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CHAPTER

ONE

ABOUT THE PSEUDOCEREBELLUM PROJECT

1.1 Synopsis

Our lives depend on remembering a myriad of things learned over a lifetime. Learning and remembering is what brains
do, but how? If we understood it in theory, we could begin to build artificial systems with traits somewhat like ours.

The aim of this project is to gather information about the cerebellum that could lead to the engineering of an efficient,
high-capacity memory for artificial systems. By “memory” we mean a physical structure for storing information–in
the humanities “memory” is something more abstract: a mental state or image recalled from the past. The project
is organized around a website that collects and abstracts information about the cerebellum as an associative memory.
The website is meant to be a community effort. Ideally, it will build a table with an entry for each neuron type in
the cerebellum, its location, the number of neurons of that type, what neurons they connect to with what fan-ins and
fan-outs, nature of the connections (excitatory, inhibitory), and firing rate (typical, range). The table is referred to as
“Cerebellum Facts.” Each “fact” is accompanied by a reference to the source and a page number. Information of this
kind was compiled already in the 1980s by Loebner (1989) [LoebnerEE-1989]; see his Figure 2 below. In addition to
the “wiring,” we want the information to be sufficient for a realistic estimation of the cerebellum’s energy use.

In addition to the list of references, the website will include an annotated bibliography, to help viewers navigate the
material. The annotations are informal, more like comments. They are written by us who want to participate in the
website and are meant to point out particulars about a paper that have struck us as significant and likely to be helpful
to others.

1.2 Why the Cerebellum?

The simple answer is its very size: the human cerebellum has many more neurons than the rest of the brain (Llinas,
1975) [LlinasRR-1975]. The cerebellum’s importance for motor control was established long ago. We can therefore
expect that understanding it will help us build more agile robots. There is increasing evidence that the cerebellum is
involved also in mental functions, including language. With its huge numbers of neurons and synapses, the cerebellum
would have the capacity to store a lifetime of learning. A relatively simple neural structure with over half the brain’s
neurons deserves a major role in our models of brain function.

Human and animal memory works by association. Among the brain’s circuits, the cerebellum’s looks the most like an
associative memory. A small number of neuron types is organized in a uniform three-dimensional structure that has been
modeled mathematically since Marr’s theory of cerebellar cortex (Marr, 1969) [MarrD-1969]. Among mathematical
models of the brain’s circuits, the cerebellum’s is perhaps the most compelling.

3
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Fig. 1: Figure 2 in Loebner (1989) [LoebnerEE-1989].

1.3 Models of the Cerebellum

Three mathematical models of the cerebellum interpret it as an associative memory: Marr’s (1969) [MarrD-1969]
from a neuroscience point of view, Albus’ (1971) [AlbusJS-1971] from an engineering point of view, and Kanerva’s
(1988) [KanervaP-1988] from computer and cognitive science points of view. All three assign identical functions to
two prominent cell types, the Granule Cells and the Purkinje Cells, and to two main kinds of input, the Mossy Fibers
and the Climbing Fibers. The mossy fibers bring in information from the rest of the nervous system–they represent the
system’s sensory state–the granule cells distribute it within the cerebellar cortex, information is stored in the Purkinje-
cell synapses with granule-cell axons, the Purkinje cells provide the sole output, and the climbing fibers provide an
error signal when the output differs from the desired output. This is known as the Marr-Albus model.

When the cerebellum is viewed as a memory and is compared to the memory of a computer, each granule cell represents
a memory location. The contents of a location are along its axon, called the parallel fiber, which intersects multiple
Purkinje-cell dendrites that lie in planes perpendicular to the parallel fibers. Climbing fibers are a telltale feature of the
circuit, as each Purkinje cell is paired with a single climbing fiber which is ideally situated for “training” the Purkinje
cell; see Figs. 1 and 2 of D’Angelo and Casali (2013) [DAngeloE+CasaliS-2013]. See also Kandel, Schwartz & Jessell
(2000) Chapter 42 on the cerebellum [KandelER+2-2000] and images that Google returns for “cerebellar circuitry.”
The layout is basically the same as in the three-dimensional magnetic-core memory of the 1960s.

The cerebellum “memory” differs from computer memory in two important aspects: whereas computer memory is
accessed one location at a time, to reach the data specific to that location, a single “read” and “write” action activates
multiple locations (granule cells) of the cerebellum. The data are distributed and superposed with other data in the
activated locations. The cerebellum differs also from most neural-net models in that granule-cell activation is all-or-
none and only a tiny fraction of all possible granule cells is active at once: activation is exceedingly sparse (perhaps
one in a 1,000), learning is fast (can take fewer than 10 trials), and the number of modifiable synapses is very large
(could be a million millions or more).

4 Chapter 1. About the Pseudocerebellum project
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Even if the cerebellum were not exactly an associative memory we have envisaged, understanding it as an engineering
object can be of value to fields such as robotics. Cerebellum’s importance for motor learning and control is undisputed.

1.4 Computing with Vectors

A significant new development in computing began with Plate’s Holographic Reduced Representation (HRR) in the
1990s [PlateT-1991]. It addressed the shortcomings of artificial neural systems and rule-based AI, namely, neural
nets struggled with compositional structure such as in language, and rule-based AI struggled with statistical learning
from data. The new idea is to compute with high-dimensional vectors (e.g., D = 10,000) in a style familiar to us from
computing with numbers: the addition and multiplication of vectors produce vectors of the same high dimensionality.
The idea is covered thoroughly in the book Holographic Reduced Representation (Plate 2003) [PlateTA-2003], it is
summarized in a paper on “hyperdimensional” computing (Kanerva 2009) [KanervaP-2009], and it is also called Vector
Symbolic Architecture (VSA; Gayler, 2003) [GaylerRW-2003]. In analog to computing with numbers, computing with
high-dimensional vectors requires a memory for the vectors, a large “high-D RAM.”

1.5 The Pseudocerebellum Project

Building a large associative memory for high-dimensional vectors is a major engineering challenge. Since nature
appears to have solved it by evolving the cerebellum, we want to understand its principles of operation, hence the
Pseudocerebellum Project. This work was began in the 1980s and was cited above (Loebner, 1989) [LoebnerEE-1989].
It is all the more relevant now, after the advent of computing with high-dimensional vectors.

The project website collects information about the cerebellum starting with neuroanatomy. Where do inputs to the
cerebellum come from and in what numbers? Where do outputs go and in what numbers? What connections are internal
to the cerebellum, and again in what numbers? How does the circuit vary from one area of the cortex to another? The
paper by Loebner serves as a model. It pertains to the the cerebellum of the cat; we want those connections and numbers
also for the human brain.

In addition to cerebellum facts and references, the website will have comments written by us highlighting the reasons
for including the paper in the website. Please tell us in your comment what caught your attention, what did you learn,
what might be helpful for someone else?

1.6 Looking to Be Efficient

We think of autonomous robots as artificial animals with silicon brains–that’s what “bio-inspired” often means–and
we want robot brains to match real brains in their function and energy efficiency. Computing with high-dimensional
vectors is expected to provide some of the functionality, and it relies fundamentally on an associative memory. The
activation algorithm has a crucial role in making the memory work.

Activation of the Sparse Distributed Memory (SDM; Kanerva 1988) [KanervaP-1988] requires the computing of Ham-
ming distances between high-dimensional vectors, implying that the granule cells should have hundreds or thousands of
inputs when, in fact, they have only 3-6. Two models by Jaeckel (1989a, 1989b) [JaeckelLA-1989a] [JaeckelLA-1989b]
deal with this discrepancy, the Selected-Coordinate Design when the high-dimensional cue vectors are dense, and the
Hyperplane Design when they are sparse. In both designs a location is activated if its “address” matches the cue in a
small subset of coordinates that are specific to the location. Jaeckel’s designs should interest engineers by being energy
efficient. Of the two, the hyperplane design is closer to the cerebellum’s. The point is, when our models imply things
not seen in nature, we need to keep on looking for more realistic alternatives.

1.4. Computing with Vectors 5
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1.7 Digital Implementation

By digital we mean an ordinary computer. Associative memory can then be realized as a table that stores every vector
known to the system. The cue vectors are noisy, and finding the most similar vector or vectors in the table becomes the
problem to solve. However, comparing a high-dimensional cue to every vector in the table is practical only when the
number of stored vectors is small, and so we need an efficient algorithm for nearest-neighbor search of large data sets.
An algorithm by Li and Malik (2017) [LiK+MalikJ-2017] may provide a solution.

Karlsson’s (2001) [KarlssonR-2001] Fast Activation Mechanisms is an efficient realization of Jaeckel’s selected-
coordinate design.

1.8 Resources

1.8.1 Projects and Websites

1. CEREBELLAR PLATFORM is a Japanese collection of references to cerebellar research up to 2018:

https://cerebellum.neuroinf.jp/

2. HUMAN BRAIN PROJECT includes a section on the cerebellum

https://www.humanbrainproject.eu/en/brain-simulation/cerebellum/

They gather information about the cerebellum with the aim of building a biologically faithful simulation (D’Angelo et
al., 2016) [DAngeloE+11-2016]. Much of the information is of interest also to us.

3. COGNITIVE CONSILIENCE provides an interactive graphical interface for tracing connections between neurons
in different parts of the brain (Solari & Stoner, 2011a,b) [SolariSVH+StonerR-2011a][SolariSVH+StonerR-2011b]

4. CEREBELLAR ATLAS VIEWER displays the activity (functional MRI) of different parts of the cerebellum in a
variety of tasks (King et al., 2019a,b) [KingM+4-2019a][KingM+4-2019b].

1.8.2 Review Articles

http://www.scholarpedia.org/article/Cerebellum

1.8.3 Mathematical Models Other than Associative Memory

Fujita M (1982). Adaptive filter model of the cerebellum. Biological Cybernetics 45(3):195-206. https://doi.org/
10.1007/BF00336192

Miyashita Y and Paulin M (1989). A Kalman filter theory of the cerebellum. Dynamic interactions in neural net-
works. pp. 239-259. Berlin, Heidelberg: Springer-Verlag. https://doi.org/10.1007/978-1-4612-4536-0_15

Pellionisz A and Llinas R (1980). Tensor approach to the geometry of brain function: Cerebellar coordination
metric tensor. Neuroscience 5:1125-1136. https://doi.org/10.1016/0306-4522(80)90191-8
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1.8.4 Recent reviews of Associative Memory Models

[KawatoM+3-2021].
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CHAPTER

TWO

ORGANIZING THE WEBSITE

We are new to making a website like this. For collecting, organizing and sharing information over the Internet, we
have used Stanford Encyclopedia of Philosophy https://plato.stanford.edu/ as a model, although our effort is small
in comparison, and more focused. The data for the “Van Essen Diagram” of the hierarchy of visual areas (Fig. 4
of Felleman & Van Essen, 1991 [FellemanDJ+VanEssenDC-1991]) is another example we have followed, although
they emphasize connections between brain areas while we, as circuit designers, are much more concerned with actual
numbers. A more recent example, specific to the cerebellum, comes from a collaboration within Europe’s Human Brain
Project (Table 1 of D’Angelo et al., 2016 [DAngeloE+11-2016]).

We hope to make the website into a useful source of information about the cerebellum that is easy to navigate and to
contribute to. It is focused narrowly on the cerebellum as an associative memory. When you have information that you
see missing or in need of updating, please pass it on to us for inclusion in the website–email it to

pseudocerebellum@berkeley.edu

We plan to make submitting to the website more automatic as traffic on the website warrants. Your ideas for making
the website more effective are welcome.

The pseudocerebellum project is housed at UC Berkeley’s Redwood Center for Theoretical Neuroscience and is funded
from grants from the Air Force Office of Scientific Research (Engineering and Information Science/Cognitive and Com-
putational Neuroscience) and DARPA Defense Science Office (Artificial Intelligence Exploration/Virtual Intelligence
Processing).

9
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CHAPTER

THREE

ABBREVIATIONS

Following are abbreviations used in the data pages about each source (cell or region).

FO - Fan-out (target per source).

FI - Fan-in (source per target)

DCN - Deep Cerebellar Nucleus

Connections - output connections

11
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CHAPTER

FOUR

TABLES

This page contains tables of data which may be compiled from multiple sources. The link next to value in each table
go to a page giving the source reference.

The following tables are available:

4.1 Cell counts in different species

The following table provides the count of cerebellum cells types in different species.

Values are the number of cells of the given type in the specified species.

Cell type Species
human cat rat

purkinje 30.5 x 10^6 [d1] 1.25 x 10^6 [p1] 0.61 x 10^6 [r1]
golgi 81.3 x 10^6 [d4] 417,000 [pb2] 0.64 x 10^6 [r2]
grannule 101,000 x 10^6 [d2] 2.2 x 10^9 [pb1] 265 x 10^6 [r3]
basket 7.5 x 10^6 [pb1]
stellate 20.9x 10^6 [pb2]
dentate nucleus 5.01 x 10^6 [d3]

4.2 Cells and connections in cat

The following table provides counts of cells and connections in the cat cerebellum. The first two columns (Source cell
and Cell count) are respectively a cell type and the count (number) of cells of that type. The values in the rest of the
table give the number of connections from the Source cell to Target cells. These are specified as a pair of numbers:
FO,FI. FO is fan-out (number of target cells each source cell contacts) and FI is fan-in (number of source cells going
to each target cell). Data is from Figure 2 in [LoebnerEE-1989].

Values are either a Cell count, or FO,FI where FO is fan-out (number of target cells each source cell contacts) and FI
is fan-in (number of source cells going to each target cell).

13
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Source cell Cell
count

Target cell
basket golgi granule purkinje stellate dcn

basket 7.5x10^6
[b1]

9, 50 [b2]

golgi 4.2x10^5
[g1]

?, ? [g2] 5.2x10^3,
? [g3]

granule 2.2x10^9
[r1]

?,
3.7x10^3
[r2]

?,
5.2x10^3
[r3]

200x10^3,
8.5x10^4
[r4]

?, 3.6x10^3
[r5]

purkinje 1.3x10^6
[p1]

?,? [p2] 35,860
[p3];
35,700 [p4]

stellate 2.1x10^7
[s1]

3, 26 [s2]

dcn 4.6x10^4
[d1]

The table above was made using the sphinxcontrib-filltableref. Sphinx extension. See that link for documentation about
the extension.

—

Original version of Cells and connections in cat table

The following version of the table was a prototype created using straight html. Using html made it difficult to write and
does not allow specifying the data on different pages as is done using the sphinxcontrib-filltableref Sphinx extension.
This prototype is being kept on the page (at least temporarily) to allow viewing the difference in the methods for creating
the tables (html method, vs Sphinx extension method). To see the differences in the methods click on the “Page source”
link on the lower right. That will show the source of the page (“rst” code).

Each row in the following table lists source cells on the left and destination cells on the top. The first column with
numeric values gives the number of source cells. The other entries gives FO, FI. FO is fan-out (number of target cells
each source contacts) and FI is fan-in (number source cells going to each target). All values are for the cat.

4.3 Cell and fiber counts in human from TomaschJ-1968

The following table provides the count of cerebellum cell and fiber counts in human, from [TomaschJ-1968].

14 Chapter 4. Tables
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Table 1: TomaschJ-1968 cell and fiber counts in human
Cell or fiber Description Quantity
purkinje Total number both hemispheres 15 million
cortico-pontine # fibers from cerebral cortex to pons 19.14 million (for one side)
ponto-cerebellar # cells in pons, same as number from pons to

cerebellum
23.085 million

inferior olive # fibers entering cerebellum from inferior olive
(one side)

0.5 million

Inferior cerebeller peduncle number of axons 0.52 million (one side)
cerebellar nuclei total number neurons (one side) 311,404
dentate nucleus total number neurons (one side) 284,000
nucleus globosus total number neurons (one side) 16,153
emboliforme nucleus total number neurons (one side) 10,381
fastigii nucleus total number neurons (one side) 5210
superior cerebellar peduncle number of axons (one side) 0.782 million
superior cerebellar peduncle
afferents (one side)

number axons into cerebellum through superior
cerebellar peduncle

less than 1/2 number of fibers
(0.782 / 2)

superior cerebellar peduncle
efferents (one side)

number axons leaving cerebellum through supe-
rior cerebellar peduncle

about 311,000 (total number
nuclei, 311,404; maybe less
number fastigii nuclei, 5201)

4.3. Cell and fiber counts in human from TomaschJ-1968 15
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CHAPTER

FIVE

PROPERTIES

This section describes properties about the cerebellum which are likely to be important for the creation of models of
the cerebellum.

5.1 Connections to / from the cerebellum

Fig. 1: Figure 1. Functional regions of the cerebellum. From [KandelER+4-2013] (figure 42.2).

Magnocellular visual pathway provides input to cerebellum but not parvocellular pathway. [GlicksteinM-2007].

Below text from [KandelER+4-2013].

5.1.1 Vestibulocerebellum

The Vestibulocerebellum Regulates Balance and Eye Movements

Inputs:

semicircular canals and the otolith organs, which sense the head’s motion and its position relative to gravity. Most of
this vestibular input arises from the vestibular nuclei in the brain stem. The vestibulocerebellum also receives mossy
fiber visual input, both from pretectal nuclei that lie deep in the midbrain beneath the superior colliculus and from the
primary and secondary visual cortex through the pontine and pretectal nuclei.

Outputs:

The vestibulocerebellum is unique in that its output bypasses the deep cerebellar nuclei and proceeds directly to the
vestibular nuclei in the brain stem. Purkinje cells in the midline parts of the vestibulocerebellum project to the lateral
vestibular nucleus to modulate the lateral and medial vestibulospinal tracts, which predominantly control axial muscles
and limb extensors to assure balance during stance and gait. Disruption of these projections through lesions or disease
impairs equilibrium. Purkinje neurons in the lateral parts of the vestibulocerebellum project to the medial vestibular
nucleus to control eye movements and coordinate movements of the head and eyes. Interestingly, this ancient part of
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Fig. 2: Figure 2. Projections from cerebellum to cortex. From [StrickPL+2-2009].

the cerebellum has been co-opted in more recent phylogeny by visual guidance of eye movements. In fact, the most
striking deficits following lesions of the lateral vestibulocerebellum are in smooth-pursuit eye movement toward the
side of the lesion.

5.1.2 Spinocerebellum

The Spinocerebellum Regulates Body and Limb Movements.

The spinocerebellum comprises the vermis and intermediate parts of the cerebellar hemispheres.

Inputs:

The spinocerebellum receives extensive sensory input from the spinal cord, mainly from somatosensory receptors
conveying information about touch, pressure, and limb position, through several direct and indirect pathways. This
input provides the cerebellum with different reports of the changing state of the organism and its environment and
permit comparisons between the two.

Direct pathways originate from interneurons in the spinal gray matter and terminate as mossy fibers in the vermis or
spinocerebellum. Indirect pathways from the spinal cord to the cerebellum terminate first on neurons in one of several
precerebellar nuclei in the brain stem reticular formation: the lateral reticular nucleus, reticularis tegmenti pontis, and
paramedian reticular nucleus.

One fundamental principle of cerebellar operation can be appreciated on the basis of two important pathways from the
spinal interneurons. The ventral and dorsal spinocerebellar tracts both transmit signals from the spinal cord directly
to the cerebellar cortex but convey two different kinds of information. The dorsal spinocerebellar tract conveys so-
matosensory information from muscle and joint receptors, providing the cerebellum with sensory feedback about the
consequences of the movement. This information flows whether the limbs are moved passively or voluntarily. In con-
trast, the ventral spinocerebellar tract is active only during active movements. Its cells of origin receive the same inputs
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Fig. 3: Figure 3. Projections from cortex to cerebellum. From [StrickPL+2-2009].
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as spinal motor neurons and interneurons, and it transmits an efference copy or corollary discharge of spinal motor
neuron activity that informs the cerebellum about the movement commands assembled at the spinal cord. The cere-
bellum is thought to compare this information on planned movement with the actual movement reported by the dorsal
spinocerebellar tract in order to determine whether the motor command must be modified to achieve the desired move-
ment. The dorsal and ventral spinocerebellar tracts provide inputs from the hind limbs, whereas the cuneocerebellar
and rostral spinocerebellar tracts provide similar inputs from more rostral body parts.

Outputs:

The Spinocerebellum Modulates the Descending Motor Systems Purkinje neurons in the spinocerebellum project soma-
totopically to different deep nuclei that control vari- ous components of the descending motor pathways. Neurons in
the vermis of both the anterior and pos- terior lobes send axons to the fastigial nucleus. The fastigial nucleus projects
bilaterally to the brain stem reticular formation and lateral vestibular nuclei, which in turn project directly to the spinal
cord (Figure 42–7).

Purkinje neurons in the intermediate part of the cerebellar hemispheres project to the interposed nucleus. Some axons
of the interposed nucleus exit through the superior cerebellar peduncle and cross to the contralateral side of the brain
to terminate in the magnocellular portion of the red nucleus. Axons from the red nucleus cross the midline again and
descend to the spinal cord (Figure 42–9). Other axons from the interposed nucleus continue rostrally and terminate in
the ventrolateral nucleus of the thalamus. Neurons in the ventrolateral nucleus project to the limb control areas of the
primary motor cortex. page 1021 (970)

The vermis may be the only area of the cerebellum responsible for saccades, but it seems to share responsibility for
smooth pursuit with the lateral part of the flocculonodular lobe. The outputs from neurons of the vermis concerned
with saccades are transmitted through a very small region of the caudal fastigial nucleus to the saccade generator in the
reticular formation. The exact neural pathways for guidance of pursuit by the vermis are not known, but they involve
more synaptic relays than the outputs from the lateral part of the flocculonodular lobe, which reach extraocular motor
neurons through two intervening synapses. One idea currently being explored is that the vermis also plays a role in
motor learning that corrects errors in saccades and smooth-pursuit movements.

5.1.3 Cerebrocerebellum

The CerebrocerebellumIs Involved in Planning Movement

The Cerebrocerebellum Is Part of a High-Level Internal Feedback Circuit That Plans Movement and Regulates Cortical
Motor Programs

Input:

In contrast to other regions of the cerebellum, which receive sensory information more directly from the spinal cord,
the lateral hemispheres receive input exclusively from the cerebral cortex. This cortical input is transmitted through the
pontine nuclei and through the middle cerebellar peduncle to the contralateral dentate nucleus and lateral hemisphere
(see Figure 42–3).

Output:

Purkinje neurons in the lateral hemisphere project to the dentate nucleus. Most dentate axons exit the cerebellum
through the superior cerebellar peduncle and terminate in two main sites. One terminus is an area of the contralateral
ventrolateral thalamus that also receives input from the interposed nucleus. These thalamic cells project to premotor
and primary motor cortex (see Figure 42–9). The second principal terminus of dentate neurons is the contralateral red
nucleus, specifically a portion of the parvocellular area of the nucleus distinct from that which receives input from the
interposed nucleus. These neurons project to the inferior olivary nucleus, which in turn projects back to the contralateral
cerebellum as climbing fibers, thus forming a recurrent loop (see Figure 42–6). Neurons in the parvocellular portion
of the red nucleus, in addition to receiving input from the dentate nucleus, also receive input from the lateral premotor
areas. On the basis of brain imaging, the intriguing suggestion has been made that this loop involving the premotor
cortex, lateral cerebellum, and rubrocerebellar tract participates in the mental rehearsal of movements and perhaps in
motor learning (see Chapter 33).
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Interestingly, the active area of the dentate nucleus is the area that receives input from the part of the cerebral cortex
(area 46) involved in working memory. The dentate nucleus appears to be particularly important in processing sensory
information for tasks that require complex spatial and temporal judgments, which are essential for com- plex motor
actions and sequences of movements.

5.2 Microcircuit of Cerebellar cortex

Fig. 4: Figure 1. Cells in Circuit in cerebellar cortex
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Fig. 5: Figure 2. Circuit diagram cerebellar cortex
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5.3 Cell counts in cortical loop

Fig. 6: Figure 1. Cell counts in loop between cortex to cerebellum. From [DiedrichsenJ+4-2019] (figure 42.2).
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SIX

DATA

Data about the following cells or regions are provided:

6.1 Mossy Fibers

6.1.1 Overview

Adapted from: https://en.wikipedia.org/wiki/Mossy_fiber_(cerebellum):

Mossy fibers are one of the major inputs to cerebellum. There are many sources of this pathway, the largest
of which is the cerebral cortex, which sends input to the cerebellum via the pontocerebellar pathway. Other
contributors include the vestibular nerve and nuclei, the spinal cord, the reticular formation, and feedback
from deep cerebellar nuclei. Axons enter the cerebellum via the middle and inferior cerebellar peduncles,
where some branch to make contact with deep cerebellar nuclei. They ascend into the white matter of the
cerebellum, where each axon branches to innervate granule cells in several cerebellar folia.

See Microcircuit of Cerebellar cortex for a diagram of mossy fibers.

6.1.2 Quantity

In cat:

So far, I have not found an explicit estimate of the total number of mossy fibers in cat. Instead, the numerical
values provided are based on the divergence and convergence between cell types within a folium. The
unknown factor is the number of folia which are innervated by each mossy fiber. Statements related to the
quantity are below.

Following from [ItoM-1984], page 86:

Mossy fiber-Purkinje cell ratio within the folia is 4:1 [PalkovitsM+2-1972]. If each mossy fiber afferent
innervates two folis by branching in the white matter, there will be 2.4 x 10^6 mossy fibers in the whole cat
cerebellum (a total number of Purkinje cells is assumed to be 1.2 x 10^6; [PalkovitsM+2-1971a]. However,
this is an overestimate if the mossy fibers branch more abundantly.

“According to earlier data [PalkovitsM+2-1971b] the granule cell-glomerulus ratio is 27-28:1, the mossy
fiber-granule cell ratio is therefore 1:460.” [PalkovitsM+2-1972].

The granular layer contributed to 29.09% of the total cerebellar volume, their absolute number being 2.2
x 10^9. [PalkovitsM+2-1971b] p. 29.

The above two would mean 4.78 x 10^6 mossy fibers (2.2 x 10^9 granule cells / 460);
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6.1.3 Structure

“Within a folium, a mossy fiber branches along the plane perpendicular to the long axis of the folium.
Therefore, the cascade arborization of mossy fibers (Cajal, 1911) tends to be parallel with the dendritic
arborization of Purkinje cells.” [ItoM-1984], p. 87.

6.1.4 Connection to glomeruli

Divergence

“One mossy fiber breaks up (within a given folium) into about 16-17 mossy rosettes” (which glomeruli
form around). [PalkovitsM+2-1972]. From [ItoM-1984], page 86: “If each mossy fiber afferent innervates
two folis by branching in the white matter, . . . ” (Comment:: Would this mean about 32 glomeruli per mossy
fiber)?

Convergence

1? (Comment: I think each glomeruli is associated with just one mossy fiber rosette. However, in a table of
properties used for a computational model ([DAngeloE+11-2016] Table 2) it says that both the convergence
and divergence from mossy fibers to glomeruli is “not known” (row 2 of Table 2)).

6.1.5 Connection to grannule cells

Divergence

Cat: 1.7 x 10^3 (from [LoebnerEE-1989], fig 2).

From [PalkovitsM+2-1972], p. 26: “Four mossy fibers entering a folium give rise to 16 rosettes each, hence a
total of 64 glomeruli. Since one glomerulus has synaptic contacts with an average of 28 granule cells, the total
number of granule cells reached by the 4 mossy fibers will be 1,792. Each granule cell is presumed to pick up
excitatory impulses from 4 glomeruli belonging to different mossy fibers by as many dendrites.”

but also, from the same paper, page 28: “The granule cells have 4.17 dendrites, on average; the average mossy
rosette is contacted by 112 granule dendrites. The number of postsynaptic units (dendrite digits) is 10.2/dendrite
and 1,142/glomerulus.”

At first, this seems contradictory, (28 granule cells vs 112 granule dendrites per glomerulus). As described in
the section of Golomeruli to grannule connection Connection to grannule cells I think the fan out is 1,792 per
mossy fiber (as given in [LoebnerEE-1989], fig 2).

Convergence

Cat:

4 (from [LoebnerEE-1989], fig 2); 4.17 (from [PalkovitsM+2-1972], p. 28).

Mouse and in general:

About 4. Analysis of why 4 is optimal in: [BillingsG+4-2014].
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6.1.6 Connection to Golgi cells

Divergence

Cat:

Unknown ([LoebnerEE-1989], fig 2).

Convergence

Cat:

Unknown ([LoebnerEE-1989], fig 2).

6.1.7 Connection to DCN (Deep Cerebellar Nuclei)

Divergence

Cat:

Unknown ([LoebnerEE-1989], fig 2).

Convergence

Cat:

Unknown ([LoebnerEE-1989], fig 2).

6.2 Glomeruli

6.2.1 Overview

From: https://en.wikipedia.org/wiki/Glomerulus_(cerebellum):

The cerebellar glomerulus is a small, intertwined mass of nerve fiber terminals in the granular layer of the
cerebellar cortex. It consists of post-synaptic granule cell dendrites and pre-synaptic Golgi cell axon ter-
minals surrounding the pre-synaptic terminals of mossy fibers. (from: http://neurolex.org/wiki/Category:
Cerebellar_glomerulus)

6.2.2 Density

In cat:

In 1 cu.mm of the granular layer 98,800 glomeruli are found on average. citation?

“With direct counting of the glomeruli the corrected density was found to be 98,879 +/- 4,065/cu.mm; . . . ”
[PalkovitsM+2-1972], p. 23.
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6.2.3 Quantity

In cat:

The granule cell-glomerulus ratio is 27-28:1. [PalkovitsM+2-1972] The density of granule cells was
found earlier 1° to be 2,800,000/cu.mm (for the living), hence the glomerulus-granule cell ratio is 1:28.32.
[PalkovitsM+2-1972], p. 23.

“According to earlier data [PalkovitsM+2-1971b] the granule cell-glomerulus ratio is 27-28:1, the mossy
fiber-granule cell ratio is therefore 1:460.” [PalkovitsM+2-1972], p. 28.

The granular layer contributed to 29.09% of the total cerebellar volume, their absolute number being 2.2
x 10^9. [PalkovitsM+2-1971b] p. 29.

6.2.4 Connection to grannule cells

Divergence

Cat:

From [PalkovitsM+2-1972], p. 26: “Four mossy fibers entering a folium give rise to 16 rosettes each,
hence a total of 64 glomeruli. Since one glomerulus has synaptic contacts with an average of 28 granule
cells, the total number of granule cells reached by the 4 mossy fibers will be 1,792. Each granule cell is
presumed to pick up excitatory impulses from 4 glomeruli belonging to different mossy fibers by as many
dendrites.”

but also, from the same paper, page 28: “The granule cells have 4.17 dendrites, on average; the average
mossy rosette is contacted by 112 granule dendrites. The number of postsynaptic units (dendrite digits) is
10.2/dendrite and 1,142/glomerulus.”

This seems contradictory, (28 granule cells vs 112 granule dendrites). I think the “dendrite digits” refers
to a dendrite having multiple protrusions as shown in [EcclesJC+2-1967] Fig. 75 (see note for this paper),
so those can be ignored for the purpose of calculating the divergence.

So, the question is whether the divergence from glomeruli is 28 or 112? I think it is 112, and that the value
of 28 is calculated by taking into account the convergence of 4 (112 / 4) = 28. This seems compatable with
the divergence:convergence from mossy fibers to granule cells given in the [LoebnerEE-1989] fig 2 which
is 1.7x10^3:4 because 1,792 is given as the number of granule cells reached by 4 mossy fibers on average
(quote above from [PalkovitsM+2-1972], p. 26) and Loebner is using that as the number reached by one
mossy fiber, which means that mossy fiber has 4x the divergence than that given by one mossy fiber.

Another potential contradiction is the total number of mossy fibers. In the Loebner paper, the diver-
gence:convergence from mossy fibers to granule cells is given as 1.7x10^3:4 and the number of gran-
ule cells is given as 2.2 x 10^9. From this, the number of mossy fibers would be about (2.2x10^9 * 4 /
1.7x10^3) = 5.2x10^6 mossy fibers. This is more than the estimated number of 2.4 x 10^6 mossy fibers,
which might already be an overestimate.

Rat: From [JakabRL+HamoriJ-1988], abstract The results demonstrate that, in the rat cerebellum, there is a high
degree of convergence of granule cells at a glomerulus (53 to 1); and that there is a rich inhibitory input to about
60% of all granule cell dendrites.
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Convergence

In our Golgi-Kopsch stained material the number of dendrites ranged from 2 to 7. 61.6% of cells had 4
dendrites, 22.4% had 5 dendrites and 15.2% had 3 dendrites. The average dendrite number was calculated
as 4.17. [PalkovitsM+2-1972] p. 24.

6.3 Granule

6.3.1 Overview

(adapted from: https://en.wikipedia.org/wiki/Cerebellar_granule_cell):

Cerebellar granule cells form the thick granular layer of the cerebellar cortex and are among the smallest
neurons in the brain. (The term granule cell is used for several unrelated types of small neurons in various
parts of the brain.) Cerebellar granule cells are also the most numerous neurons in the brain: in humans,
estimates of their total number average around 50 billion, which means that they constitute about 3/4 of
the brain’s neurons.

The cell bodies are packed into a thick granular layer at the bottom of the cerebellar cortex. A granule
cell emits only four to five dendrites, each of which ends in an enlargement called a dendritic claw. These
enlargements are sites of excitatory input from mossy fibers and inhibitory input from Golgi cells.

The thin, unmyelinated axons of granule cells rise vertically to the upper (molecular) layer of the cortex,
where they split in two, with each branch traveling horizontally to form a parallel fiber; the splitting of the
vertical branch into two horizontal branches gives rise to a distinctive “T” shape. In humans, a parallel fiber
runs for an average of 3 mm in each direction from the split, for a total length of about 6 mm (about 1/10 of
the total width of the cortical layer). As they run along, the parallel fibers pass through the dendritic trees
of Purkinje cells, contacting one of every 3–5 that they pass, making a total of 80–100 synaptic connections
with Purkinje cell dendritic spines.[1] Granule cells use glutamate as their neurotransmitter, and therefore
exert excitatory effects on their targets.

See Microcircuit of Cerebellar cortex for a diagram of grannule cells.

6.3.2 Density

In cat:

A percentage of 41.85% of the total volume of the granular substance was occupied by the granule cells
(bodies), their density calculated for the living state being 2.8 x 10^6/cu.mm. [PalkovitsM+2-1971b] p.
29.

In rat:

Using morphological measurements, it can be calculated that the rat cerebellar granular layer has a cell
density of 4 × 10^6/mm^3 for granule cells and 9300/mm^3 for Golgi cells, with a Golgi cell : granule
cell ratio of 1:430 (Korbo et al., 1993). Moreover, the density of the glomeruli is 3 × 10^5/mm^3, and
each glomerulus is composed of one mossy fiber terminal, about 53 dendrites from separate granule cells
(Jakaband Hamori, 1988), and one or more dendrites from Golgi cells. [DAngeloE+5-2013] p. 9-10.
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6.3.3 Quantity

In cat:

The granular layer contributed to 29.09% of the total cerebellar volume, their absolute number being 2.2
x 10^9. [PalkovitsM+2-1971b] p. 29.

This value is used in [LoebnerEE-1989] (the value is probably from the same source, e.g.
[PalkovitsM+2-1971b]).

The granule cell : Purkinje cell ratio was 1700-1800. [PalkovitsM+2-1971b] p. 29.

See Table 2 in note for [LangeW-1975] for granule cell : Purkinje cell ratio for different species.

6.3.4 Connection to Purkinje Cells

Structure

In cat:

From: [PalkovitsM+2-1972]:

Numerically, the granule cells belonging to one Purkinje cell (1,792) are capable of transmitting impulses
from 4 mossy fibers and their 68 rosettes (glomeruli), while the parallel fibers, being 2 mm long, penetrate
the dendrite trees of 225 Purkinje cells. Since they establish synapses with only every fifth of these Purkinje
cells, the calculated number of parallel fibers-Purkinje spine synapses would be 80,550/ Purkinje cell 11.
This calculated value agrees reasonably well with the counted number of Purkinje cell dendritic spines =
91,600.

Each granule call split to form a “T” to form parallel fibers that extend 1 mm (2 mm total) in a direction
parallel to the longititudional access of the folium (that is in a direction perpendicular to the Purkinje cells).

Divergence

Cat: 45.

From: [PalkovitsM+2-1972], p. 27: The parallel fibers divide in T-fashion and run in both directions for
an average distance of 1 mm, i.e. they are 2 mm long n. They establish synapses with only about every
fifth Purkinje cell whose dendritic tree they cross. With 225 Purkinje cell dendritic trees accommodated in
2 mm along the longitudinal axis of the folium 9, each parallel fiber may contact synaptically 45 Purkinje
cells.

This is different from the value given in Fig. 2 of [LoebnerEE-1989], which is 200 * 10^3. I’m not sure
what that figure is referring to.

Convergence

Cat: 80,550

From: [PalkovitsM+2-1972] Since they establish synapses with only every fifth of these Purkinje
cells, the calculated number of parallel fibers-Purkinje spine synapses would be 80,550/ Purkinje cell
[PalkovitsM+2-1971c]. This calculated value agrees reasonably well with the counted number of Purkinje
cell dendritic spines = 91,600.

This is similar to the value in [LoebnerEE-1989] Fig. 2 (8.5 x 10^4). I’m not sure what the source is of
that value.
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6.3.5 Connection to Golgi Cells

Divergence

Unknown ([LoebnerEE-1989], Fig. 2)

Convergence

5.2 x 10^3 ([LoebnerEE-1989], Fig. 2)

6.3.6 Connection to Basket Cells

Divergence

Unknown ([LoebnerEE-1989], Fig. 2)

Convergence

3.7 x 10^3 ([LoebnerEE-1989], Fig. 2)

6.3.7 Connection to Stellate Cells

Divergence

Unknown ([LoebnerEE-1989], Fig. 2)

Convergence

3.6 x 10^3 ([LoebnerEE-1989], Fig. 2)

Data for table Cells and connections in cat

The following table has data and references for table Cells and connections in cat. Values are either a Cell count, or
FO,FI where FO is fan-out (number of target cells each source cell contacts) and FI is fan-in (number of source cells
going to each target cell).

Id Source cell Target cell Value Reference
r1 granule Cell count 2.2x10^9 [LoebnerEE-1989]1

r2 granule basket ?, 3.7x10^3 [LoebnerEE-1989]?

r3 granule golgi ?, 5.2x10^3 [LoebnerEE-1989]?

r4 granule purkinje 200x10^3, 8.5x10^4 [LoebnerEE-1989]?

r5 granule stellate ?, 3.6x10^3 [LoebnerEE-1989]?

1 EE Loebner. Intelligent network management and functional cerebellum synthesis. In Raugh MR, editor, Cerebellar Models of Associative
Memory: Three papers from IEEE COMPCON SPRING ‘89, pages 14–19. Research Institute for Advanced Computer Science, NASA Ames
Research Center, 1989. PDF: LoebnerEE-1989.pdf, Notes: LoebnerEE-1989.html.
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6.4 Golgi cells

Overview (adapted from: http://www.scholarpedia.org/article/Cerebellum#Neuronal_types):

Golgi cells are inhibitory interneurons. There are two sizes of Golgi cells: (I) large ones (somata 9-16 µm in
diameter), which are found mainly in the upper part of the granular cell layer, and (2) smaller ones (somata 6-l l
µm in diameter), which are found in the lower half of the granular layer. They have extensive radial dendritic trees
that extend through all layers of the cortex. They receive input from the parallel fibers in the molecular layer and
from climbing and mossy fiber collaterals in the granular layer. Their axons branch repeatedly in the granular
layer, where they terminate on granule cell dendrites in the cerebellar glomeruli. There are approximately as
many Golgi cells as Purkinje cells.

See Microcircuit of Cerebellar cortex for a diagram of Golgi Cells.

In addition to the connections described above (input from parallel fibers and climbing and mossy fiber collaterals)
Golgi cells are also connected to each other via gap junctions [DeZeeuwCI+2-2021] and inhibit each other by synap-
tic connections [HullC+RegehrWG-2012]. Also, some Golgi cells receive inhibition from deep Cerebellar Nuclei
[AnkriL+5-2015].

[LoebnerEE-1989] Fig 2 About the Pseudocerebellum project has arrows for connections between Golgi cells and
Basket cells. But according to [DeZeeuwCI+2-2021] connections between Golgi Cells and molecular layer interneu-
ronshave been ruled out. So removing these connections would be an update to the figure to account for more recent
data.

Some additional connections needed for [LoebnerEE-1989] Fig 2 are between Golgi cells (both gap junctions and
synaptic connections).

6.4.1 Quantity

Cat:

4.2x10^5 [LoebnerEE-1989] Fig 2

The numerical ratio of Golgi cells : Purkinje cells was 1 : 3 [PalkovitsM+2-1971b], p. 30. The total
number of Purkinje ceils was 1.2-1.3 million. [PalkovitsM+2-1971a]. These two quantities would mean
that the number of Golgi cells would be about 1.25 million / 3, or about 4.17 x 10^5. This is probably the
source of data in LoebnerEE-1989 Fig. 2.

6.4.2 Connection to Granule Cells

Divergence

Cat:

5.2x10^3 [LoebnerEE-1989] Fig 2
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Convergence

Cat: Unknown. [LoebnerEE-1989] Fig 2.

6.4.3 Gap junctions between Golgi Cells

Described in: [DugueGP-2009+8].

6.4.4 Synaptic inhibition between Golgi Cells

Described in: [HullC+RegehrWG-2012]

Data for table Cells and connections in cat

The following table has data and references for table Cells and connections in cat. Values are either a Cell count, or
FO,FI where FO is fan-out (number of target cells each source cell contacts) and FI is fan-in (number of source cells
going to each target cell).

Id Source cell Cell count or Target
cell

Value Reference

g1 golgi Cell count 4.2x10^5 [LoebnerEE-1989]1

g2 golgi golgi ?, ? [HullC+RegehrWG-2012]2

g3 golgi granule 5.2x10^3, ? [LoebnerEE-1989]?

6.5 Stellate

Overview (adapted from: http://www.scholarpedia.org/article/Cerebellum#Neuronal_types):

Basket and Stellate cells: Are interneurons present in the molecular layer. They are both inhibitory (GABAergic)
on to Purkinje cells. Their axons run in the same direction as the dendrites of the Purkinje cells are electrically
coupled and receive both climbing fiber collaterals as well as parallel fibers originating in the granule layer.

6.5.1 Quantity

In Cat:

2.1x10^7 [LoebnerEE-1989]

The Purkinje cell-stellate cell ratio 1 : 16-17.5 [PalkovitsM+2-1971c].
1 EE Loebner. Intelligent network management and functional cerebellum synthesis. In Raugh MR, editor, Cerebellar Models of Associative

Memory: Three papers from IEEE COMPCON SPRING ‘89, pages 14–19. Research Institute for Advanced Computer Science, NASA Ames
Research Center, 1989. PDF: LoebnerEE-1989.pdf, Notes: LoebnerEE-1989.html.

2 Court Hull and Wade G. Regehr. Identification of an Inhibitory Circuit that Regulates Cerebellar Golgi Cell Activity. Neuron,
73(1):149–158, January 2012. URL: https://linkinghub.elsevier.com/retrieve/pii/S0896627311009949, doi:10.1016/j.neuron.2011.10.030, Notes:
HullC+RegehrWG-2012.html.
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6.5.2 Synapse to Purkinje cells

Divergence

In cat:

3 [LoebnerEE-1989]

Convergence

In cat:

26 [LoebnerEE-1989]

6.5.3 Gap junctions and synapses between stellate cells

From: [RieublandS+2-2014]

By recording from multiple molecular layer interneurons in the cerebellar cortex, we reveal specific, non-
random connectivity patterns in both GABAergic chemical and electrical interneuron networks.

Chemical connections exhibit a preference for transitive patterns, such as feedforward triplet motifs. This
structured connectivity is supported by a characteristic spatial organization: transitivity of chemical con-
nectivity is directed vertically in the sagittal plane, and electrical synapses appear strictly confined to the
sagittal plane.

Data for table Cells and connections in cat

The following table has data and references for table Cells and connections in cat. Values are either a Cell count, or
FO,FI where FO is fan-out (number of target cells each source cell contacts) and FI is fan-in (number of source cells
going to each target cell).

Id Source cell Target cell Value Reference
s1 stellate Cell count 2.1x10^7 [LoebnerEE-1989]1

s2 stellate purkinje 3, 26 [LoebnerEE-1989]?

Some text about Stellate cells.

6.6 Basket cells

Overview (adapted from: http://www.scholarpedia.org/article/Cerebellum#Neuronal_types):

Basket cells are interneurons found in the lower molecular layer which are inhibitory (GABAergic) on to Purkinje
cells. Their axons run in the same direction as the dendrites of the Purkinje cells, are electrically coupled, and
receive both climbing fiber collaterals as well as parallel fibers originating in the granule layer.

Their axons extend along the Purkinje cell layer at right angles to the direction of the parallel fibers. They may
spread over a distance equal to 20 Purkinje cell widths and 6 deep and may contact as many as 150 Purkinje
cell bodies. During its course, the horizontal segment of a basket cell axon sends off groups of collaterals that

1 EE Loebner. Intelligent network management and functional cerebellum synthesis. In Raugh MR, editor, Cerebellar Models of Associative
Memory: Three papers from IEEE COMPCON SPRING ‘89, pages 14–19. Research Institute for Advanced Computer Science, NASA Ames
Research Center, 1989. PDF: LoebnerEE-1989.pdf, Notes: LoebnerEE-1989.html.
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descend and embrace the Purkinje cell soma and initial segment. As many as 50 different basket cells are thought
to wrap their axon terminals around each Purkinje cell soma, forming a basket-like meshwork resembling that
on an old Chianti bottle (Hamori & Szentagothai, 1966). Basket cell axons also ascend to contact the Purkinje
cell dendritic tree. There are about six times as many basket cells as Purkinje cells.

Fig. 1: Basket cell arrangement in cerebellar cortex. From [LlinasRR-1975].

6.6.1 Quantity

In Cat:

About 6x number of Purkinje cells. For cat, this is 7.5x10^6. See note for [PalkovitsM+2-1971c].

6.6.2 Synapse with purkinje cells:

Divergence

In cat:

[PalkovitsM+2-1971c] states that:

“Calculations of the average number of Purkinje cell baskets in which the basket axon participates gave
unexpectedly low values: 8-9 baskets per axon.”

This is a “fan-out” (divergence) of about 8-9. However, the scholarpedia article (exerpt above) states up
to 150 Purkinje cell bodies may be contacted. That may be for a different species, perhaps human. Some
other sources of data (referenced in [DAngeloE+11-2016], Table 1 for mouse) specify a divergence of 1:30
and convergence of 7:1.
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Fig. 2: Stimulation and inhibition of Purkinje cells. From [LlinasRR-1975].

Convergence

In cat: 50 [LoebnerEE-1989].

6.6.3 Gap junctions and synapses between basket cells

There are also synaptic gap junctions between molecular layer interneurons which are oriented along the sagit-
tal plane (same direction as the basket cell axons, perpendicular to the parallel fibers). Described in note for:
[RieublandS+2-2014].

Data for table Cells and connections in cat

The following table has data and references for table Cells and connections in cat. Values are either a Cell count, or
FO,FI where FO is fan-out (number of target cells each source cell contacts) and FI is fan-in (number of source cells
going to each target cell).

Id Source cell Cell count or Target
cell

Value Reference

b1 basket Cell count 7.5x10^6 [LoebnerEE-1989]1

b2 basket purkinje 9, 50 [LoebnerEE-1989]?

1 EE Loebner. Intelligent network management and functional cerebellum synthesis. In Raugh MR, editor, Cerebellar Models of Associative
Memory: Three papers from IEEE COMPCON SPRING ‘89, pages 14–19. Research Institute for Advanced Computer Science, NASA Ames
Research Center, 1989. PDF: LoebnerEE-1989.pdf, Notes: LoebnerEE-1989.html.
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6.7 Purkinje

6.7.1 Overview

Adapted from: https://en.wikipedia.org/wiki/Purkinje_cell:

Purkinje cells are some of the largest neurons in the human brain with an intricately elaborate dendritic
arbor, characterized by a large number of dendritic spines. Purkinje cells are found within the Purkinje
layer in the cerebellum. Purkinje cells are aligned like dominos stacked one in front of the other. Their
large dendritic arbors form nearly two-dimensional layers through which parallel fibers from the deeper-
layers pass. These parallel fibers make relatively weaker excitatory (glutamatergic) synapses to spines
in the Purkinje cell dendrite, whereas climbing fibers originating from the inferior olivary nucleus in the
medulla provide very powerful excitatory input to the proximal dendrites and cell soma. Parallel fibers pass
orthogonally through the Purkinje neuron’s dendritic arbor, with up to 200,000 parallel fibers forming a
Granule-cell-Purkinje-cell synapse with a single Purkinje cell. Each Purkinje cell receives approximately
500 climbing fiber synapses, all originating from a single climbing fiber. Both basket and stellate cells
(found in the cerebellar molecular layer) provide inhibitory (GABAergic) input to the Purkinje cell, with
basket cells synapsing on the Purkinje cell axon initial segment and stellate cells onto the dendrites.

Purkinje cells send inhibitory projections to the deep cerebellar nuclei, and constitute the sole output of
all motor coordination in the cerebellar cortex.

See Microcircuit of Cerebellar cortex for a diagram of Purkinje cells.

6.7.2 Quantity

Cat: The total number of Purkinje ceils was 1.2-1.3 million. [PalkovitsM+2-1971a].

The granule cell : Purkinje cell ratio was 1700-1800. [PalkovitsM+2-1971b] p. 29.

Human: 15 million (total number both hemispheres) [TomaschJ-1968].

See Table 2 in note for [LangeW-1975] for granule cell : Purkinje cell ratio for different species.

6.7.3 Connection to Golgi Cells

Divergence

Unknown [LoebnerEE-1989]

Convergence

Unknown [LoebnerEE-1989]

6.7. Purkinje 37

https://en.wikipedia.org/wiki/Purkinje_cell


Pseudocerebellum

6.7.4 Connection to Basket Cells

Divergence

Unknown [LoebnerEE-1989]

Convergence

Unknown [LoebnerEE-1989]

6.7.5 Connection to Purkinje Cells

Purkinje cells have inhibitory synaptic connections to other Purkinje cells through axon collaterals [WitterL+4-2016].

Structure

In mice:

Collaterals were confined to a narrow sagittal plane but extended hundreds of micrometers within that
plane. [WitterL+4-2016]

Divergence and convergence

In mice:

5 to 10 [WitterL+4-2016]

6.7.6 Connection to Granule cells

[GuoC+5-2016] shows that Purkinje cells directly inhibit granule cells. “. . . non-canonical feedback is region specific:
it is most prominent in lobules that regulate eye movement and process vestibular information”

Divergence and convergence

Unknown

6.7.7 Connection to DCN

Divergence

In cat:

35 “one Purkinje axon may reach potentially 35 nuclear cells.” [PalkovitsM+3-1977]. Also,
[PalkovitsM+3-1977] Fig 2 (probably from the same source).
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Convergence

In cat:

Around 860 “the probable convergence of Purkinje axons upon nuclear cells can be deduced as being
numerically somewhere around 860” [PalkovitsM+3-1977].

700 [LoebnerEE-1989] Fig 2.

Data for table Cells and connections in cat

The following table has data and references for table Cells and connections in cat. Values are either a Cell count, or
FO,FI where FO is fan-out (number of target cells each source cell contacts) and FI is fan-in (number of source cells
going to each target cell).

Id Source cell Target cell Value Reference
p1 purkinje Cell count 1.3x10^6 [LoebnerEE-1989]1

p2 purkinje granule ?,? [GuoC+5-2016]2

p3 purkinje dcn 35,860 [PalkovitsM+3-1977]3

p4 purkinje dcn 35,700 [LoebnerEE-1989]?

6.8 Inferior Olive

Oveview:

Adapted from https://en.wikipedia.org/wiki/Inferior_olivary_nucleus:

The inferior olivary nucleus (ION) house the cell bodies of the olivocerebellar fibers. These neurons are the major
input source for the cerebellum (the climbing fibers). Each climbing fiber targets a single climbing fiber. There are
three major components of the IO.

• Primary olivary nucleus (PO) – This is the major laminar structure. It receives signals from other components of
the brainstem, such as the red nucleus and the N. Darkschewitsch. The PO also receives signals from the cerebral
cortex. The PO targets the intermediate cerebellum as well as the cerebellar hemispheres.

• Medial accessory olivary nucleus (MAO) – The MAO receives signals from the tectum and the pretectum. Climb-
ing fibers from the MAO synapse with the vermis, the flocculus, and the cerebellar hemispheres.

• Dorsal accessory olivary nucleus (DAO) – It is the smallest nucleus in the IO. It receives signals from the spinal
cord and the dorsal column nuclei. The DAO synapses with vermis.

1 EE Loebner. Intelligent network management and functional cerebellum synthesis. In Raugh MR, editor, Cerebellar Models of Associative
Memory: Three papers from IEEE COMPCON SPRING ‘89, pages 14–19. Research Institute for Advanced Computer Science, NASA Ames
Research Center, 1989. PDF: LoebnerEE-1989.pdf, Notes: LoebnerEE-1989.html.

2 Chong Guo, Laurens Witter, Stephanie Rudolph, Hunter L. Elliott, Katelin A. Ennis, and Wade G. Regehr. Purkinje Cells Directly Inhibit
Granule Cells in Specialized Regions of the Cerebellar Cortex. Neuron, 91(6):1330–1341, September 2016. URL: https://linkinghub.elsevier.com/
retrieve/pii/S0896627316305037, doi:10.1016/j.neuron.2016.08.011, Notes: GuoC+5-2016.html.

3 M. Palkovits, Eva Mezey, J. Hamori, and J. Szentagothai. Quantitative histological analysis of the cerebellar nuclei in the cat. I. Numerical data
on cells and on synapses. Experimental Brain Research, May 1977. URL: http://link.springer.com/10.1007/BF00237096, doi:10.1007/BF00237096,
Notes: PalkovitsM+3-1977.html.
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6.8.1 Synapse with Purkinje cells

Divergence

10 [LoebnerEE-1989], Fig. 2

Convergence

1 [LoebnerEE-1989], Fig. 2

6.8.2 Synapse with DCN

Divergence

Unknown [LoebnerEE-1989], Fig. 2

Convergence

Unknown [LoebnerEE-1989], Fig. 2

6.8.3 Synapse with Golgi cells

Divergence

Unknown [LoebnerEE-1989], Fig. 2

Convergence

Unknown [LoebnerEE-1989], Fig. 2

6.8.4 Synapse with Basket cells

Divergence

Unknown [LoebnerEE-1989], Fig. 2

Convergence

Unknown [LoebnerEE-1989], Fig. 2
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6.8.5 Synapse with Stellate cells

Divergence

Unknown [LoebnerEE-1989], Fig. 2

Convergence

Unknown [LoebnerEE-1989], Fig. 2

6.9 Deep Cerebellar Nuclei

6.9.1 Overview

From: https://en.wikipedia.org/wiki/Deep_cerebellar_nuclei:

The cerebellum has four deep cerebellar nuclei embedded in the white matter in its center. These nuclei
receive inhibitory (GABAergic) inputs from Purkinje cells in the cerebellar cortex and excitatory (glu-
tamatergic) inputs from mossy fiber and climbing fiber pathways. Most output fibers of the cerebellum
originate from these nuclei. One exception is that fibers from the flocculonodular lobe synapse directly
on vestibular nuclei without first passing through the deep cerebellar nuclei. The vestibular nuclei in the
brainstem are analogous structures to the deep nuclei, since they receive both mossy fiber and Purkinje cell
inputs. From lateral to medial, the four deep cerebellar nuclei are the dentate, emboliform, globose, and
fastigii. Some animals, including humans, do not have distinct emboliform and globose nuclei, instead
having a single, fused interposed nucleus. In animals with distinct emboliform and globose nuclei, the
term interposed nucleus is often used to refer collectively to these two nuclei.

6.9.2 Quantity

Cat:

The total number of the cerebellar nuclear cells was found to be 4.6x10^4. On the basis of karyomet-
ric studies the medial and interpositus nuclei appear to contain two, the lateral nucleus probably three
different neuron populations. The over-all numerical ratio between Purkinje and nuclear cells is 26:1.
[PalkovitsM+3-1977].

4.8x10^4, [LoebnerEE-1989] Fig 2

6.9.3 Excitatory connection to Granule and Golgi Cells

From [AnkriL+5-2015]:

A less-known nucleo-cortical circuit is formed by the glutamatergic neurons of the CN which, in addi-
tion to projecting to various premotor and associative regions of the brain . . . send axonal collaterals to
the cerebellar granule cell layer (GrCL; Houck and Person, 2015). These collateral fibers form MF-like
terminals contacting granule cell (GrC) and Golgi cell dendrites . . . . The functional significance of this
excitatory nucleo-cortical (eNC) pathway, loosely following the modular arrangement of the cerebellum
. . . is likely related to efference copying of motor commands to the cerebellar cortex (Sommer and Wurtz,
2008; Houck and Person, 2015).
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6.9.4 Inhibitory connection to Golgi Cells

Some Golgi cells receive inhibition from deep Cerebellar Nuclei [AnkriL+5-2015]. From abstract: (data
from mice):

The cerebellum, a crucial center for motor coordination, is composed of a cortex and several nuclei. The
main mode of interaction between these two parts is considered to be formed by the inhibitory control
of the nuclei by cortical Purkinje neurons. We now amend this view by showing that inhibitory GABA-
glycinergic neurons of the cerebellar nuclei (CN) project profusely into the cerebellar cortex, where they
make synaptic contacts on a GABAergic subpopulation of cerebellar Golgi cells. These spontaneously
firing Golgi cells are inhibited by optogenetic activation of the inhibitory nucleo-cortical fibers both in vitro
and in vivo. Our data suggest that the CN may contribute to the functional recruitment of the cerebellar
cortex by decreasing Golgi cell inhibition onto granule cells.

6.9.5 Inhibitory connection to Inferior Olive

From [AnkriL+5-2015]:

Currently, the cerebellar cortex and the CN are known to interact through two circuits. The best known is
the nucleo-olivary (NO) circuit (. . . ) where the small GABAergic CN cells, subject to PN inhibition (Najac
and Raman, 2015), project to the contralateral IO (Fredette and Mugnaini, 1991). This pathway regulates
olivary activity (. . . ) and thereby complex spike activity in the PNs and cerebellar cortical plasticity (. . . ).

Data for table Cells and connections in cat

The following table has data and references for table Cells and connections in cat. Values are either a Cell count, or
FO,FI where FO is fan-out (number of target cells each source cell contacts) and FI is fan-in (number of source cells
going to each target cell).

Id Source cell Target cell Value Reference
d1 dcn Cell count 4.6x10^4 [PalkovitsM+3-1977]1

1 M. Palkovits, Eva Mezey, J. Hamori, and J. Szentagothai. Quantitative histological analysis of the cerebellar nuclei in the cat. I. Numerical data
on cells and on synapses. Experimental Brain Research, May 1977. URL: http://link.springer.com/10.1007/BF00237096, doi:10.1007/BF00237096,
Notes: PalkovitsM+3-1977.html.
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CHAPTER

SEVEN

QUESTIONS

Some questions for which we are trying to find answers:

7.1 How would Loebner fig 2 be changed to take into account more
recent data?

Figure 2 in Loebner 1989 (see About the Pseudocerebellum project) is one of the main starting points for this website.
How would that figure be updated to given more recent data? Some papers that may provide updates:

• Paper [DeZeeuwCI+2-2021] gives a summary of multiple updates. From text: The discovery of several new
connections (Fig. 1, red) highlights a previously unappreciated level of recurrence in the cerebellar circuit.
Mutual inhibition of like cell types is common: Purkinje cells inhibit other Purkinje cells1, molecular layer
interneurons inhibit other molecular layer interneurons in a way that is spatially highly structured2,3, and Golgi
cells inhibit other Golgi cells4. At the same time, previously hypothesized connections between molecular layer
interneurons and Golgi cells have been ruled out?. There also is electrical coupling among molecular layer
interneurons5 and among Golgi cells5. Circuitry in the granule cell layer has the potential to filter and even reverse
the sign of the input from mossy fibers, especially if it incorporates the unipolar brush cells7. In some regions,
collaterals from Purkinje cells contact (inhibit) granule cells and create an additional recurrent connection in
the input layer6. Finally, neurons in the cerebellar nuclei provide feedback to the cerebellar cortex, via a mossy
fiber-like projection that is subject to plastic changes during learning9,10.

• Inhibitory neurons of the cerebellar nuclei (CN) project profusely into the cerebellar cortex, where they make
synaptic contacts on a GABAergic subpopulation of cerebellar Golgi cells. [AnkriL+5-2015],7.

1 Laurens Witter, Stephanie Rudolph, R. Todd Pressler, Safiya I. Lahlaf, and Wade G. Regehr. Purkinje Cell Collaterals Enable Output Signals
from the Cerebellar Cortex to Feed Back to Purkinje Cells and Interneurons. Neuron, 91(2):312–319, July 2016. URL: https://linkinghub.elsevier.
com/retrieve/pii/S0896627316302483, doi:10.1016/j.neuron.2016.05.037, Notes: WitterL+4-2016.html.

2 Sarah Rieubland, Arnd Roth, and Michael Häusser. Structured Connectivity in Cerebellar Inhibitory Networks. Neuron, 81(4):913–929,
February 2014. URL: https://linkinghub.elsevier.com/retrieve/pii/S0896627313011902, doi:10.1016/j.neuron.2013.12.029, Notes: RieublandS+2-
2014.html.

3 Charlotte Arlt and Michael Häusser. Microcircuit Rules Governing Impact of Single Interneurons on Purkinje Cell Output In Vivo. Cell Reports,
30(9):3020–3035.e3, March 2020. URL: https://linkinghub.elsevier.com/retrieve/pii/S2211124720301637, doi:10.1016/j.celrep.2020.02.009.

4 Court Hull and Wade G. Regehr. Identification of an Inhibitory Circuit that Regulates Cerebellar Golgi Cell Activity. Neuron,
73(1):149–158, January 2012. URL: https://linkinghub.elsevier.com/retrieve/pii/S0896627311009949, doi:10.1016/j.neuron.2011.10.030, Notes:
HullC+RegehrWG-2012.html.

5 Guillaume P. Dugué, Nicolas Brunel, Vincent Hakim, Eric Schwartz, Mireille Chat, Maxime Lévesque, Richard Courtemanche, Clément Léna,
and Stéphane Dieudonné. Electrical Coupling Mediates Tunable Low-Frequency Oscillations and Resonance in the Cerebellar Golgi Cell Network.
Neuron, 61(1):126–139, January 2009. URL: https://linkinghub.elsevier.com/retrieve/pii/S0896627308010210, doi:10.1016/j.neuron.2008.11.028.

6 Chong Guo, Laurens Witter, Stephanie Rudolph, Hunter L. Elliott, Katelin A. Ennis, and Wade G. Regehr. Purkinje Cells Directly Inhibit
Granule Cells in Specialized Regions of the Cerebellar Cortex. Neuron, 91(6):1330–1341, September 2016. URL: https://linkinghub.elsevier.com/
retrieve/pii/S0896627316305037, doi:10.1016/j.neuron.2016.08.011, Notes: GuoC+5-2016.html.

7 Lea Ankri, Zoé Husson, Katarzyna Pietrajtis, Rémi Proville, Clément Léna, Yosef Yarom, Stéphane Dieudonné, and Marylka Yoe Uusisaari.
A novel inhibitory nucleo-cortical circuit controls cerebellar Golgi cell activity. eLife, 4:e06262, May 2015. URL: https://elifesciences.org/articles/
06262, doi:10.7554/eLife.06262, Notes: AnkriL+5-2015.html.
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Cited references:

7.2 Anatomy of microzone circuits

The cerebellum is organized into thousands of microzones or modules. What is the specific anatomy (size, connections,
fan-in fan-out) of a microzone? A starting point for reference is [AppsR+HawkesR-2009]1.

1 Richard Apps and Richard Hawkes. Cerebellar cortical organization: a one-map hypothesis. Nature Reviews Neuroscience, 10:670–681, 9
2009. doi:10.1038/nrn2698, Notes: AppsR+HawkesR-2009.html.
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CHAPTER

EIGHT

NOTES

Notes about the following papers are available:

8.1 AndersonBB+2-1992 - A quantitative study of the human cerebel-
lum with unbiased stereological techniques

Notes about [AndersonBB+2-1992]1.

This paper has data giving the counts of some cell types in the human cerebellum. The data is given in Table 2 of the
paper.

Fig. 1: Table 4 in AndersonBB+2-1992 [AndersonBB+2-1992].

Data for table Cell counts in different species

The following table has data and references for table Cell counts in different species. Values are the number of cells of
the given type in the specified species.

Id Cell type Species Value Reference
d1 purkinje human 30.5 x 10^6 [AndersonBB+2-1992]?

d2 grannule human 101,000 x 10^6 [AndersonBB+2-1992]?

d3 dentate nucleus human 5.01 x 10^6 [AndersonBB+2-1992]?

d4 golgi human 81.3 x 10^6 [AndersonBB+2-1992]?

1 Andersen BB, Korbo L, and Pakkenberg B. A quantitative study of the human cerebellum with unbiased stereological techniques. J Comp
Neurol, 326(4):549–60, 1992. doi:10.1002/cne.903260405, Notes: AndersonBB+2-1992.html (this file).
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8.2 AnkriL+5-2015

Notes about [AnkriL+5-2015]1.

This paper shows that cerebellar nuclei (CN) neurons inhibit some Golgi cells.

Abstract:

The cerebellum, a crucial center for motor coordination, is composed of a cortex and several nuclei. The
main mode of interaction between these two parts is considered to be formed by the inhibitory control
of the nuclei by cortical Purkinje neurons. We now amend this view by showing that inhibitory GABA-
glycinergic neurons of the cerebellar nuclei (CN) project profusely into the cerebellar cortex, where they
make synaptic contacts on a GABAergic subpopulation of cerebellar Golgi cells. These spontaneously
firing Golgi cells are inhibited by optogenetic activation of the inhibitory nucleo-cortical fibers both in vitro
and in vivo. Our data suggest that the CN may contribute to the functional recruitment of the cerebellar
cortex by decreasing Golgi cell inhibition onto granule cells.

Other quotes from paper:

Page 1:

Currently, the cerebellar cortex and the CN are known to interact through two circuits. The best known
is the nucleo-olivary (NO) circuit (Apps and Garwicz, 2005; Apps and Hawkes, 2009; Chaumont et al.,
2013), where the small GABAergic CN cells, subject to PN inhibition (Najac and Raman, 2015), project
to the contralateral IO (Fredette and Mugnaini, 1991). This pathway regulates olivary activity (Chen et
al., 2010; Bazzigaluppi et al., 2012; Chaumont et al., 2013; Lefler et al., 2014) and thereby complex spike
activity in the PNs and cerebellar cortical plasticity (Hansel and Linden, 2000; Coesmans et al., 2004;
Bengtsson and Hesslow, 2006; Medina and Lisberger, 2008).

A less-known nucleo-cortical circuit is formed by the glutamatergic neurons of the CN which, in addition to
projecting to various premotor and associative regions of the brain (Tsukahara and Bando, 1970; Asanuma
et al., 1980; Angaut et al., 1985; Sultan et al., 2012; Ruigrok and Teune, 2014), send axonal collaterals
to the cerebellar granule cell layer (GrCL; Houck and Person, 2015). These collateral fibers form MF-
like terminals contacting granule cell (GrC) and Golgi cell dendrites (see also Tolbert et al., 1976, 1977,
1978; Ha´mori et al., 1980; Payne, 1983). The functional significance of this excitatory nucleo-cortical
(eNC) pathway, loosely following the modular arrangement of the cerebellum (Dietrichs and Walberg,
1979; Gould, 1979; Haines and Pearson, 1979; Tolbert and Bantli, 1979; Buisseret-Delmas, 1988; Provini
et al., 1998; Ruigrok, 2010 ; reviewed by Houck and Person, 2013), is likely related to efference copying
of motor commands to the cerebellar cortex (Sommer and Wurtz, 2008; Houck and Person, 2015).

In addition to the pathways linking the CN with the cerebellar cortex mentioned above, evidence has occa-
sionally emerged for an inhibitory nucleo-cortical (iNC) pathway. GABAergic neurons have been shown
to be labeled in the CN by retrograde tracing from the cerebellar cortex (Batini et al., 1989), and nucleo-
cortical terminals with non-glutamatergic ultrastructural features have been found to contact putative Golgi
cell dendrites (Tolbert et al., 1980). More recently, it was demonstrated that GlyT2-expressing CN neurons
extend axons toward the cerebellar cortex (Uusisaari and Kno¨pfel, 2010), suggesting that the iNC pathway
might be identifiable by its glycinergic phenotype. While the iNC projection is likely to have significant
impact on cerebellar computation, its postsynaptic targets and its functional organization remain unknown.

1 Lea Ankri, Zoé Husson, Katarzyna Pietrajtis, Rémi Proville, Clément Léna, Yosef Yarom, Stéphane Dieudonné, and Marylka Yoe Uusisaari.
A novel inhibitory nucleo-cortical circuit controls cerebellar Golgi cell activity. eLife, 4:e06262, May 2015. URL: https://elifesciences.org/articles/
06262, doi:10.7554/eLife.06262, Notes: AnkriL+5-2015.html (this file).
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8.3 AppsR+HawkesR-2009

Notes about [AppsR+HawkesR-2009]1.

This paper describes different zones of the cerebellum.

Fig. 2: Table 1 in AppsR+HawkesR-2009 [AppsR+HawkesR-2009].

p. 671

Transverse zones Although anatomical, physiological and behavioural studies have emphasised a longitudinal
organization within the cerebellar cortex (see later), developmental studies17,18 suggest that the development of
the fundamental cerebellar architecture begins with the subdivision of the cerebellar cortex into five (or six in
birds) transverse zones17 (FIG. 2)

Stripes Every transverse zone is subdivided into a series of stripes (or ‘bands’) oriented along the rostrocaudal
axis and which are defined by the restricted expression of molecular markers (FIG. 2). The most comprehensively
studied molecular marker is zebrin II22, which cloning studies revealed to be the metabolic enzyme aldolase
C23,24. Zebrin II is expressed by a subset of Purkinje cells (zebrin II+) that alternate with Purkinje cells that
do not express this marker (zebrin II–), thus forming zebrin II+/– stripes (FIG. 2). The zebrin II+/– stripes are
symmetrically distributed across the midline, highly reproducible between individuals22,25,26 and conserved
across species (reviewed in REF. 27).

p. 673:

Longitudinal zones Numerous pathway tracing studies have revealed ‘longitudinal zones’ within the cerebellar
cortex: narrow, rostrocaudally elongated regions that run perpendicular to the long axis of the lobules3,78–80
(FIG. 4). Longitudinal zones were originally defined by their topographically organized Purkinje cell output
to different territories within the cerebellar and vestibular nuclei (the socalled A, b, C1, C2, C3, D1 and D2
longitudinal zones of Voogd; for a review of the earlier literature see REF. 2); additional longitudinal zones
have subsequently been added, for example, X, CX and D0 (FIG. 4). A longitudinal zonal arrangement also
holds true for the anatomy of olivocerebellar climbing fibre projections81 and for the pattern of termination
of physiologically characterised spino-olivocerebellar pathways (as described originally by Oscarsson and co-
workers82). In general, the maps of olivocerebellar connections defined by anatomical and physiological methods
coincide, for example, see REF. 83.

p. 674-675

Modules and microzones.

Anatomical tract tracing has also been used to describe the way in which olivocerebellar (climbing fibre)
afferents and corticonuclear (Purkinje cell) efferents are linked to form discrete complexes, the cortical
component of each of these ‘modules’ being a longitudinal zone of Purkinje cells2,79. Anatomically de-
fined modules have been extended to include other connections, notably the nucleo-olivary and reciprocal

1 Richard Apps and Richard Hawkes. Cerebellar cortical organization: a one-map hypothesis. Nature Reviews Neuroscience, 10:670–681, 9
2009. doi:10.1038/nrn2698, Notes: AppsR+HawkesR-2009.html (this file).
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Fig. 3: Fig 2 in AppsR+HawkesR-2009 [AppsR+HawkesR-2009].

Fig. 4: Fig 4 in AppsR+HawkesR-2009 [AppsR+HawkesR-2009].
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olivo-nuclear projections86. In the same way that Purkinje cell stripes are evolutionarily conserved, cere-
bellar modules are remarkably similar in a range of species (see Supplementary information S1 (table)).
S1 (table) The behavioural significance of these modules is beyond the scope of this Review but their
conservation implies that each subserves a similar function in different species (for example, regulation
of spinal reflexes and limb movements by the paravermal modules87; and control of compensatory eye
movements by modules in the flocculus88).

Some longitudinal zones can be further split into smaller units called ‘microzones’82,89. In particular,
highresolution electrophysiological mapping from medial to lateral across the width of the vermal b zone
or the paravermal C3 zone shows small groups of Purkinje cells with distinct climbing fibre receptive
fields that arise from different body parts. Each Purkinje cell group typically occupies a narrow, rostrocau-
dally oriented strip of cortex within the broader longitudinal zone (each zone ~1 mm and each microzone
~100–300 m wide). microzones mapped in the vermal b zone form a regular array of olivo-cortico-nuclear
‘microcomplexes’ that are thought to control different aspects of the motor functions handled by the broader
module82. However, the most extensively studied microzones lie within a small part of the C3 longitudinal
zone in the paravermis of lobule V in cats, and their organization seems to be rather different89. Whereas
individual microzones in the b zone are thought to extend the entire rostrocaudal length of the zone (more
than 100 mm in cat)82, microzones in C3 tend to be much shorter, usually extending across no more than
a few adjacent cerebellar folia. In addition, microzones located in different parts of the paravermal cortex
can have the same climbing fibre receptive field characteristics (for example, there are at least four separate
‘eyeblink’ microzones in each paravermis90). This has led to the concept that spatially separated collec-
tions of microzones with common climbing fibre input — termed ‘multizonal microcomplexes’ — may be
important for the parallel processing and integration of information from mossy fibre inputs derived from
multiple sources3,89.

Some anatomical data are consistent with such a possibility (for example, see REF. 91), but physiological
studies to fully test this hypothesis are currently lacking. Anatomical tracer studies have also revealed a
correspondingly detailed map within the inferior olive, with subgroups of olivary cells providing climbing
fibres to different parts of the same longitudinal zone (for example, see REF. 92 and FIG. 4). In some cases
the resolution of the anatomical mapping has been sufficient to reveal this connectivity at a level that might
correspond to microzones93,94. Longitudinal zones are therefore most probably composite entities, and
the basic operational unit of the cerebellar cortex is narrower, possibly an individual microzone or, in the
case of the paravermis, an assembly of microzones forming a multizonal microcomplex3.

8.4 BillingsG+4-2014

Notes about [BillingsG+4-2014]1.

This paper has data about the connections between mossy fibers and granule cells in mouse and analysis showing that
a small number of inputs to granule cells (about 4) is most efficient for transmitting information from mossy fibers to
granule cells.

1 Guy Billings, Eugenio Piasini, Andrea Lőrincz, Zoltan Nusser, and R. Angus Silver. Network Structure within the Cerebellar Input Layer
Enables Lossless Sparse Encoding. Neuron, 83(4):960–974, August 2014. URL: https://linkinghub.elsevier.com/retrieve/pii/S089662731400631X,
doi:10.1016/j.neuron.2014.07.020, Notes: BillingsG+4-2014.html (this file).
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Fig. 5: Figure 2 in BillingsG+4-2014 [BillingsG+4-2014].

Fig. 6: Fig 3 in BillingsG+4-2014 [BillingsG+4-2014].
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8.5 CesanaE+6-2013

Notes about [CesanaE+6-2013]1.

This paper is cited by [SudhakarSK+8-2017] for the convergence and divergence between (i) mossy fibers to golgi cells
and (ii) grannule cells to golgi cells through acending axons and parallel fibers.

Connectivity name Convergence Divergence
MF-GoC 13.65 12.5
GrC-GoC 554 1.36
GrC-GoC 4759 11.34

The full table is here

8.6 DAngeloE+5-2013

Notes about [DAngeloE+5-2013]1.

This paper has data about of grannule cells and Golgi cells in rat cerebellum. p. 9:

Quantitative Golgi Cell Connection Scheme

On the basis of current knowledge it is possible to generate a quantitative connection scheme for the Golgi cell, which
is unique both for its high level of precision and for the quantity of available experimental data. Using morphological
measurements, it can be calculated that the rat cerebellar granular layer has a cell density of 4 × 10^6/mm^3 for granule
cells and 9300/mm^3 for Golgi cells, with a Golgi cell : granule cell ratio of 1:430 (Korbo et al., 1993). Moreover, the
density of the glomeruli is 3 × 10^5/mm^3, and each glomerulus is composed of one mossy fiber terminal, about 53
dendrites from separate granule cells (Jakaband Hamori, 1988), and one or more dendrites from Golgi cells. Network
connections can be reconstructed by applying simple rules, most of which can be directly extracted from original works
on cerebellar architecture (e.g., see Eccles et al., 1967).

Granule cell connection rules are quite simple and can be summarized as follows: granule cell dendrites cannot reach
glomeruli located more than 40 m away (meanden dritic length : 13.6 m) and a single granule cell cannot send more
than one dendrite into the same glomerulus. Conversely, Golgi cell connection rules are more complex. It can be
assumed that only one Golgi cell axon enters a glomerulus, forming inhibitory synapses on all the afferent granule
cell dendrites, and that a Golgi cell axon entering a glomerulus cannot access the neighboring glomeruli if they share
granule cells with the first one. This should prevent a granule cell from being inhibited twice by the same Golgi cell
(see above and Solinas et al., 2010). Each Golgi cell can inhibit as many as 40 different glomeruli and atotal of about
2000 granule cells, accounting for the 1:430 Golgi cell:granule cell ratio and the aforementioned convergence and
divergence ratios (see above). Recent calculations seem to indicate a specific organization of excitatory connectivity.
Golgi cells were suggested to receive excitatory inputs from about 40 mossy fibers on basal dendrites (Kanichay and
Silver, 2008). Moreover, a specific organization is emerging for granule cell inputs through the ascending axons and
parallel fibers (Cesana et al., 2010). Golgi cells could receive about 400 connections from the ascending axons of
local granule cells on the basal dendrites and another 400 connections through the parallel fibers of local granule cells,

1 E. Cesana, K. Pietrajtis, C. Bidoret, P. Isope, E. D’Angelo, S. Dieudonne, and L. Forti. Granule Cell Ascending Axon Excitatory Synapses onto
Golgi Cells Implement a Potent Feedback Circuit in the Cerebellar Granular Layer. Journal of Neuroscience, 33(30):12430–12446, July 2013.
URL: https://www.jneurosci.org/lookup/doi/10.1523/JNEUROSCI.4897-11.2013, doi:10.1523/JNEUROSCI.4897-11.2013, Notes: CesanaE+6-
2013.html (this file).

1 Egidio D’Angelo, Sergio Solinas, Jonathan Mapelli, Daniela Gandolfi, Lisa Mapelli, and Francesca Prestori. The cerebellar Golgi cell and
spatiotemporal organization of granular layer activity. Frontiers in Neural Circuits, 2013. URL: http://journal.frontiersin.org/article/10.3389/fncir.
2013.00093/abstract, doi:10.3389/fncir.2013.00093, Notes: DAngeloE+5-2013.html (this file).
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which would provide the basis for a powerful feedback circuit. In addition, Golgi cells receive about 1200 parallel
fiber contacts on the apical dendrites from transversely organized granular layer fields. It has been calculated that the
effectiveness of local granule cells is about 10 times greater than that of an equivalent population located outside the
direct afferent field and forming only parallel fiber contacts toward the Golgi cell.

8.7 DeZeeuwCI+2-2021

Notes about [DeZeeuwCI+2-2021]1.

This paper describes some recently discovered connections and changes to the cortical circuit. Specifically:

The discovery of several new connections (Fig. 1, red) highlights a previously unappreciated level of
recurrence in the cerebellar circuit. Mutual inhibition of like cell types is common: Purkinje cells inhibit
other Purkinje cells2, molecular layer interneurons inhibit other molecular layer interneurons in a way that
is spatially highly structured3,4, and Golgi cells inhibit other Golgi cells5. At the same time, previously
hypothesized connections between molecular layer interneurons and Golgi cells have been ruled out?.
There also is electrical coupling among molecular layer interneurons5 and among Golgi cells6. Circuitry
in the granule cell layer has the potential to filter and even reverse the sign of the input from mossy fibers,
especially if it incorporates the unipolar brush cells7. In some regions, collaterals from Purkinje cells
contact (inhibit) granule cells and create an additional recurrent connection in the input layer7. Finally,
neurons in the cerebellar nuclei provide feedback to the cerebellar cortex, via a mossy fiber-like projection
that is subject to plastic changes during learning9,10.

x The newly discovered recurrent pathways may endow the cerebellar cortex with an exceptional capacity for dynamic
processing and has led to suggestions of several new and previously unappreciated neural computations. Electrical
coupling, along with synaptic inputs, could regulate the synchrony of functionally related clusters of interneurons11,12
or could perform local functions for individual neurons, such as linearization of dendritic integration13. The mossy
fiber feedback from the cerebellar nucleus could serve to organize the different components of a movement sequence14
or relay a corollary discharge that amplifies learned responses10.

1 Chris I. De Zeeuw, Stephen G. Lisberger, and Jennifer L. Raymond. Diversity and dynamism in the cerebellum. Nature Neuro-
science, 24(2):160–167, February 2021. URL: http://www.nature.com/articles/s41593-020-00754-9, doi:10.1038/s41593-020-00754-9, Notes:
DeZeeuwCI+2-2021.html (this file).

2 Laurens Witter, Stephanie Rudolph, R. Todd Pressler, Safiya I. Lahlaf, and Wade G. Regehr. Purkinje Cell Collaterals Enable Output Signals
from the Cerebellar Cortex to Feed Back to Purkinje Cells and Interneurons. Neuron, 91(2):312–319, July 2016. URL: https://linkinghub.elsevier.
com/retrieve/pii/S0896627316302483, doi:10.1016/j.neuron.2016.05.037, Notes: WitterL+4-2016.html.

3 Sarah Rieubland, Arnd Roth, and Michael Häusser. Structured Connectivity in Cerebellar Inhibitory Networks. Neuron, 81(4):913–929,
February 2014. URL: https://linkinghub.elsevier.com/retrieve/pii/S0896627313011902, doi:10.1016/j.neuron.2013.12.029, Notes: RieublandS+2-
2014.html.

4 Charlotte Arlt and Michael Häusser. Microcircuit Rules Governing Impact of Single Interneurons on Purkinje Cell Output In Vivo. Cell Reports,
30(9):3020–3035.e3, March 2020. URL: https://linkinghub.elsevier.com/retrieve/pii/S2211124720301637, doi:10.1016/j.celrep.2020.02.009.

5 Court Hull and Wade G. Regehr. Identification of an Inhibitory Circuit that Regulates Cerebellar Golgi Cell Activity. Neuron,
73(1):149–158, January 2012. URL: https://linkinghub.elsevier.com/retrieve/pii/S0896627311009949, doi:10.1016/j.neuron.2011.10.030, Notes:
HullC+RegehrWG-2012.html.

6 Guillaume P. Dugué, Nicolas Brunel, Vincent Hakim, Eric Schwartz, Mireille Chat, Maxime Lévesque, Richard Courtemanche, Clément Léna,
and Stéphane Dieudonné. Electrical Coupling Mediates Tunable Low-Frequency Oscillations and Resonance in the Cerebellar Golgi Cell Network.
Neuron, 61(1):126–139, January 2009. URL: https://linkinghub.elsevier.com/retrieve/pii/S0896627308010210, doi:10.1016/j.neuron.2008.11.028.

7 Chong Guo, Laurens Witter, Stephanie Rudolph, Hunter L. Elliott, Katelin A. Ennis, and Wade G. Regehr. Purkinje Cells Directly Inhibit
Granule Cells in Specialized Regions of the Cerebellar Cortex. Neuron, 91(6):1330–1341, September 2016. URL: https://linkinghub.elsevier.com/
retrieve/pii/S0896627316305037, doi:10.1016/j.neuron.2016.08.011, Notes: GuoC+5-2016.html.
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Fig. 7: Figure 1 in De Zeeuw CI (2021) [DeZeeuwCI+2-2021].
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8.8 EcclesJC+2-1967

Notes about [EcclesJC+2-1967]1.

This book has extensive data about the cerebellum.

Fig. 8: Figure 75 in [EcclesJC+2-1967].

8.9 GlicksteinM-2007

Notes about [GlicksteinM-2007]1.

States that:

The cerebellum is probably the single most important link between visual and motor areas of the cerebral
cortex. What sort of visual information reaches the cerebellum? In monkeys there are two groups of
cortical areas that process visual information beyond the primary visual cortex. A dorsal, medially located
group that is dominated by cells that are responsive primarily to moving stimuli, and a ventral group
involved in visual recognition. Ungerleider and Mishkin [14] based their suggested grouping of visual
areas — “where is it?” versus “what is it?” — on the behavioural effects of lesions. Jack May and I [15]
based our distinction between a medial and a lateral group on the difference in the pontine projections of the
two groups. The dorsal group is connected to the cerebellum by way of the pons; the lateral, more ventrally
placed group is not. Information on movement of objects and of the body in relation to its surroundings is
sent continuously to the cerebellum by cells in the dorsal cortical visual areas. Lesions of the dorsal group,
including the cortex within the angular gyrus in monkeys [16] and a similar cortical area in humans [17]
produce a lasting deficit in visual guidance of movement of the arms and fingers. Lesions of the ventral
group do not.

8.10 GuoC+5-2016

Notes about [GuoC+5-2016]1.

This paper shows that Purkinje Cell Collaterals inhibit granule cells in some regions.

From abstract:
1 John C. Eccles, Masao Ito, and János Szentágothai. The Cerebellum as a Neuronal Machine. Springer Berlin Heidelberg, 1967.

doi:10.1007/978-3-662-13147-3, Notes: EcclesJC+2-1967.html (this file).
1 Mitch Glickstein. What does the cerebellum really do? Current Biology, 17(19):4, 2007. doi:10.1016/j.cub.2007.08.009, Notes: GlicksteinM-

2007.html (this file).
1 Chong Guo, Laurens Witter, Stephanie Rudolph, Hunter L. Elliott, Katelin A. Ennis, and Wade G. Regehr. Purkinje Cells Directly Inhibit

Granule Cells in Specialized Regions of the Cerebellar Cortex. Neuron, 91(6):1330–1341, September 2016. URL: https://linkinghub.elsevier.com/
retrieve/pii/S0896627316305037, doi:10.1016/j.neuron.2016.08.011, Notes: GuoC+5-2016.html (this file).
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Inhibition of granule cells plays a key role in gating the flow of signals into the cerebellum, and it is
thought that Golgi cells are the only interneurons that inhibit granule cells. Here we show that Purkinje
cells, the sole output neurons of the cerebellar cortex, also directly inhibit granule cells via their axon
collaterals. Anatomical and optogenetic studies indicate that this non-canonical feedback is region specific:
it is most prominent in lobules that regulate eye movement and process vestibular information. Collaterals
provide fast, slow, and tonic inhibition to granule cells, and thus allow Purkinje cells to regulate granule cell
excitability on multiple timescales. We propose that this feedback mechanism could regulate excitability
of the input layer, contribute to sparse coding, and mediate temporal integration.

Fig. 9: Figure 2 in GuoC+5-2016 [GuoC+5-2016].

Comment: I don’t understand why the purkinje cell firing rates are decreasing in figure 5c. I thought excitatory input
from mossy fibers would increase the firing of purkinje cells.

8.11 HullC+RegehrWG-2012

Notes about [HullC+RegehrWG-2012]1.

This paper shows that Molecular Layer Interneurons do not inhibit Golgi cells and that Golgi cells inhibit each other
through synaptic inhibition.

From abstract:

In contrast to current thought, we find that Golgi cells, not MLIs, make inhibitory GABAergic synapses
onto other Golgi cells. As a result, MLI feedback does not regulate the Golgi cell network, and Golgi cells
are inhibited approximately 2 ms before Purkinje cells, following a mossy fiber input. Hence, Golgi cells
and Purkinje cells receive unique sources of inhibition and can differentially process shared granule cell
inputs.

1 Court Hull and Wade G. Regehr. Identification of an Inhibitory Circuit that Regulates Cerebellar Golgi Cell Activity. Neuron,
73(1):149–158, January 2012. URL: https://linkinghub.elsevier.com/retrieve/pii/S0896627311009949, doi:10.1016/j.neuron.2011.10.030, Notes:
HullC+RegehrWG-2012.html (this file).
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Fig. 10: Figure 8 in HullC+RegehrWG-2012 [HullC+RegehrWG-2012].

8.12 KorboL+3-1993

Notes about [KorboL+3-1993]1.

This paper has data giving counts of some cell types in rat cerebellum.

Data for table Cell counts in different species

The following table has data and references for table Cell counts in different species. Values are the number of cells of
the given type in the specified species.

Id Cell type Species Value Reference
r1 purkinje rat 0.61 x 10^6 [KorboL+3-1993]?

r2 golgi rat 0.64 x 10^6 [KorboL+3-1993]?

r3 grannule rat 265 x 10^6 [KorboL+3-1993]?

1 Korbo L, Andersen BB, Ladefoged O, and Møller A. Total numbers of various cell types in rat cerebellar cortex estimated using an unbiased
stereological method. Brain Res, 609(1-2):262–268, April 1993. doi:10.1016/0006-8993(93)90881-m, Notes: KorboL+3-1993.html (this file).
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8.13 LangeW-1975

Notes about [LangeW-1975]1.

This paper has data on the Purkinje and granule cell ratio in different species.

Fig. 11: Table 2 in LangeW-1975 [LangeW-1975].

8.14 LoebnerEE-1989

Notes about [LoebnerEE-1989]1 .

This paper has some data for cat in Figure 2.

8.15 PalkovitsM+2-1971a

Notes about [PalkovitsM+2-1971a]1.

This paper has data about the Purkinje cells in the cat cerebellum.

From page 9: Quantitative parameters are as follows: (a) the Purkinje cell density in the flat part of the
folium is 384/sq.mm and the cortical surface area/Purkinje cell is 2604 sq.um; (b) the width of the Purkinje
cell dendritic tree (including the spaces between neighbouring dendritic arborizations) is 8.9/um and the
dendritic spread is 292.5 um; and (c) the mean distance between Purkinje cells (centre of perikarya) is 51
/um.

From Summary:
1 W. Lange. Cell number and cell density in the cerebellar cortex of man and some other mammals. Cell and Tissue Research, March 1975.

URL: http://link.springer.com/10.1007/BF00223234, doi:10.1007/BF00223234, Notes: LangeW-1975.html (this file).
1 EE Loebner. Intelligent network management and functional cerebellum synthesis. In Raugh MR, editor, Cerebellar Models of Associative

Memory: Three papers from IEEE COMPCON SPRING ‘89, pages 14–19. Research Institute for Advanced Computer Science, NASA Ames
Research Center, 1989. PDF: LoebnerEE-1989.pdf, Notes: LoebnerEE-1989.html (this file).

1 M Palkovits, P. Magyar, and J. Szentagothai. Quantitative histological analysis of the cerebellar cortex in the cat. i. number and arrangement
in the space of the purkinje cells. Brain Research, pages 13, 1971. Notes: PalkovitsM+2-1971a.html (this file).
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Fig. 12: Figure 4 in PalkovitsM+2-1971a [PalkovitsM+2-1971a].

Purkinje cell numbers, densities and arrangement in space were studied by quantitative histology in the
cerebella of adult cats. Calculated for the living state the density of the Purkinje cells was 373/sq.mm in
entire folia (lobus paramedianus); the density in flattened parts of these folia was 384/sq.mm. The mean
density calculated for the total living cerebellum was 330/sq.mm. The total number of Purkinje ceils was
1.2-1.3 million. On the basis of the known general principles of shape and arrangement in this study a new
space arrangement model is suggested. Purkinje cell bodies are arranged in rows deviating by 11 ° from the
transverse plane of the folium, and neighbouring cells are placed in a rhomboid pattern. In reality certain
distortions of this pattern occur, in consequence of a flexibility in the relations of cell bodies to dendritic
trees, but the essential correctness of the model can be proved statistically by distance measurements of
Purkinje cells in randomly and in geometrically determined directions.

Data for table Cell counts in different species

The following table has data and references for table Cell counts in different species. Values are the number of cells of
the given type in the specified species.

Id Cell type Species Value Reference
p1 purkinje cat 1.25 x 10^6 [PalkovitsM+2-1971a]?

Range specified in the paper was 1.2-1.3 million. 1.25 million is the average.

8.16 PalkovitsM+2-1971b

Notes about [PalkovitsM+2-1971b]1.

This paper has data about of grannule cells and Golgi cells in cat cerebellum.

Data for table Cell counts in different species

The following table has data and references for table Cell counts in different species. Values are the number of cells of
the given type in the specified species.

1 M Palkovits. Quantitative histological analysis of the cerebellar cortex in the cat. II. Cell numbers and densities in the granular layer. Brain
Research, pages 16, 1971. Notes: PalkovitsM+2-1971b.html (this file).
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Id Cell type Species Value Reference
pb1 grannule cat 2.2 x 10^9 [PalkovitsM+2-1971b]?

pb2 golgi cat 417,000 [PalkovitsM+2-1971b]?

Figure is given on page 29 (summary section). Also states that the The granule cell : Purkinje cell ratio was 1700-1800
: 1.

Paper also states that the ratio of Golgi cells to Purkinje cells is 1 : 3. This means, that if there are 1.25 x 10^6 Purkinje
cells, then there are about 416,666 Golgi cells (rounded, about 417,000).

p. 30:

This density of the Golgi cells – assuming non-overlap between dendrites and axons – would require a compartmentation
of the space available to the Golgi cells in an idealized model into hexagonal prisms of around 100 #m diameter. The
prisms would cut vertically through all 3 layers of the cortex, and the volume of the part corresponding to the granular
layer would be approximately 0.002 cu.mm (calculated for the living cat), containing about 200 glomeruli.

If 200 glomeruli are contacted by each Golgi cell, then the number of granule cells potentiall connected by each Golgi
cell would be 200 * 112 = 2.24 x 10^4. This is different than the figure of 5.2x10^3 in [LoebnerEE-1989] Fig 2. If the
average was 28 granule cells per glomeruli, the figure would be 200 * 28 = 5.6x10^3 which is closer to the figure in
[LoebnerEE-1989] Fig 2.

8.17 PalkovitsM+2-1971c

Notes about [PalkovitsM+2-1971c]1.

This paper has data about basket and stellate cells and parallel fibers in cat cerebellum.

Data for table Cell counts in different species

The following table has data and references for table Cell counts in different species. Values are the number of cells of
the given type in the specified species.

Id Cell type Species Value Reference
pb1 basket cat 7.5 x 10^6 [PalkovitsM+2-1971c]?

pb2 stellate cat 20.9x 10^6 [PalkovitsM+2-1971c]?

The cell counts above are calculated from the data using the Figure is given on page 29 (summary section). Also states
that the The granule cell : Purkinje cell ratio was 1700-1800 : 1.

The previous paper in the series [PalkovitsM+2-1971b] states that there are about 1.25 x 10^6 purkinje cells. This
paper estimates that the Purkinje cell-basket cell ratio is 1 : 6; the Purkinje cell-stellate cell ratio 1 : 16-17.5. Based on
that, there would be about 7.5x10^6 basket cells and 20.9x10^6 stellate cells.

Summary section of paper:

Cell density in the molecular layer of the cat cerebellar cortex calculated for the living state is
43,700/cu.mm. Of these 15% are basket cells, 42.8% stellate cells and 41.2% are glial elements (including
endothelial cells, pericytes, etc.). The Purkinje cell-basket cell ratio is 1 : 6; the Purkinje cell-stellate cell
ratio 1 : 16-17.5. Of the basket cells 21% are located in the ganglionic layer and 79.9% in the molecular
layer. Of the molecular layer basket cells 95% are situated in the deeper half of this stratum. The average

1 M. Palkovits, P. Magyar, and J. Szentágothai. Quantitative histological analysis of the cerebellar cortex in the cat. III. Structural organiza-
tion of the molecular layer. Brain Research, 34(1):1–18, November 1971. URL: https://linkinghub.elsevier.com/retrieve/pii/0006899371903477,
doi:10.1016/0006-8993(71)90347-7, Notes: PalkovitsM+2-1971c.html (this file).
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length of the basket axons in the transverse plane of the folium is 500-550 um (a distance of 10 Purkinje
cells). The average span of their descending side branches in the longitudinal plane of the folium is 300-
320 um (a distance of 3-3 Purkinje cell bodies in both directions). Calculations of the average number of
Purkinje cell baskets in which the basket axon participates gave unexpectedly low values: 8-9 baskets per
axon.

Statistical evaluation of systematic measurements performed on electron micrographs of the molecular
layer yielded the following quantitative data for the parallel fibers: the average length of the parallel fibers
is 2 mm, their average diameter 0.197 um and in a 1 mm wide longitudinal prism of the molecular layer
in the living animal there are 1,374,000 parallel fibers. The average diameter of parallel fibers is slightly
greater in the deeper palt of the molecular layer; the difference, although statistically significant, is hardly
relevant biologically. The average number of parallel fibers crossing the whole dendritic arborization of a
Purkinje cell is roughly 400,000. Calculation based on the average lengths and densities of parallel fiber
synaptic thickenings showed that the parallel fiber makes synaptic contact with, on an average, only every
fifth (allowing for correction, every 5.5th) Purkinje dendrite arborization which it penetrates during its
course. The average parallel fiber would thus contact, in its entire course of 2 mm, 45 Purkinje cells (after
correction, 42.5). The number of dendritic spines per Purkinje cells is calculated to be 80,000.

8.18 PalkovitsM+2-1972

Notes about [PalkovitsM+2-1972]1.

This paper give the ratio between mossy fibers, climbing fibers and purkinje cells in the cat cerebellum and a circuit
diagram showing the connections.

Fig. 13: Figure 4 in PalkovitsM+2-1972 [PalkovitsM+2-1972].

“The mossy fiber-Purkinje cell ratio within the folium is thus 4:1.”
1 Miklos Palkovits, Pal Magyar, and Janos Szentagothai. Quantitative histological analysis of the cerebellar cortex in the cat. IV.

Mossy fiber-purkinje cell numerical transfer. Brain Research, 45(1):15–29, October 1972. URL: https://linkinghub.elsevier.com/retrieve/pii/
0006899372902132, doi:10.1016/0006-8993(72)90213-2, Notes: PalkovitsM+2-1972.html (this file).
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From summary:

About 96,000 fibers/sq.mm cross-sectional area enter through the medullary lamina at the base of cerebel-
lar folia in the adult cat. Of these one-sixth are Purkinje axons, one-sixth climbing fibers and the remaining
four-sixths of the total number of fibers crossing the base can be assumed to be mossy fibers. The mossy
fiber-Purkinje cell ratio within the folium is thus 4:1.

In 1 cu.mm of the granular layer 98,800 glomeruli are found on average (calculated for the living state)
in homogeneous distribution and arranged isotropically in space. One mossy fiber breaks up (within a
given folium) into about 16-17 mossy rosettes (glomeruli). According to earlier data [10] the granule cell-
glomerulus ratio is 27-28:1, the mossy fiber-granule cell ratio is therefore 1:460. The granule cells have
4.17 dendrites, on average; the average mossy rosette is contacted by 112 granule dendrites. The number
of postsynaptic units (dendrite digits) is 10.2/dendrite and 1,142/glomerulus. Numerically, the granule
cells belonging to one Purkinje cell (1,792) are capable of transmitting impulses from 4 mossy fibers and
their 68 rosettes (glomeruli), while the parallel fibers, being 2 mm long, penetrate the dendrite trees of 225
Purkinje cells. Since they establish synapses with only every fifth of these Purkinje cells, the calculated
number of parallel fibers-Purkinje spine synapses would be 80,550/ Purkinje cell 11. This calculated value
agrees reasonably well with the counted number of Purkinje cell dendritic spines = 91,600.

On the basis of this study series the numerical transfer model of the mossy fiber- Purkinje cell neuron chain
can be constructed according to an all-over input-output ratio of 4:1. Further, the numerical, metrical and
topological parameters of the divergence from mossy fibers through granule cells and parallel fibers, as
well as those of the convergence at granule cell and Purkinje cell level can be established with reasonable
accuracy. Since both the numerical and connectivity aspects of the entire neuron model are consistent
with one another, and are based on numerous counts and measurements performed using a variety of
independent approaches (either on the whole cerebellum or on representative parts), the connectivity model
presented is suitable for realistic computer simulation models of the cerebellar cortex.

8.19 PalkovitsM+3-1977

Notes about [PalkovitsM+3-1977]1.

This paper give information about nuclear cells (Deep Cerebellar Nuceli) in cat.

From summary:

Summary. The tissue volume, cell number, cell density, as well as the numbers and densities of various
kinds of synaptic terminals were determined in the cerebellar nuclei of adult cats by means of stereological
procedures both on the light and electron microscopic levels. The total number of the cerebellar nuclear
cells was found to be 4.6x10^4. On the basis of karyometric studies the medial and interpositus nuclei ap-
pear to contain two, the lateral nucleus probably three different neuron populations. The over-all numerical
ratio between Purkinje and nuc/ear cells is 26: 1. On the basis of simplified cytological and size criteria
five different types of synaptic terminals were distinguished and counted separately. The total number
of synaptic boutons was found to be 9.2x10^8, 62% of which (5.7x10^8) belong to Purkinje axons. The
average number of synaptic boutorns per nuclear cell is 2x10^4 with systematic differences in the several
nuclei (medial = 27500; interpositus = 18000; lateral = 13900). The number of boutons of Purkinje cell
origin is 11600 per nuclear cell, on the average.

The average number of synaptic bontons per Purkinje axon is 474, which are distributed in a space of
about 13.5x10^6 um^3. In view of the density of the nuclear cells and the metric parameters of their
dendrites, the number of nuclear cells with which synapses might be established is 35. This is a direct

1 M. Palkovits, Eva Mezey, J. Hamori, and J. Szentagothai. Quantitative histological analysis of the cerebellar nuclei in the cat. I. Numerical data
on cells and on synapses. Experimental Brain Research, May 1977. URL: http://link.springer.com/10.1007/BF00237096, doi:10.1007/BF00237096,
Notes: PalkovitsM+3-1977.html (this file).
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measure for the divergence; i.e. one Purkinje axon may reach potentially 35 nuclear cells. The number
on any nuclear cell of boutons that originate from the same Purkinje axon would be mathematically 13.5
as an average, but may vary excessively between 1 and around 50 boutons. From these data the probable
convergence of Purkinje axons upon nuclear cells can be deduced as being numerically somewhere around
860, however, this apparently excessive value is mitigated by the Golgi observation that a single Purkinje
axon may contribute to the same nuclear cell as many as 50 somatic synapses. The dendritic synapses -
forming the vast majority of all contacts - are probably more evenly distributed among the great majority
of the converging Purkinje axons but with correspondingly fewer individual contacts.

Fig. 14: Figure 5 in PalkovitsM+3-1977 [PalkovitsM+3-1977].

8.20 RahimiA+3-2019

Title: Efficient Biosignal Processing Using Hyperdimensional Computing: Network Templates for Combined Learning
and Classification of ExG Signals

Authors: Abbas Rahimi ; Pentti Kanerva ; Luca Benini ; Jan M. Rabaey
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PDF of paper is at: https://iis-people.ee.ethz.ch/~arahimi/papers/PROC18.pdf
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8.21 RieublandS+2-2014

Notes about [RieublandS+2-2014]1.

This paper shows the difference between sagittal and transverse inhibition from molecular interneurons in rat.

From Abstract:

By recording from multiple molecular layer interneurons in the cerebellar cortex, we reveal specific, non-
random connectivity patterns in both GABAergic chemical and electrical interneuron networks. Both
networks contain clustered motifs and show specific overlap between them. Chemical connections exhibit
a preference for transitive patterns, such as feedforward triplet motifs. This structured connectivity is sup-
ported by a characteristic spatial organization: transitivity of chemical connectivity is directed vertically
in the sagittal plane, and electrical synapses appear strictly confined to the sagittal plane. The specific,
highly structured connectivity rules suggest that these motifs are essential for the function of the cerebellar
network.

From p. 923:

Although classically MLIs have been divided into basket and stellate cells, our data support the accumulat-
ing evidence suggesting that these cells constitute a single population with a continuum of morphological
properties with their position in the ML as main parameter: their dendrite length becomes gradually shorter
the higher the interneuron is located in the ML

Fig. 15: Figure 2 in RieublandS+2-2014 [RieublandS+2-2014].

8.22 SudhakarSK+8-2017

Notes about [SudhakarSK+8-2017]1.

This paper describes a computational model of the cerebellum and has a table of connection properties used in the
model and references.

The full table is here.
1 Sarah Rieubland, Arnd Roth, and Michael Häusser. Structured Connectivity in Cerebellar Inhibitory Networks. Neuron, 81(4):913–929,

February 2014. URL: https://linkinghub.elsevier.com/retrieve/pii/S0896627313011902, doi:10.1016/j.neuron.2013.12.029, Notes: RieublandS+2-
2014.html (this file).

1 Shyam Kumar Sudhakar, Sungho Hong, Ivan Raikov, Rodrigo Publio, Claus Lang, Thomas Close, Daqing Guo, Mario Negrello, and Erik
De Schutter. Spatiotemporal network coding of physiological mossy fiber inputs by the cerebellar granular layer. PLOS Computational Biology,
13(9):1–35, September 2017. URL: https://dx.plos.org/10.1371/journal.pcbi.1005754, doi:10.1371/journal.pcbi.1005754, Notes: SudhakarSK+8-
2017.html (this file).
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8.23 TomaschJ-1968

Notes about [TomaschJ-1968]1.

This paper has lots of data about number of efferent and afferent fibers cell counts in human cerebellum.

Summary of data in this paper:

Table 1: TomaschJ-1968 cell and fiber counts in human
Cell or fiber Description Quantity
purkinje Total number both hemispheres 15 million
cortico-pontine # fibers from cerebral cortex to pons 19.14 million (for one side)
ponto-cerebellar # cells in pons, same as number from pons to

cerebellum
23.085 million

inferior olive # fibers entering cerebellum from inferior olive
(one side)

0.5 million

Inferior cerebeller peduncle number of axons 0.52 million (one side)
cerebellar nuclei total number neurons (one side) 311,404
dentate nucleus total number neurons (one side) 284,000
nucleus globosus total number neurons (one side) 16,153
emboliforme nucleus total number neurons (one side) 10,381
fastigii nucleus total number neurons (one side) 5210
superior cerebellar peduncle number of axons (one side) 0.782 million
superior cerebellar peduncle
afferents (one side)

number axons into cerebellum through superior
cerebellar peduncle

less than 1/2 number of fibers
(0.782 / 2)

superior cerebellar peduncle
efferents (one side)

number axons leaving cerebellum through supe-
rior cerebellar peduncle

about 311,000 (total number
nuclei, 311,404; maybe less
number fastigii nuclei, 5201)

Excerpts from the paper:

cortico-pontine (From cerebral cortex to pons). 19.14 million axons (for one side).

ponto-cerebellar (from pons to cerebellum). Total of 23.085 million nerve cells within the pontine grey. May range
from 17 to 25 million neurons.

Ratio of ponto-cerebellar to cortico-pontine From 1:1.37 to 1:2.25. “This overall convergence ratio may not be
uniform for every individual circuit, it indicates a definite reduction, however, in the number of unit-elements
involved from the peduncular to the pontine level.”

Number of purkinje cells. “A range of from 14-25 million Purkinje-cells [in the whole cerebellum] seems, therefore,
well established. Estimates for the number of granular cells in the cerebellar cortex range front 10 to 100 billion
cells (Braitenberg and Atwood). According to Fox and Barnard (1957), there are in the macaque 960 granular
cells for 1 Purkinje cell.”

Ratio of mossy fibers to purkinje cells “From the granular cells a re-convergence of the same overall ratio is taking
place, the number of Purkinje-cells, according to the figures of Lojda being of the same order of magnitude as the
estimate for the number of pontine nerve cells. In other words, there is a 1:1 relationship between the numbers
of pontine nerve cells and of Purkinje-cells.”

Number of fibers from inferior olive “The inferior olivary nuclear complex provides the second largest source of
cerebellar afferents. Among four male subjects, including the 56 year old male refered to above, Moatamed
(1966) counted and estimated a figure of 0.5 million cells for the nuclei of one side. This range of cell frequencies

1 J. Tomasch. The overall information carrying capacity of the major afferent and efferent cerebellar cell and fiber systems. Stereotactic and Func-
tional Neurosurgery, 30(5-6):359–367, 1968. URL: https://www.karger.com/Article/FullText/103549, doi:10.1159/000103549, Notes: TomaschJ-
1968.html (this file).
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was confirmed by Escobar et al. who found in one human subject, age and sex not stated, 0.45 million cells in
the dentate olivary nucleus alone. Thus with 1 million neurites entering the cerebellum from this source, this
inflow is only 1/23 that of pontine origin. After decussating, these neurites enter the cerebellum via the inferior
cerebellar peduncle.”

Number fibers in inferior cerebeller peduncle “The estimate comes to 0.52 million axons and 0.45 million of these
are myelinated. [One side]. The difference accounting for un-myelinated axons is 7.4%.”

Number of pinal and vestibular afferents into the cerebellum “An estimate of both spino-cerebellar tracts at the
level above the pyramidal decussation, renders a figure of 0.204 million axons: of these 0.147 million are myeli-
nated.”

Number of vestibular nucleus cells “The number of vestibular nuclear cells is 0.245 million according to Blinkov and
Ponomarev (1965). No information is available at present about the proportion from this source for cerebellum
and for spinal cord.”

Number of cerebellar deep nuclei cells. “The number of cells in the cerebellar nuclei of man was counted and es-
timated in 3 male subjects (Heidary and Tomasch, 1969). Cell-frequencies in all nuclei of one hemisphere are
311,404+ 3,835 neurons. Of this total, 284,000 cells belong to the dentate nucleus, 16,153 to the nucleus globo-
sus, 10,381 to the emboliforme nucleus and only 5210 to the nucleus fastigii.”

Variability in counts for inferior olive and nuclei “. . . yet detailed counts and estimates carried out in our laboratory
and covering in several instances an age range from the new-born to the pre-senescent age resulted in the case
of the olivary nucleus in a coefficient of variation of only 1.5 %. For the three subjects in whom the cerebellar
nuclear cells were counted, the coefficient of variation is 1.9%”

Number fibers in superior cerebellar peduncle “There is general agreement that the large majority of axons arising
form the cells of the cerebellar nuclei, leave the cerebellum via the superior cerebellar peduncle, the exception
being the fastigio-bulbar tract that leaves via the juxta-restiforme body. In the 56 year old subject, the cross-
sectional area of the superior peduncle is 19.51 0.41 mm2. The estimate for the number of fibers found over
this area rendered a figure of 0.782 million axons; of this total 0.761 million are myelinated. The percentage of
un-myelinated axons is the lowest found for any of the fiber tracts associated with the cerebellum.”

Number fibers leaving and entering via superior cerebellar peduncle “Although 311,000 cerebellar nuclear cells
were found in one hemisphere, the number of axons in one superior cerebellar peduncle was found to be more
than twice this figure. This discrepancy may be caused either by the branching of the outgoing axons, as was
actually demonstrated in the brachium conjunctivum of sub-primates by Cajal, or it may be due to fibers entering
the cerebellum via this tract. The latter occurrence was demonstrated by Brodal and Gogstad (1954) who found
extensive rubro-cerebellar connections entering the cerebellum. Thus indirectly a measure is also obtained for
this additional source of cerebellar afferents. It would seem that their number should not be higher than about
half of the number of axons estimated in the superior cerebellar peduncle. Some cerebellar nuclear cells are said
to project to vestibular and reticular nuclei of the brain stem via the juxta-restiforme body, in the form of the
fastigio-bulbar tract. As the number of cells in one fastigial nucleus is only 5210, their proportion can not be
very high.”

Convergence of cerebellar input to output “There is a convergence ratio of about 1:25 to 1:38 from the Purkinje-
cells to the cells of the cerebellar nuclei. If the overall capacity of cerebellar outflow is gauged by the number of
cells found in the cerebellar nuclei, there is a proportion of about 1:40 between cerebellar afferent and of efferent
circuits.”

Range in fiber diameters “Since different speeds of conduction are related to differences in fiber diameters, it would
seem significant that the cerebellar afferent and efferent fiber systems show a considerable range in fiber diam-
eters. While fibers in the cortico-pontine system are so fine as to permit 21.85 to be accommodated in a 100
micrometer^2 area, in the inferior cerebellar peduncle only 2.71 are found over the same area. The differential
composition of these pathways as to their fiberspectrum would seem to offer some as yet untapped avenues for
research with structural as well as functional aims.”

Cerebellar convergence compared to other areas “Considering that all motor functions are under the constant reg-
ulatory influence of the cerebellum, one might have expected the ratio between the number of incoming and
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out-going fibers to be much lower than 40:1. The overall ratio between afferent and efferent fibers in all spinal
roots of one side is only 4.83:1 (Arnell, 1933).”

Possible reason for crebocerebellum connections “The vast capacity of the cortico-ponto-cerebellar system, 40
times over that of all other afferent sources combined, might find an explanation, if it is assumed, that it is
largely to function to retrieve stored information from many different areas of the cerebral cortex, while the other
afferent systems seem to be concerned with current stimuli. Thus a correlation between the numerical size of a
fiber system and its mode of functioning is implied. Whether and to what extent the numerical size of a fiber-
system might vary among individuals, being correlated to development of special skills for instance, remains to
be studied.”

Summary of paper “A survey is presented of quantitative data dealing with the numeri cal sizes of the major extrinsic
and intrinsic cerebellar cell and fiber systems. Except for the granular cells, which may by a factor of ten (Brait-
enberg et al., 1958) exceed the routinely quoted figure of 1010, said to comprise the total neuron capacity of the
human nervous system at all levels, other cerebellar systems range within more finite limits. Purkinje cells 14-25
million (Kreuzfuchs, 1902, Lojda, 1955), pontine nuclear cells 17-25 million, inferior olivary nuclear complex,
bilaterally 0.9 to 1 million neurons (Moatamed, 1966, Escobar et al., 1968), cerebellar nuclei, bilaterally 0.6 mil-
lion cells (Heidary et al., 1968). Fiber systems range, hemilaterally, the corticopontine system from 20 million
axons, down to 0.7 million neurites in the brachium conjuuctivum. There is an overall ratio of 40:1 of afferent
to efferent neurites.”

8.24 WitterL+4-2016

Notes about [WitterL+4-2016]1.

This paper shows that Purkinje cell collaterals Feed Back to Purkinje Cells and Interneurons. Experiments were done
using mice.

p. 317:

Collaterals were confined to a narrow sagittal plane but extended hundreds of micrometers within that
plane.

. . . we estimate that each PC receives input from five to ten other PCs (Figure 4). This is in good
agreement with our estimates of convergence from our synaptic labeling experiments in which each PC
forms synaptic contacts near approximately six to eight PCs (Figure 2). PC axon collateral synapses
onto PCs and MLIs could regulate activity in narrow parasagittal strips, which are likely contained
within broader zebrin bands that constitute functional units (Apps and Hawkes, 2009). Both PC
collaterals and MLI axons are restricted to narrow parasagittal planes (Gao et al., 2006; Hawkes
and Leclerc, 1989). Therefore, PC feedback regulates cerebellar activity at the output stage in these
functionally delimited zones, and could potentially act to regulate the rate or timing of firing of PCs
and MLIs.

PC collaterals could allow the output of the cerebellar cortex to feed back and control the gain of
the cerebellar cortex. Gain control by inhibitory feedback is a common mechanism to maintain the
dynamic range of neural circuits. When principal output neurons are excitatory, inhibitory feedback
requires interneurons as in the cerebral cortex (Olsen et al., 2012) and hippocampus (Freund and
Buzsa ki, 1996). When output neurons are GABAergic, as in the basal ganglia and as described here
for the cerebellum, gain control can be achieved by connections between the output cells (Brown et

1 Laurens Witter, Stephanie Rudolph, R. Todd Pressler, Safiya I. Lahlaf, and Wade G. Regehr. Purkinje Cell Collaterals Enable Output Signals
from the Cerebellar Cortex to Feed Back to Purkinje Cells and Interneurons. Neuron, 91(2):312–319, July 2016. URL: https://linkinghub.elsevier.
com/retrieve/pii/S0896627316302483, doi:10.1016/j.neuron.2016.05.037, Notes: WitterL+4-2016.html (this file).
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al., 2014). If PC collaterals control the firing rate of their targets, then PC-to-PC connections allow
PC activity to suppress the output of the cerebellar cortex. In contrast, PC-to-MLI synapses would
have the opposite effect and would suppress inhibition of MLIs to PCs, thereby providing positive
feedback. The time course and extent of feedback on PC firing rates will thus depend on collateral
con- nectivity and the balance of direct inhibition and indirect disinhibition.

Fig. 16: Figure 2 in WitterL+4-2016 [WitterL+4-2016].
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