modeling
GOTHAI, 1973, 1974) was designed to check the quantion several grounds: (1) Experimental
data are abuntative morphological
parameters
of the system, as dant both on the morphology and physiology of the
measured by PALKOMTS, MAGYAR & SZENTAGOTHAI frog cerebellum (HILLMAN, 1969a,b; SCITELO, 1969;
(1971aJJ; 1972).
LLINAS, BLQEDEL& HILLMAN, 1969 ; FABER & KORN,
1970; RUSHMER,1970; RUSHMER& WOODWARD, 1971;
HACKETT, 1972; FREEMAN & NICHOLSON, 1975). (2)
The relatively simple organization,
the simplicity of
Abbreviations: CF, climbing fibers; GrC, granule cells;
MF, mossy fibers; PC, Purkinje cells; PF, parallel fibers.
the interneuronal
inhibitory
systems
(HILLMAN,
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1969b; SOTELO, 1969) and the relatively small number
of neurons (below two million) made it plausible to
attempt modeling the entire cerebellar cortex. (3) The
well-studied vestibulo-cerebellar system in the frog
lends itself to modeling input-output relationships
under physiological stimulation (PRECHT • LLINAS,
1969; LLrNAS et al., 1971; LLIN.~S & PRECHT, 1972;
MAGHERINI; GIRETH & PRECHT, 1975; BLANKS, GIRETTI & PRECHT, 1975a, b).
The paper describes the physiological and anatomical assumptions of the model and illustrates its application to a specific set of experiments: the input-output relations of the cerebellar cortex under physiological stimulation of the vestibular system.
METHODS

Basic concepts of the model
The number of neurons in the frog cerebellar cortex is
far too large to permit their representation, in however
crude a model, within the core memory of the computer
available to us (IBM 360/67 at the Campus Facility of
the Stanford Center for Information Processing) and, in
fact, precluded a straightforward representation of the
network on magnetic disc storage compatible with minimal
criteria of economy. A neuron-by-neuron simulation was
made possible only by programming the computer to
'grow' or reconstruct those particular neuronal pathways
that participate in the specific stimulus-response experiment being simulated. As described below, the assignment
of specific parametric values of morphological characteris-

A

C

~

tics is made at random, according to specified probability
distributions and other constraints. For brevity, we refer
to this aspect of the program as 'morphogenesis', although
we have made no attempt to mimic the actual sequence
of events in the histological development of the cerebellum.
All programs were written in FORTRAN. Those which
required extensive core memory were run on an IBM
360/67; those providing visual displays were run on the
PDP-15 computer graphics system in our department,
which includes a dynamic display with writing tablet and
light pen, a storage oscilloscope static display, 32 K of core
memory and both disc and tape forms of auxiliary storage.

Shape of the frog cerebellum
As illustrated in Fig. 1 A and B, the frog cerebellum
may be represented as a transversely oriented, threelayered slab, located behind the optic tecta. The body of
the cerebellum arches over the fourth ventricle; its lateral
extensions, the cerebellar peduncles, provide the entry
points for the afferent pathways: mossy fibers (MF) and
climbing fibers (CF) and the exit points for the efferent
fibers: Purkinje cell (PC) axons. The dimensions are shown
in Fig. 1 D. The caudal layer is the granular layer, the
place of entry and ramification of the MF system, in which
the MFs make synaptic contact with the granule cells
(GrC). The axons of the granule cells rise into the rostrally
situated molecular layer, where they form T-shaped bifurcations, running transversely and strictly parallel to one
another, constituting the parallel fibers (PF). The granular
and molecular layers are separated by a sheet of PCs: the
Purkinje cell layer. The dendritic trees of the PCs protrude
into the molecular layer, within which they are contacted
synaptically by the orthogonally oriented PFs.
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FIG. 1. Overall dimensions of the frog cerebellar model. A shows the cerebellum in situ (CB). In
B the gross morphology of CB is represented in two manners in the model: by a Cartesian coordinate
system (C) in accordance with the an orthogonal 3-dimensional lattice (the different cells are accommodated at lattice points) and by a polar-coordinate system (D) which simulates the actual frog cerebellum.
The layered structure: granule cell (GrC) layer, Purkinje cell layer (PcL) and the peduncle with mossy
fiber (MF) entry-points is shown in C. The potential numbers of different cells are shown in C. The
gross overall dimensions are marked in both C and D. In D: GrL, granular layer; ML, molecular
layer.
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Cerebellar computer model
For ease of computation, the curved corpus cerebelli was
unrolled’ so that a Cartesian coordinate system could be
used to specify cell locations; this is shown in Fig. 1 C.
However, the majority of the displays have been reconverted into the more realistic curved configuration.
Dimensions

and cell numbers

The morpholo~~al parameters used in the simulation
studies are based on specified anatomical data (LLIN&
1971) and subsequently modified by more recent unpublished observations of D. E. Hillman. In the Cartesian
coordinate system, the x- or longitudinal direction is that
of the PFs (left-right in the frog); in this direction the
cerebellum has a length of 4.0mm. In the transverse or
y-axis (dorsal-ventral in situ in the frog), the total width
is 1.34 mm. Finally, the vertical direction, or z-axis (rostrocaudal in the frog) has a combined thickness of 0.58 mm,
divided evenly between the molecular and granular layers.
An overall lattice spacing of 5 pm was imposed throughout the rectangular solid. At each end of the solid (the
two peduncles), a mossy fiber could enter at each lattice
point, amounting to 2 x 290 x 58 = 33,640 potential MFs.
Granule cells and Purkinje cells were constrained to lie
on double. even, lattice points-i.e. at a IO pm spacing-so
that the potential number of GrCs is 400 x 145 x 29 =
1,682,OOO.
A modification of this simple pattern was made
for the PCs, for which some intermingling of neighboring
dendritic trees may occur. Otherwise the PC arrangement
is similar but not identical to the PC pattern in the cat
(PALKOVITSet al., 1971~). By scanning in the y-direction
of the lattice, a PC body was assigned to each 14th lattice
point, as shown by dots in Fig. 3. amounting to one
seventh of the total of 400 x 145 (8285); to each Purkinje
cell is assigned one climbing fiber. The total of MFs, GrCs.
PCs and CFs is therefore 1,732,200 neurons.
Morphogenesis

of mossy fibers

The incoming MFs first diffusely branch in the granular
layer, dist~buting the MF excitation to GrCs through a
population of MF endings. A set of activated GrCs then
relays this pattern of input to the PCs via their PFs.
Although both physiological observations (LLIN~S et al.,
1969) and theoretical considerations (ALBUS, 1971; PELLIONISZ,
1972) are available for the analysis of the
MF-GrC synapse, very little is known about the spatial
features of the overall projection of a specified MF input
(entering the cerebellum through the peduncle) to the
population of PCs, which was therefore kept inflexible in
the model.
As the simplest description of MF morphology, it was
assumed that each MF enters the peduncle and proceeds
in a straight, horizontal (x-orientation) line into the granular layer where it makes its first bifurcation at some point
within this layer. Subsequent bifurcations which form a
planar ‘fan’ describing an isosceles triangle comprise the
MF arborizations on which the MF synaptic boutons are
located. The primary orientation of this fan is taken to
be horizontal (i.e. parallel to the x-y plane, with its vertical
axis parallel to the x-axis). From this primary orientation,
each fan is subjected to yaw, roll and pitch, with the vertex
as the fixed pivot point.
Therefore, as seen in Fig. 2, the key parameters of the
MFs are (i) length of MF trunk; (ii) length of fan; (iii)

pitch angle; (iv) yaw angle; (v) roll angle; (vi) vertex angle
of the isoceles triangle (fan), which holds the MF endings.
The probability density functions for these random variables are derived from histological observations (HILLMAN,
1969b and personal communication) as follows (Fig. 2):
(i) Length of the MF trunk (t) is determined by the probability density function

P(t) = so1 exp (-t/s)

where s = 962 pm.

That is, the probability density for the trunk length of
MF declines exponentially with the half value of 667pm
and no MF first bifurcation is allowed past the midline
(see Fig. 2).
(ii) Length of the MF fin is distributed according to a
density function which has a minima1 cutoff at 0.56 mm,
reaches its maximum at 1.0 mm and has its half-value at
2.0 mm, subject to a maximum fan length of 4.0mm. If
the length of the fan is denoted by f, then
P(f) = K{expI: - CiU -Cd

-

ew - GCf -

Cdl1

where C, = 1790 pm, C2 = 2090 pm and C3 = 560pm
and K = (C, - C,)/(C,Q
(iii-v) ~urumeters~r pitch, roll and yaw were not readily
obtainable from anatomical data. To analyze the relative
importance of these parameters, two alternative sets were
established: one called ‘narrow’ (N MF projection), where
the variance of the fan direction from the horizontal direction of the MF trunk is rather strictly confined, and
another called ‘wide’ (W MF projection), which allowed
more than twice as much 3dimensional deviation of the
fan. As can be seen in Fig. 4, all probability distributions
for pitch, roll and yaw angles (a) follow a normal (Gaussian) pdf:
P(a) = (2~) ’ exp[ -0l~/(25~)].
In the N projection the standard deviation for the pitch
and yaw is 4.25” while the roll has a greater (lo”) deviation.
For the case of W projection, 10” standard deviation was
assumed for the pitch and yaw and 42” for the roll.
(vi) In accordance with the alternative sets of parameters
on the W and N projection, the vertex angle of the triangular fan which holds the MF endings was established as
20” in the N projection, while it was 30” in the case of
W projection.
These density functions for the six key parameters of
MFs are shown in Fig. 2. Here the dotted outline of the
diagram represents the initial probability functions for the
total population of possible MFs, while the solid parts
represent the distribution of the parameter values for those
fibers which survived the culling criteria in mo~hogenesis
as described below.
Values for the size parameters for each MF were drawn
from the established probability distributions. Accordingly,
depending on the entry point of the MF in the peduncle,
on the length of the trunk and fan, and particularly on
the 3-dimensional orientation of the fan, a varying subset
of MF endings could lie outside the granular layer. If a
sufficiently large fraction of the fan was found to lie outside
the granular layer, that MF was not retained. Figure 3 A
shows one MF (which is totally inside the granular layer)
both perspectively (S) and in the three projections in the
equivalent Cartesian coordinate system (R). The front view
of the latter is separately magnified (T), representing the
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Cerebellar computer model
cross-section of the peduncle. The entry point of the particular diplayed MF is marked by a solid asterisk. As
shown in the S perspective view, the distal third of the
triangular fan is rounded (by the continuous line) into a
pear-shape with a radius equal to the fan length to provide
a more realistic shape. In B of Fig. 3 the MF protrudes
from the granular layer and that fraction is removed (along
the dashed line).
Since in this particular case the remainder of the fan
exceeds the minimum required, the generated fiber survives
the morphogenesis; the MF entry point in the peduncle
is marked with a solid asterisk. Figure 3 C shows a case
where the MF was rejected because the fan grew too far
outward from the granular layer. An open asterisk was
placed, in that case, in the peduncle cross-section (see T
in C of Fig. 3).
The above MF generation procedure could be repeated
for all of the 290 x 58 lattice points (16,820 MF entry
points) at one peduncle. However, since in the frog the
number of MFs per peduncle does not exceed 10,000, a
minimum requirement of 75% of the fan lying inside
resulted in the retention of 9856 and 9820 MFs in one
peduncle in the narrow and wide cases respectively. As
seen in Fig. 3 D, the peduncle cross section (with the MF
entry points representing the surviving fibers) shows a
marked ‘thinning out’ around the margins of the peduncle.
Using the wide MF projection, this effect is inconspicuous.
The parameters of the surviving MFs were stored so that
the MF endings which lie on one fan could later be generated using different algorithms.
The simplest assumption proposed that the endings are
randomly scattered in the MF fan: the density was kept
low enough to prevent one GrC from receiving more than
one MF ending from the same MF (this feature in the
cat cerebellar cortex is discussed by SZENT~OTHAI, 1968).
Accordingly, the number of MF endings on one surviving
MF fan averaged around one thousand.
The MF morphogenesis programs were used to ‘activate’
(generate) those, and only those, MF-GrC pathways which
carry excitatory signals in particular experimental situations In each of these cases in which a certain set of MFs
was activated, a list of the locations of the MF endings
generated was stored on disk.
Morphogenesis of granule cells and their parallel jibres

In the model GrCs may be located throughout the
granular layer at orthogonal lattice points of 10nm spacing. Thus, different sets of activated MFs generated different numbers of spatially coincident ‘active’ MF endings
in the granular layer. According to the number of spatially
coinciding MF endings at any one lattice point, a ‘firing’
GrC could be recognized by determining those locations
having the minimum required number ‘of coincident
excited endings, i.e. the GrC firing threshold.
The set of activated GrCs for any MF input combination then transforms into PF activity. PFs rise to the molecular layer with the precise translation of the position
of the GrC. The lengths of the PFs were assigned from
a Gaussian distribution; unless otherwise noted, the mean
PF length is 2mm with a standard deviation of 1 mm,
allowing some PFs to reach from one peduncle to the
other, as is sometimes observed.
Morphogenesis of Purkinje cells

The two-dimensional lattice of the PC layer is arranged
so that the 8285 individual PC dendritic trees are not com-
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pletely separated in space. The functional properties of
the different geometrical patterns of the PC dendritic tree
were examined by simulating as closely as possible their
actual morphology. In this model, as opposed to other
more elaborate models of single PCs (PELLIONISZ&
LLINAS, 1975), the detailed microscopical morphology was
not taken into account but rather the sampling properties
of PC dendritic trees with respect to the PF system were
considered. To this end, a skeleton of representative PCs
was generated on the basis of quantitative morphological
data from Golgi-stained PCs (HILLMAN, unpublished
observations).
The PCs were generated as planar trees, built on a
29 x 29 lattice of 10nm spacing. The basic structure of
the tree was established as a dichotomous arborization
with four complete generations of branches. Therefore,
each tree contains, in addition to the soma.and main dendritic trunk, 30 branches and 15 bifurcation points. Starting from the cell body, an averge and standard deviation
of the length of the branch (8 f 2 10 units of IOnm each)
and a deviation angle from z-direction were established.
The latter parameters reflect some of the basic qualitative
trends observable in PC trees (e.g. the higher generation
branches are more likely to grow directly into z-direction,
with less angular deviation). Therefore, a 60” deviation was
assigned to the first set of bifurcating branches. This figure
was halved again and again for each new generation (7.5”
for the uppermost branches). The particular trees were
generated by drawing values from a Gaussian distribution
of these averages allowing 10% standard deviation.
A set of 27 particular ‘PC skeletons’ which illustrates
their variance, not only in size but also in the internal
structure of the tree, is shown in Fig. 4. Some show considerable overlap within the tree (No. 3) while others (No.
25) reveal practically none at all. Also, several tree structures are markedly asymmetric (No. 2) while others take
a more even, symmetric, ‘sample’ of the crossing PFs (No.
10). As shown in Fig. 4 within the 29 x 29 matrix, several
lattice points are marked with dots along the dendritic
branches (50% of the 29 x 29 lattice points, on the average). This arrangement simulated the spiny branchlets of
PCs (where crossing PFs have the highest probability of
contacting the cell) and serves to determine those lattice
points where a crossing PF may establish synapse with
a model PC.
Considering that a frog PC is estimated to have 4000
spines (LLINAS, 1971) and that 29 x 29 x 200 = 168,200
PFs crossing one PC tree, a PC may then receive synaptic
contact from every forty-second PF which crosses it. In
order to arrive at a self-consistent set of data, these figures
are used to determine the average distance of synaptic varicosities on a PF of 14pm. The possibility of systematic
regularities of the PF input on a set of PCs was minimized
by attributing a standard deviation (normally 50%) to this
14 pm figure, by the variance of length of PFs, the variance
of PC type, and the staggered arrangement of PCs. In all,
a PF-PC synaptic contact was considered as established
in the model if a particular PC spiny branchelet spot coincided spatially with a synaptic varicosity of the particular
PC which crossed it.
An example of the density of PC dendritic branching
is illustrated in Fig. 5. The dots represent the locations
of the 8285 PC bodies, while the number of dendritic trees
actually shown is progressively reduced towards one end
to facilitate visualization of the orientation and density of
PCS.
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FIG. 5. Purkinje cells in the computer model of the frog
cerebellum. The staggered arrangement of locations of PC
bodies (8285) is shown by dots. The number of cells illustrated is progressively reduced towards one end to facilitate visualization of the density of dendritic appendages
in the molecular layer.

Since one CF interacts with only one PC, this input
is dealt with on a single unit level by directly addressing
the concerned PC. The model does not include stellate
cells.
Figure 6 provides an overview of the generated structure
by exhibiting only a few representative elements. In the
insets on the left side (A-D), the process of abstraction
of the overall morphological features is shown. The elements shown in the insets on the right side of Fig. 6 are
combined into the central figure which illustrated the basic
structure and 3-dimensional orientation of the model and
an arbitrary (but not unrealistic) global pattern of neuronal
activation in the cerebellar machinery. (To enhance a 3dimensional visual understanding of the structure, a stereodiagram of the central figure of Fig. 6 was displayed by
the computer; see Fig. 7.)

RESULTS

Significance of morpholooical parameters of mossy fiber
arborization
Preliminary computations showed the effect of the
degree of scatter of the M F input. A comparison of
the spatial distribution of the activation evoked by a
cluster of M F inputs for a narrow (N) and a wide
(W) M F projection is shown in Fig. 8. These projections, as shown in Fig. 2, represent more than a factor
of two in the freedom of 3-dimensional orientation
of the M F endings. In each case, 100 MFs were generated in a restricted portion of the peduncle, thus
simulating the distribution of MFs arising from a particular pathway: e.g. the vestibulo-cerebeUar projec-

tion (HILLMAN, 1972). This cluster of MFs had a density such that 25~o of the surviving MFs, to give a
total of 100, were considered active in the specified
area. All M F trunks, 10~ of the M F endings (for
clarity), and the activated GrCs with their PFs are
shown in Fig. 8 A and B. (The threshold for GrC
excitation was 5 coincident M F endings.)
A comparison of the patterns produced by the
activated M F endings (Fig. 8 C and E) indicates that
the wide M F projection produces a considerably more
scattered pattern over the granular layer. However,
it is rather surprising that at the GrC and molecular
layer level (G-J and D - F , respectively) the difference
is hardly noticeable. In particular, the overall number
of activated GrCs, with different thresholds of 3, 4
and 5 (see M), shows only a slight and probably not
significant difference. Standard deviation seems minimal for the activated GrCs in the z-direction from
the central 'spindle' of activated cells (see Fig. 8 P);
i.e. the vertical scattering of PC bombardment on
PCs. Scatter in the y-direction, which is only apparent
at the threshold of 3 (comparing D to F and G to
J), gives a somewhat shorter and 'fuzzy' spindle of
GrCs. Note, however, that only a slight quantitative,
and hardly any qualitative, difference is caused by
a variance in the prgjection parameters of more than
a factor of two. Therefore, a specific determination
of the precise distribution of angular deviation for
M F endings seems on this account, unnecessary.
Rather, this particular exploration suggests the need
for further morphological investigation to determine
whether the M F trunk itself shows significant angular
deviation, or if early M F branching exists which
could change the present picture.

Pathway analysis of spatially localized mossy fiber inputs
Both morphological (HILLMAN, 1969b) and physiological (LLrNLS et al., 1969) information indicates that
the vestibulo--cerebellar input has a spatially confined
localization both in the peduncle and in terms of
evoked PC activity. The distribution of PC activity
is indeed analogous to the M F cluster-activated distribution shown in Fig. 8. However, it remains an
intriguing question whether a sharp localization of
M F input in the peduncle would restrict activation
of Purkinje cells to a localized area in this model,
or whether even a small fraction and a limited set
of MFs would 'light up' the entire cortex. An analysis
of the spatial distribution of evoked GrC activation
as a function of the density of a cluster of 100 MFs
is shown in Fig. 9. A cross-section of the peduncle
with M F entry points (first column) and the projection of activated P F s to the peduncle (following
columns) is illustrated in C, G and K. In C the M F
cluster is 100% densely packed, in G the density is
24%, and in K the M F input is scattered randomly
over the entire quarter of the peduncle. A, E and I
show a perspective picture of the activated elements
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FIG. 7. Stereo diagram of the morphological structure of the computer model to facilitate visualization
of the cerebellar network. See central picture of Fig. 6 for details and orientation of the displayed
cerebellum. ' In attaining full stereo view the exact locations of parallel fiber beams traversing through
a Purkinje dendritic tree will be clearly visible.

with only 10~ of the M F endings shown and with Analysis of the integrative properties of the granular
a threshold requirement of 4. B, F and J show 100~ layer for several localized mossy fiber inputs
of the activated MFs which generates a remarkably
It is likely, that, although a relatively small group
similar pattern in B a n d F, while in J the cloud of
activated M F endings appears to be scattered of MFs may dominate a given input to the cerebeUar
cortex, the cortex would normally be activated by
throughout the granular layer.
Comparing the evoked GrC activity, it is remark- several separate sets of M F inputs. Thus, we decided
able that the 100 to 25~ difference in the density to make preliminary explorations with the model to
of M F cluster yields hardly distinguishable spindles determine the extent of the integrative properties of
(compare D with H and C with G). However, with the granular layer. This is significant since it is not
a widely scattered input cluster of MFs (K) the result- known whether a particular grouping of GrCs would
ing GrC activation shows a qualitatively different, play a significant role in the specificity of the cortical
and quite unexpected spatial distribution. While the activation. The interaction of two clusters of M F inactivated M F endings form a solid block (J), the puts is compared in Fig. 10 for a narrow (N) and
structure of the granular layer (with M F fans) 'aggre- a wide projection (W). The two clusters of 25~ dengates' GrC activities into several spindles rather than sity (100 x 100 fibers) were scattered within one-third
generating a single, larger diameter spindle or dispers- of the peduncle. Looking at the total of activated M F
ing the spindle formation altogether which might endings in the two clusters (B and F), the expectation
have been expected. The standard deviation of the could be that a new set of activated GrCs would
PFs from the center of the 'spindle' is plotted in M emerge at the area of overlap of the clouds of M F
for the three cases at three GrC thresholds. As is endings. The results shown by the model do not supclear, the G r c spindle formation is linearly related port this expectation, however. If, for the sake of clarto the density of the M F cluster and with the GrC ity, the MFs themselves are omitted, and only the
threshold from 100 to 25~o density, but shows a M F entry points are shown (A and E), the results
striking nonlinearity for widely scattered inputs. This indicate that 'integrative' PF activation is almost
is seen in the perspective figure of L as a 'breakdown' totally missing since two dearly separated beams of
of the expected large spindle into three separate PFs are obtained. The separation of GrC spindles
spindles of GrC activity. This apparent ability of the and the effect of different GrC thresholds are shown
model neuronal granular layer to extract spindle in C, G, D and H. It is clear from a comparison
aggregates of GrCs is particularly intriguing, con- of D and H that a factor of more than two (in the
sidering that these spindles follow the direction of freedom of angular deviation of fans in the narrow
PFs and, therefore, the result of activating a cluster vs wide M F projection) is sufficient to introduce some
of MFs would be to bombard one or more columns quantitative difference into the picture while the qualitative assessment remains unchanged.
of PCs with PF beams (see A, E and I).
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PC spatial distribution
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FIG. 11. Spatial distribution of the overall parallel fiber activation of Purkinje cells in cases of modeled
ipsilateral and contralateral vestibulo-cerebellar activation. A shows a perspective view of a unilateral
cluster of mossy fibers (only 10~o of the MF endings are displayed) and the beam of activated parallel
fibers (assuming a granule cell threshold of 3). C displays the cells, also in the perspective polar
coordinates. The spatial distribution of Purkinje cells are shown in the equivalent Cartesian coordinate
system (see B for the transformation). Through D-I only the dorsal half of the cerebellum is shown.
D is a cross-section of the half-peduncle, showing the cluster of 100 mossy fibers (with 25~ density)
and the projections of the activated parallel fibers (with the threshold of 3). On E-F-G dots mark
the locations of those Purkinje cells, which receive more than 30 activated parallel fibers in the case
of ipsilateral MF cluster (E), contralateral MF input (F) and those (G) which are activated by both
inputs. In H and I we show the spatial distribution of those Purkinje cells which receive more than
ten times the number of parallel fiber input in the ipsilateral case (H) and in the contralateral case
(I).

Analysis of spatial distribution of Purkinje cell activation
The analysis of the PF activity evoked by a clustered MF input provides a means for constructing
a model of the activity evoked by vestibulo-cerebellar
activation, an experimental paradigm which has been
extensively studied (LLrNASet al., 1971). The relatively
well localized MF input provided by the vestibular
afferents (HILLMAN, 1969a, 1972) would create an input combination similar to that of the MF clusters
used in the above figures. The program was used to
map the distribution of the PFs activated by an ipsilateral MF input. The number of activated PFs contacting each of the 8285 PCs (with the GrC threshold
of 3) is shown in the Cartesian coordinate system (see
B in Fig. 11 for transformation); only the dorsal half
of the cerebellum is depicted (where the vestibulocerebellar PC activation was encountered in the physiological experiments).
A cross-section of the half-peduncle showing the
entry points of the activated MF cluster and the PF
projections (as in Figs. 6--8) is displayed in Fig. 11 D.
A similar but not identical cluster of MFs was applied
entering the opposite (contralateral) peduncle, and the

resulting overall PC input mapping is shown in Fig.
11 E-I. In E, F and G the PC locations are marked
by dots. Each cell would receive more than 30 activated PFs from either the ipsilateral (E), contralateral
(F) or both ipsi and contralateral MF activation (G).
•.These spatial distribution patterns are similar to those
derived from experimental observations (PI~CHT &
LLINA~S, 1969). Some PCs (classified as Type I) can
be activated by only ipsilateral angular accelerations,
others (Type II) by only contralateral angular acceleration, and some (Type III) by both. The overall mapping of the locations of these different types of cells
was rather similar to that observed experimentally (cf.
Fig. 17 in PRECI-IT & LLINLS, 1969). On the other
hand, this spatial mapping in the model reveals (see
H and I) that the strongest activation (a tenfold
higher PF input of more than 300 PC) is centered
around the distal third of the cerebellum which corresponds well with the GrC activation pattern (see C).
This feature of the model provides a possible explanation for the experimental findings that, contrary to
expectations, at close to threshold angular acceler,ation the PC activity seems to be more easily
recorded at the proximal third of the ipsilateral
hemicerebellum than in the immediate vicinity of the
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peduncle.
emerging
realism.

These kinds of features, spontaneously
from the model, lend confidence
in its

DISCUSSION
The development
of the present morphological
model of the frog cerebellar cortex was undertaken
with the hope of providing a coherent, comprehensive
and self-consistent
summary of our present knowledge of the morphology and electrophysiology
of the
frog cerebellar cortex. Its modular structure was developed in order to provide the necessary means to
accommodate
new data. This particular feature was
designed to explore the potential significance of new
information,
or conversely, to try to determine,
a
priori, which of the many morphological
or functional
parameters determinable today may ultimately be the
most important for a given physiological
paradigm.
For example, the exact angular deviation values of
the MF fan in their pitch, yaw and roll angles with
respect to their trunk may appear to be important
parameters in determining the functional organization
of this cortex. It was quite interesting therefore that
testing the significance of these parameters
on the
model revealed that orientation
in space does not
play, at this level of analysis, an important role. This
notion may also be important from a more general
point of view, since it touches upon one of the most
basic problems in neurobiology:
the degree of anatomical specificity iequired, in principle, for functional
specificity.
All of the preliminary tests with the model demonstrated an unexpected tendency for the granular layer
to form spindle-like patterns of activated GrCs, this
tridimensional
distribution of activity in the granular
layer being translated invariably into well-organized
patterns of activity in the PFs at the molecular layer.
This result is contrary to the well-accepted
concept
that the granular layer is organized to produce a wide
scatter of MF input into the PC layer (RAMON Y
CAJAL, 1911). Rather the results presented
suggest
that the granular layer is organized to favor those
GrC agglomerates which receive a dominant convergence of MF input. This latter feature remained relatively invariant with change in the above mentioned
parameters (Fig. 8) and also with a fourfold change
of the density of incoming MF cluster (Fig. 9). Thus,
the spindle-like pattern of activity was virtually unaffected in a wide range of the density of MF cluster
(10&25x, cf. Fig. 9). Equally interesting was the finding that with highly scattered MF input (4% density,
see Fig. 9 L), this feature breaks down to the extraction of several smaller spindle units restricted to a
few columns of PCs, each receiving a correlated batch
of information carried by an activated PF beam.
Accordingly,
we feel that this formation of GrC
spindles may be an inherent, functionally significant,
feature of the structure of the granular layer. In the
frog the relatively simple organization
of the cortex
(HILLMAN, 19696; SOTELO, 1969; LLIN~S et al., 1969,
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1971; FABER & KORN, 1970; RUSHMER, 1970;
RUSHMER & WOODWARD, 1971; HACKETT, 1972;
MAGHERINI et al., 1975; BLANKS et al., 1975a,h)
provides an excellent opportunity
indeed for further
testing of this prediction.
Considering
the meager interneuronal
systems in
frog cerebellum (HILLMAN, 1969b; SOTELO, 1969), one
might even speculate whether inhibitory
cells ‘(e.g.
basket cells) in higher species (ECCLES, LLINAS &
SASAKI, 1966) may well serve the goal of maintaining
this spatial distribution of activity despite the increasing spatial complexity of their circuitry.
In any event the role of cerebellar modeling seems
clear; it is doubtful that conceptual breakthroughs
in the understanding
of cerebellar function will be
attained without some such form of computational
aid.
Anatomical

USfunctional

specijicity

Needless to say, neuronal circuits in the brain must
be specified, to a very great extent, genetically. Indeed
it is assumed that, in invertebrates, specificity of connectivity may be as rigorous as to dictate connectivity
at the level of single synapses between prespecified
neurons (JANSEN& NICHOLLS, 1972).
It seems clear, on the other hand, that such degree
of specificity, at least in a morphological
sense, may
not be attainable
in a vertebrate
brain, given the
extremely large numbers of junctions involved. If the
cerebellum alone is comprised of 10” cells in the
granular layer (BRAITENBERG& ATWOOD, 1958), the
number of synapses in the granular layer may actually
be one order of magnitude larger. The problem of
functional specificity in the vertebrate brain may be
solved, on the other hand, in a fundamentally
different manner from that in invertebrates.
Thus, while
the vertebrates may have a highly deterministic
circuit, in invertebrates
a probablistic
approach
may
have evolved. The inherent advantages of a probablistic circuit are obvious: (a) adaptability and (b) modifiability through function.
Functional specificity in the absence of a clear morphological
specificity may be attained, as in our
model, by the simple laws of growth. If certain constraints are made on the manner and distribution
of
particular elements, these constraints may be capable
of generating, by their functional interactivity, properties comparable
to those obtained in other systems
by a rigorous morphological
specificity. This latter
possibility may not be intuitively apparent since it
involves interactions among large numbers of neurons.
In short, functional specificity may rely under certain
circumstances, on the spatial distribution and general
morphology
of the circuits rather than on connectivity specificity at the single cell level.
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