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Since the discoveries of Camillo Golgi and Ramón y Cajal, the precise cellular organization of
the cerebellum has inspired major computational theories, which have then influenced the
scientific thought not only on the cerebellar function but also on the brain as a whole.
However, six major issues revealing a discrepancy between morphologically inspired
hypothesis and function have emerged. (1) The cerebellar granular layer does not simply
operate a simple combinatorial decorrelation of the inputs but performsmore complex non-
linear spatio-temporal transformations and is endowed with synaptic plasticity.
(2) Transmission along the ascending axon and parallel fibers does not lead to beam
formation but rather to vertical columns of activation. (3) The olivo-cerebellar loop could
perform complex timing operations rather than error detection and teaching. (4) Purkinje
cell firing dynamics are much more complex than for a linear integrator and include
pacemaking, burst–pause discharges, and bistable states in response tomossy and climbing
fiber synaptic inputs. (5) Long-term synaptic plasticity is far more complex than traditional
parallel fiber LTD and involves also other cerebellar synapses. (6) Oscillation and resonance
could set up coherent cycles of activity designing a functional geometry that goes far beyond
pre-wired anatomical circuits. These observations clearly show that structure is not
sufficient to explain function and that a precise knowledge on dynamics is critical to
understand how the cerebellar circuit operates.

© 2010 Published by Elsevier B.V.
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1. Introduction

At the end of the 19th century, the discoveries of Camillo Golgi
and Santiago Ramón Y Cayal, both Nobel Prize for Medicine
and Physiology in 1906 (Golgi, 1967; Ramón y Cajal, 1967),
raised fundamental issues about the structure–function
relationship in neuronal circuits. How do neurons contact
each other? What are the precise numerical and topological
relationships among them?The cerebellumearly attracted the
interest of the two scientists. Cajal in particular recognized
that, in the granular layer, the granule cells and Golgi cells
form densely packed aggregates of neurons receiving inputs
from the mossy fibers and generating complex interactions in
structures called glomeruli. The granule cells emit ascending
axons reaching the molecular layer and forming the parallel
fibers, contacting stellate and basket cell inhibitory interneur-
ons, and the Purkinje cells. These send their output to the deep
cerebellar nuclei, which generate the cerebellar output and
convey it to other brain areas. It was also early recognized that
the inferior olive sends climbing fibers to Purkinje cells. These
elements form a highly ordered structure, suggesting that the
relationship with function could be understood. However,
although seminal experiments shed light on general aspects
of responses elicited by peripheral stimulation, the functional
impact of mossy fibers and the role of climbing fibers inputs
remain the object of an open debate and are altogether still
unclear. In a historical perspective, we highlight how the
combination of electrophysiological and imaging techniques
and computational network modeling allows now to recon-
struct the spatio-temporal dynamics of the olivo-cerebellar
system and to propose functional hypotheses going far
beyond those inspired by the original anatomical analysis.

1.1. The historical context: the cerebellumandmotor control

The cerebellum, literally “little brain”, has always strongly
attracted the neuroscientific interest. Early functional hypoth-
esis on the cerebellum preceded and then coevolved with the
histological work of Camillo Golgi and Ramón y Cajal. At the
beginning of the 19th century, Rolando (1809) proposed that
the cerebellum was involved in motor functions but did not
clearly distinguish a specific role of cerebellum in motor
coordination. Then Flourens proposed a comprehensive
hypothesis, based on ablation experiments, about the struc-
ture–function relationship of the major components of the
central nervous system. “The properties or nervous forces are
five: sensibility, motricity, life principle, coordination of
movements and locomotion, intelligence. Each of the forces
resides in a specific organ. Sensibility in the posterior roots of
the spinal cord, motricity in the anterior roots, life principle in
the brainstem, coordination of locomotor movements in the
cerebellum, and intelligence in the cerebral hemispheres.”
(Flourens, 1858) A further step in elucidating cerebellar
functions came from Luciani (1891), who made use of
experimental and clinical observations. Luciani discovered
that cerebellum ablation in dogs and monkeys caused atonia,
asthenia, and astasia, forming a triad of symptoms still used
for clinical diagnosis of cerebellar dysfunction. Thereafter,
Gordon Holmes (1917, 1922) produced important clinical
observations from soldiers wounded during the 1st world
war and from patients with cerebellar tumors. He noted that
many of these cases were associated with voluntary tremors
and diskinesia, leading to the modern concept of ataxia.

Thus, when Camillo Golgi and Ramón y Cajal began their
histological analysis of the brain, the cerebellum was consid-
ered as a motor structure and, since then and for many years,
several functional aspects of the cerebellar circuit anatomy
have been interpretedwithin amotor control perspective.Only
later, the importance of cerebellum in coordinating emotions
and visceral functions in making sensory predictions and in
elaborating certain aspects of cognition has been recognized
(Bower, 1997; Ivry and Baldo, 1992). Given the homogeneity of
the cellular and circuit organization, these new discoveries
imply the existence of a basic cerebellar module developing a
“general cerebellar algorithm”. The connectivity of numerous
such modules with various cortical and subcortical centers
would determining the diversity of function now attributed to
the different parts of the cerebellum (Cerminara and Apps,
2010).

1.2. The insight from early histological observations: the
cerebellum according to Golgi and Cajal

Amajor advancement toward understanding cerebellar circuit
function came from the histological analysis. In 1873, Golgi
announced the black reaction and in 1874 published the work
entitled “On the fine anatomy of human cerebellum” (Golgi,
1874; Mazzarello, 2010), in which he described the whole
cerebellar cytoarchitecture making basic hypotheses on cell
connectivity and function. The work of Golgi completed the
knowledge of the main cellular elements of the cerebellum:
the Purkinje cells and stellate cells in the molecular layer, the
granule cells and the Golgi cells (and also probably the Lugaro
cells) in the granular layer (Galliano et al., 2010). In this work,
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Fig. 1 – The elements of the cerebellar cortex at the time of the
discovery. This drawing represents the main cellular ele-
ments of the cerebellar cortex revealed by Golgi staining at
the end of the 18th century. (A) Cellular elements in a
parasagittal section of a cerebellar folium, in which we can
recognize Purkinje cells (PC), stellate and basket cells (SC/BC),
Golgi cells (GoC), granule cells (GrC), mossy fibers (mf) and
parallel fibers (pf: cut in this section), neuroglial cells (NG).
The relationships between cellular elements are still poorly
defined here but will become evident with Ramón y Cajal
(1909, e.g., see figures 103 and 104 therein). Notably, BCs
seem tomake contacts onto PCs (arrow), but no relationships
are defined yet between mfs and GrCs or between pfs and
PCs, and the cerebellar glomeruli are not indicated. (B) This
plate shows the granule cells, nicely depicting their dendrites
and their ascending axon (aa) bifurcating into parallel fibers
(pf). Clearly, while the most relevant elements are repre-
sented, the concepts of synapse and network are not yet well
defined. From Van Gehuchten (1891).
Golgi illustrated for the first time the structure of the Purkinje
cells and of their dendritic processes. Then Golgi analyzed the
prolongations of the various cerebellar neurons hypothesizing
their functional role in a more comprehensive work, “On the
fine anatomy of the central nervous system organs” (Golgi,
1885). Translating literally from his book:

“It seems obvious to me to consider the cells, whose
prolongations go directly to form a nervous fibre, as organs
with a direct influence on peripheral parts; they would
likely be organs connected with motor activity. The other
cells, about which I am sure to exclude a direct connection
with the fibres that go from the periphery to the centre,
seem to me organs connected to sensory activity, or even
with automatic actions. In the filaments emanating from
the nervous prolongations of this second category of cells,
it is easy to recognise a central communication way
between the distinct categories of nervous elements.”

Golgi noticed that Purkinje cell axons project out of the
cerebellum and hypothesized for these cells a motor function.
He did not find a similar extra-cerebellum projection from
granule cells, so he ascribed them to the sensory or “auto-
matic” function. Moreover, Golgi tried to give a role to the Golgi
cells (which he called “big nervous cells”, the name “Gol-
gi'schen Zellen” was introduced by Retzius, 1892): thinking
about the fact that their impressive axonal plexuses do not go
out of the cerebellum, he guessed that Golgi cells are local
connectional elements. Camillo Golgi also hinted to a possible
relationship of the Golgi cells with a structure (“nucleo
granuloso”) later named glomerulus by Ramón y Cajal. So, in
1885, the bases for understanding the cellular organization of
the cerebellar cortex were revealed, and the observations were
extended by several scientists (Fig. 1 reports drawings from
the anatomist, Van Gehuchten, 1891; see also Fusari, 1883;
Koelliker, 1891; Van Gehuchten, 1893).

Ramón y Cajal, by applying the black reaction invented by
Golgi, proceeded through a systematic investigation of the
“fine anatomy” of the cerebellum, to which he dedicated some
works (Ramón y Cajal, 1888, 1889a,b) and many pages of his
“Histology of the nervous system of man and vertebrates”
(Ramón y Cajal, 1899, 1904, 1909, 1911, 1995). He extended the
analysis of the granular layer neurons identifying four main
components: small and abundant granule cells, large rare
neurons different from granule cells, cytoplasmatic eosinophil
islands (the glomeruli), and poor glial cells. Among the “large
cells” group, he identified the Golgi cells and horizontal
fusiform cells quite certainly corresponding to Lugaro cells.
Moreover, he noticed “non-conventional large interneurons”
probably including what we now call unipolar brush cells,
synarmotic neurons, candelabrum neurons, and perivascular
neurons (Ambrosi et al., 2007). Ramón y Cajal dedicated
special attention to the cerebellar glomeruli, which he
described as vacuolar dendritic cytoplasmatic islands contain-
ing granule cells dendrites, Golgi cells axonal collaterals, and
mossy fibers rosettes. The cerebellar glomerulus appeared
therefore as a structure in which mossy fibers and Golgi cells
were able to contact and influence a huge number of granule
cells. In the molecular layer, Ramón y Cajal described the
Purkinje cells and differentiated the stellate from basket cells.
Moreover, he described the deep cerebellar nuclei and the
inferior olive and their fundamental relationships with the
Purkinje cells, revealing the parallel fiber organization and the
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climbing fiber connections. These observations have driven all
subsequent studies aimed at understanding the structure–
function relationships in the cerebellum and still provide
inspiration to current research.

1.3. Early neurophysiology and the cerebellar theories:
strength and weakness

A step ahead in the neurophysiology of the cerebellum
occurred in the 1960s and 1970s through electrophysiological
recordings in vivo and was summarized in seminal books
(Eccles et al., 1967b; Palay and Chan-Palay, 1974; Ito et al.,
1982). It was discovered that Golgi cells inhibit granule cells,
providing the first demonstration of a central inhibitory
neuron (Eccles et al., 1964). Then it was found that all the
other neurons in the cerebellar cortex are inhibitory, with the
exception of the granule cells. Therefore, the cerebellum
appeared as an inhibitory loop controlling the deep cerebellar
nuclei, in which excitation is conveyed to PC through the
mossy fiber–granule cell–parallel fiber pathway and the
inferior olive–climbing fiber pathway. The reaction times of
the cellular elements to peripheral stimulationwere described
leading to the idea that the cerebellum worked as a timing
computer (Eccles et al., 1973).

These ideas were synthesized by two main theories: Eccles
proposed the Beam Theory (Eccles et al., 1967a; Eccles, 1973)
and Marr and Albus the Motor Learning Theory (Marr, 1969;
Albus, 1971; Fujita, 1982). Later on, Ito developed the forward
controller theory (Ito, 1978, 1984, 1993, 2008), which considers
the cerebellar function in the context of motor system control.
Since then, the view of how the cerebellum operates has been
crystallized on three main concepts: (1) the cerebellum
operates by decorrelating the inputs and controlling gain in
the granular layer and by detecting known patterns in Purkinje
cells; (2) pattern recognition in Purkinje cells is regulated by
memory storage at the parallel fiber–Purkinje cell synapse
under climbing–fiber control; (3) when unfamiliar patterns are
detected, the Purkinje cells change their firing rate and
regulate activity in the DCN, thereby emitting the corrections
signal required to control behavior.

Two main problems of the Marr–Albus–Ito theory are that
some of its principles have not been demonstrated and that it
does not explicitly consider timing as a critical element for
cerebellar computation.Underadifferentperspective, theparallel
fiber timing hypothesis maintained that different delays in
parallel fiber activity would be critical for explaining cerebellar
functioning (Braitenberg, 1967; Braitenberg et al., 1997). Although
conduction delays are probably marginal, the timing issue is
relevant and has been supported recently by electrophysiological
data and cognitive experiments. The timinghypothesis is gaining
particular relevance in front of the continuous afflux of new
information on cellular and circuit dynamics (see below).

Other more abstract approaches have also been developed.
The mathematical foundations of the Marr–Albus–Ito hypoth-
esis have been investigated through the Adaptable Filter
Theory (for a review, see Dean et al., 2010). The Tensor
Network Theory implies that the cerebellum acts as a metric
tensor establishing a geometry for the central nervous system
motor hyperspace (Pellionisz and Llinas, 1979, 1980, 1982; Roy
and Llinas, 2008).
1.4. Toward new concepts in cerebellar physiology

Recent experimental data indicate that the cerebellum operates
in a much more complex manner than predicted by the Beam
andMotor Learning theories, so that their operational principles
largely based on anatomical observations can be disputed.
Schematically, (1) the mechanisms of the granular layer go far
beyond simple decorrelation (D'Angelo et al., 2009), (2) long-term
synaptic plasticity does not occur only in the parallel fibers
(Hansel et al., 2001; D'Angelo et al., 2009), (3) the IO operates as a
complex timing system and not simply to control Purkinje cell
plasticity (Jacobson et al., 2008).Moreover, the cerebellar neurons
without any exceptions, and especially the Purkinje cells and the
DCN cells, (4) have operative states that go far beyond the
concept of firing rate regulation (Jacobson et al., 2009). This
means that knowledge on the functioning of neuronal networks
of the cerebellum is insufficient at the very least and that new
experimental and computational tools are needed to investigate
cerebellar network function and dynamics.

It is thus evident that the histological analysis of Golgi and
Ramón y Cajal, combined with functional observations,
opened remarkable questions for neuroscience. The cerebel-
lum contains more than half the neurons of the whole brain
(Herculano-Houzel, 2010) but only a limited number of
neuronal types organized with a well-ordered architecture. It
is fundamental for sensory–motor control but is now emerging
as a central controller for emotional and cognitive functions
probably exploiting the same computational modules (Gao et
al., 1996; Bower, 1997; Ivry and Baldo, 1992). The cerebellum,
despite its high number of cells with respect to the cerebral
cortex (3.6:1; Herculano-Houzel, 2010) has little to do with
consciousness, setting a definite difference between the two
structures. In turn, whereas the cerebral cortex takes
hundreds of milliseconds to elaborate a response, the
cerebellum is extremely fast and reacts in milliseconds. So,
what is the essence of cerebellar computations?

1.5. Functional dynamics of the cerebellar granular layer:
beyond input decorrelation and gain control

A first example of how the anatomical observations of Golgi and
Ramón y Cajal have opened the analysis of structure–function
relationships concerns the granular layer. One of the most
apparent aspects of histological analysis of the cerebellum is the
combinatorial organization of the granular layer (Marr, 1969),
which has inspired the hypothesis of signal decorrelation. This
hypothesis originated from theobservation that granule cells are
much more numerous of the mossy fibers. Therefore, signals
could diverge over many more lines than in the input, allowing
decorrelation of common components. The Golgi cells could
control transmission along these lines regulating transmission
gain. However, two problems arise. First, signal decorrelation is
probablyonlypartly explainedby theanatomical arrangementof
the granular layer and could be enhanced by intrinsic neuronal
responsiveness and synaptic plasticity. Secondly, additional
properties not necessarily related to signal decorrelation could
also be expressed in the granular layer circuit.

The granular layer has been recently shown to transform
incoming signals bymakinguse of specific cellularmechanisms
controlling excitation, inhibition, oscillation, and plasticity
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(different aspects are reviewed in Farrant and Nusser, 2005;
D'Angelo, 2008; D'Angelo and De Zeeuw, 2009). A basic
observation is that the mossy fibers generate spike bursts
following punctuate sensory stimulation (Chadderton et al.,
2004; Jorntell andEkerot, 2006; Rancz et al., 2007). Theanalysis of
responses to such bursts has inspired numerous subsequent
developments. (i) By virtue of Golgi cell lateral inhibition, the
granular layer response to mossy fiber bursts are spatially
organized in center–surround, where excitation prevails in the
center and by inhibition in the surrounding areas (Mapelli and
D'Angelo, 2007). (ii) By virtue of Golgi cell feed-forward
inhibition, the granular layer generates a time-window effect
limiting the duration and intensity of the output (Nieus et al.,
2006, D'Angelo and De Zeeuw, 2009). (ii) By exploiting specific
properties of NMDA and GABA receptors, the granular layer
behaves as a high-pass filter allowing patterns over 50 Hz to be
optimally transmitted (Mapelli et al., 2010a). (iv) By exploiting
extended feed-back inhibition through Golgi cells, the granular
layer can sustain coherent oscillations (Maex and De Schutter,
1998) synchronizing large granule cell fields (Pellerin and
Lamarre, 1997; Hartmann and Bower, 1998). Synchronous
oscillations were also shown to exploit electrical junctions
between Golgi cells (Dugue et al., 2009). The oscillations are
enhanced when bursts are conveyed in the theta-frequency
band due intrinsic cellular resonance (D'Angelo et al., 2001;
Solinas et al., 2007a,b). (v) In response to specific burst patterns,
the granular layer generates long-term synaptic plasticity at the
mossy fiber–granule cell synapse. Since induction is regulated
by synaptic inhibition (which controls membrane depolariza-
tion and therefore the level on NMDA channel unblock and
calcium influx), LTP dominates in the center and LTD in the
surround of the response fields, consolidating specific geome-
tries of activity. (vi) Finally, without requiring the burst activity
regime, the granular layer can operate gain control operations
exploiting tonic inhibition in the glomerulus (Mitchell and
Silver, 2003). But how do these observations contribute to signal
decorrelation and to extend our understanding of cerebellar
functioning?

Using a realistic computational model of the granular layer
(Solinas et al., 2010), it has been possible to evaluate the impact
of cellular and synaptic dynamics on circuit computations.
Burst stimulation of a small mossy fiber bundle results in
granule cell bursts delimited in time (time windowing) and
space (center–surround) by network inhibition. This burst–burst
transmission showsmarked frequencydependence configuring
a high-pass filter with cutoff frequency around 100 Hz. The
contrast betweencenter and surroundproperties is regulatedby
the excitatory–inhibitory balance. The stronger excitation
makes the center more responsive to 10- to 50-Hz input
frequencies and enhances the granule cell output (with spike
occurring earlier and with higher frequency and number)
compared to the surround. Synaptic plasticity at the mossy
fiber–granule cell relay, by exploiting changes in neurotrans-
mitter cycling, can fine tune the transmission properties of the
center–surround structure. The center by generating LTP reacts
to spikes bursts over a broader input frequency range emitting
new bursts with shorter delay and higher number of spikes
compared to the surround (which is dominated by LTD).

An emerging novel hypothesis is that the granular layer
network behaves as a complex set of filters operating in the
space, time, and frequency domains, and that this filter can be
adapted through long-term synaptic plasticity and coordinat-
ed by theta-frequency oscillations. Thus, the original idea of
input decorrelation may be extended to temporal dynamics of
circuit activity and in particular to spike timing, an aspect that
deserves specific future investigations.

1.6. Transmission along the ascending axon and parallel
fibers: not exactly beam formation

Another example in which pure anatomical considerations
proved insufficient to understand the underlying circuit
dynamics is that of transmission of signals from the granular
to the molecular layer. Ramón y Cajal showed that parallel
fibers, after dividing into two opposite branches originating
from the ascending axon of granule cells, travel transversally
for millimeters contacting numerous Purkinje cells. This
characteristic organization has inspired the idea that signals
generated by granule cells are conveyed along the parallel
fibers activating beams of Purkinje cells (the “Beam Theory”:
Eccles et al., 1967b; Braitenberg et al., 1997). Activation of
beams is indeed observed using parallel fiber stimulation (e.g.,
see Vranesic et al., 1994; Baginskas et al., 2009). However,
punctuate stimulation in vivo causes a prominent vertical
activation of Purkinje cells overlaying the active granular layer
areas (Bower and Woolston, 1983; Cohen and Yarom, 1998;
Hartmann and Bower, 2001; Lu et al., 2005; Rokni et al., 2008). A
possible explanation was that vertical activation could reflect
either differential synaptic density or strength or differential
spike delays along the ascending granule cell axon compared
to parallel fiber synapses. The original proposal by Llinas on
the ascending branch influence did not assume a difference in
the strength of individual synapses of both types, but instead
proposed a difference based on the timing of the inputs (Llinas
and Sugimori, 1980a,b). This hypothesis was supported by the
demonstration of the functional equivalence of the two inputs
(Isope and Barbour, 2002; Walter et al., 2009), although
differences in terms of long-term synaptic plasticity have
been reported (Sims and Hartell, 2005, 2006). Alternatively,
differential properties of synaptic inhibition could be critical
(Cohen and Yarom, 1998; Santamaria et al., 2007; Bower, 2010).

Clearly, solving the issue also depends on the development
of appropriate recording and analysis methods. For instance,
initially voltage-sensitive dye recordings did not allow one to
determine the specific cellular components contributing to the
signals (e.g., Cohen and Yarom, 1998) while a more strict
correspondence has recently been achieved with high-resolu-
tion techniquesand simultaneous imaging-patchclamprecord-
ings in sagittal and coronal slices (Mapelli et al., 2010a,b). These
investigations have revealed that optimal responses to mossy
fiber input trains occurred for input frequencies over ~50 Hz in
the granular layer and over ~100 Hz in the overlaying Purkinje
cells. Conversely, Purkinje cell excitation along the parallel
fibers occurred already at low frequency (<10 Hz) and did not
improvewith input frequency. The efficacy of GABA-A receptor-
dependent inhibition increased passing from the granular to
molecular layer and explained the different frequency-depen-
dent responses in these subcircuits. Thus,whilemolecular layer
mechanisms could enhance vertical transmission of high-
frequency bursts, inhibitory systems in the molecular layer
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would prevent diffusion of such amplified responses along the
parallel fibers.This result indicates that bothspots andbeamsof
excitation can coexist although with different dynamic proper-
ties. It should be noted that another mechanism proposed to
regulate gain at the mossy fiber–granule cell relay is based on
tonic inhibition in the glomerulus (Mitchell and Silver, 2003;
Arenz et al., 2008). This, however, may not be sensitive to rapid
frequency changes between or during bursts.

1.7. The olivo-cerebellar loop: not just error detection and
teaching

The histological observations have also profoundly influenced
the interpretation of the olivary–cerebellar loops. By consid-
ering the different anatomical origin of parallel fibers and
climbing fibers and their double innervation of Purkinje cell, it
was assumed that climbing fibers, originating from the
inferior olive play a fundamental role for motor learning
(Marr, 1969; Albus, 1971; Ito et al., 1982). This anatomical
contrast between the single convergence of a climbing fiber on
each Purkinje cell and the massive number of parallel fiber
inputs provided the sole basis for the Marr–Albus theory as
explained in the chapter below (Ito, 1984). However, soon
thereafter, new insight arose from the investigation of
neuronal dynamics leading to an alternative hypothesis: the
olivo-cerebellar loop may work as a timer for motor activity
(Llinas, 1988; Welsh et al., 1995).

Recently, this alternative hypothesis has been expanded,
considering the olivo-cerebellar loop as a generator of temporal
patterns (Yarom and Cohen, 2002; Jacobson et al., 2008, 2009).
This hypothesis postulates that the temporal patterns are
encoded in the complex-spike trains and is based on three
assumptions supported by experimental evidence: (1) inferior
olivary neurons form a network of electrically coupled cells,
where the coupling is modulated by inhibitory input from the
DCN. Only in a network configuration, the neurons generate
propagating waves of subthreshold oscillations. (2) The electri-
cal synapses in the inferior olive operate only in the absence of
inhibitory input from the deep cerebellar nuclei. Hence, olivary
networks aredynamically andcontinuously reassembled by the
activity pattern of theGABAergic projection neurons of thedeep
cerebellar nuclei. (3) Cerebellar Purkinje cells display bimodal
dynamics of spiking activity (see below). These observations
suggest that a request for specific patterns delivered via the
mossy fiber system is translated into patterns of olivary activity,
which can in turn reorganize activity in specific sections of the
cerebellar cortex by sending climbing fiber signals to Purkinje
cell organized in sagittal bands.

1.8. Purkinje cell firing dynamics:muchmore than synaptic
integration

Histology inspired the first hypothesis about Purkinje cell
functions, since these neurons collect signals generated from
about 200,000 granule cells and may therefore operate as
integrators. The prototype of this behavior, the ‘integrate-and-
fire’ neuron, is far too simple compared to the unique features
endowing Purkinje cells (De Schutter and Bower, 1994a,b).
These neurons have a large dendritic tree processing synaptic
inputs and a somatic compartment (including the initial
segment) responsible for action potential generation. While
synaptic potentials, generated by both parallel and climbing
fibers, can easily reach the soma, spikes cannot travel
efficiently into the dendritic tree. Moreover, these neurons
have a complex set of ionic channels distributed unequally
over the compartments, generating a rich repertoire of
electroresponsive properties including, bursting, rebounds,
and pauses (Llinas and Sugimori, 1980a,b).

The Purkinje cells generate simple and complex spikes in
response to parallel fiber and climbing fiber inputs. These
synaptically driven events modulate a basal activity state
generating bursts and pauses. Moreover, recent observations
suggest the possibility that Purkinje cells operate as bistable
elements (Loewenstein et al., 2005), although the occurrence
of this observation in vitro as well as in vivo is still under debate
(Schonewille et al., 2006; Yartsev et al., 2009). Membrane
potential can switch between two stable levels, partially (but
not strictly) under the control of simple and complex spikes.
Current injections as well as synaptic inputs (either excitatory
from parallel and climbing fibers or inhibitory from molecular
layer interneurons) can bidirectionally shift the Purkinje cell
states (Rokni et al., 2009). Moreover, neuromodulators such as
serotonin (Williams et al., 2002) or CRF (corticotropin-releasing
factor) have a significant impact on the ease and rapidity of
the state transitions. Eventually, firing of simple spikes occurs
exclusively during the depolarized state, with or without
synaptic input.

Hence, a simplistic integrate-and-fire view is unacceptable
for Purkinje cells. Rather, it is likely that their spontaneous
firing sets the baseline activity of deep cerebellar nuclear
neurons, that this activity is modulated by accelerating and
decelerating firing frequency (burst–pause behavior) under
control of synaptic inputs. In specific functional conditions,
Purkinje cell responsivenessmay be related to bistable activity
states.

1.9. Cerebellar long-term synaptic plasticity: beyond parallel
fiber LTD

Synaptic modification as a possible cellular basis of learning
was initially proposed by the Italian psychiatrist Eugenio Tanzi
and by Cajal, then by Sigmund Freud (for a review, see
Mazzarello, 2010). However, a comprehensive theory on
synaptic plasticity appeared on the scene many years later
(Hebb, 1949). Marr (1969) and Albus (1971) predicted that
cerebellar learning should occur with some form of plasticity
between parallel fibers and Purkinje cells under control of
climbing fibers. The climbing fibers originating from the
inferior olive were assumed to play the role of a teacher,
instructing the cerebellar cortex to modify its connectivity in
order to copewith newmotor demands. Parallel fiber–Purkinje
cell “LTP” was predicted by Marr and reversed into “LTD” by
Albus: LTD was in fact discovered more than a decade later by
Ito (Ito et al., 1982). The resonance of this discovery can be
compared to that of LTP in the hippocampus (Bliss and Lomo,
1973), which followed Hebb's postulate on brain plasticity
(Hebb, 1949). In 1984, J.C. Eccles said: “For me the most
significant property of the cerebellar circuitry would be its
plastic ability, whereby it can participate in motor learning,
that is the acquisition of skills. This immense neuronal
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machinewith thedouble innervationof Purkinje cells begins to
make sense if it plays a key role inmotor learning… it could be
optimistically predicted that the manner of operation of the
cerebellum inmovement and posturewould soon be known in
principle” (from the foreword to Ito, 1984). For more than a
decade, the dominant idea had been that LTD was not just the
most important but also probably the only relevant form of
plasticity in the cerebellum. For instance,Marr (1969) explicitly
negated the possibility that mossy fiber–granule cell synaptic
weights could bemodified by activity. He noted that “sooner or
later all weightswould be saturated” and so plasticitywould be
unuseful. Marr's model does not include any mf-grc synaptic
plasticity, although the subsequent extension due to Albus
(1971) is more permissive. However, this view was challenged
by new experimental facts.

Although parallel fiber LTD can be robustly reproduced in
vitro, its demonstration in vivo has remained partial and its
involvement in physiologically relevant behaviors has been
questioned (Raymondet al., 1996; De Schutter, 1998; Coesmans
et al., 2004; De Zeeuw and Yeo, 2005). In turn, several novel
forms of plasticity have been demonstrated. Taking the move
from the consideration that NMDA receptors, the main res-
ponsible of LTP induction in the brain (Bliss and Collingridge,
1993), are abundantly expressed in granule cells, experiments
were undertaken demonstrating that LTP can indeed be
generated by mossy fiber bursts at the mossy fiber–granule
cell synapse (D'Angelo et al., 1999; Armano et al., 2000). In
addition to LTP, mossy fiber–granule cell LTD was also
demonstrated. LTP and LTD were related through a bidirec-
tional learning rule based on intracellular calcium concentra-
tion changes driven by NMDA receptors (Gall et al., 2005;
D'Errico et al., 2009) and showed a reciprocal spatial distribu-
tion (Mapelli et al., 2007) preventing the detrimental “satura-
tion” of plasticity predicted by Marr. Once appropriately
implemented into a model based on the Marr–Albus–Ito
theory, mossy fiber–granule cell LTP and LTD proved able to
improve motor learning and performance (Schweighofer and
Ferriol, 2000; Schweighofer et al., 2001).

Mossy fiber–granule cell LTPwas the first form of cerebellar
long-term synaptic plasticity to be demonstrated following
parallel fiber–Purkinje cell LTD. This finding was soon
followed by numerous others revealing novel forms of
plasticity at the parallel fiber–Purkinje cell synapse and at
the Purkinje cell–DCN synapse (reviewed in Hansel et al., 2001;
Ito, 2006). For all of these, the experimental results are now
sufficiently clear to formulate appropriate learning rules and
gating processes (e.g., see Schweighofer and Ferriol, 2000;
Schweighofer et al., 2001; Coesmans et al., 2004; Hansel et al.,
2006; D'Errico et al., 2009). Thus, the cerebellar network is
plastic in a more extended sense than originally envisaged.
The functional meaning of this extended plasticity in compu-
tational terms remains largely to be assessed.

The plasticity issue requires further comments. First of all,
just because a synapse can be shown to be plastic does not
necessarily mean that it is involved in “learning” in the
classical sense. It is likely that at some level, all synapses in
the brain are plastic, the question is for what functional
purpose. For example, the classical parallel fiber–Purkinje cell
LTD is Hebbian and supervised in nature, while the aforemen-
tioned mossy fiber–granule cell LTP and LTD are Hebbian but
unsupervised, with fundamentally different impact on learn-
ing andbehavior. In fact, as far aswe canunderstand, plasticity
in the granular layer could tune the response timing of specific
granule cells and therefore the activation patterns of Purkinje
cells rather than “motor learning” directly. Secondly, some
forms of LTD appear to be trans-synaptic. That makes
cerebellar learning, if it happens, explicitly not Hebbian. The
apparent fact that active parallel fiber synapses can influence
theweights of inactive parallel fiber synapses is a fundamental
problem for traditional theories of cerebellar Purkinje cell
learning (Hansel et al., 2001).

1.10. Cerebellar synchrony, oscillations, and resonance

Although Golgi had no tools for understanding network
functions, he had the intuition that a “network” structure was
required in order to explain brain functioning. Inmodern terms,
we would say that neuronal activities are locally coordinated
though specific membrane and synaptic mechanisms.

The first hints that the cerebellum might generate coordi-
nated activities were raised by the discovery of gap junctions
(the molecular correlate of the electrical synapses) in
the inferior olive between olivary neurons and in the
molecular layer between stellate cells (Sotelo and Llinas,
1972; Mann-Metzer and Yarom, 2000). More recently, gap
junctions have been observed in the granular layer between
Golgi cells (Dugue et al., 2009; Vervaeke et al., 2010). It was then
observed that, as well as othermajor systems of the brain (like
the thalamo-cortical system), also the olivo-cerebellar system
can generate rhythmic activities (reviewed in D'Angelo, 2008;
De Zeeuw et al., 2008). In addition, intrinsic neuronal
properties can contribute to generate oscillations: the inferior
olivary neurons can generate theta-frequency oscillations,
and recently, a similar property has been found in Golgi cells
(Dieudonne, 1998; Forti et al., 2006).

Low-frequency oscillations are fundamental for several
neurophysiological processes, including sensory–motor con-
trol, the formation of memories and sleep (for a review, see
(Buzsaki, 2006). Sensory–motor control is based on 6- to 9-Hz
oscillations (Gross et al., 2005) spreading through a cerebro-
cerebellar loop involving cerebral cortical areas (prefrontal
cortex, PFC; premotor cortex, PMC; primary sensory–motor
cortex, S1-M1; posterior parietal cortex, PPC), cerebellum,
thalamus, and back to the cerebral cortex (Schnitzler et al.,
2009). The fundamental operations controlled by cerebro-
cerebellar loop are explained through the “timing hypothesis”
(the temporal goal is a requisite component of the task
representation, Timmann et al., 1999) and the “sensory
prediction” hypothesis (match between the predicted and
actual sensory outcome of motor commands, Ebner and
Pasalar, 2008; Timmann et al., 1999; Ivry et al., 2002; Ivry and
Spencer, 2004; Spencer and Ivry, 2009). The proposed functions
of the cerebro-cerebellar loop include motor sequence gener-
ation, sensory–motor control, switching of attention and
decision making. Some circuit elements of the cerebro-
cerebellar loop can intrinsically generate and sustain the
rhythmwhile others are probably entrained by circuit activity.
These two mechanisms, entraining and being entrained, are
probably not disjoined because large-scale brain oscillations
are collective processes, in which coalitions of neurons
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transiently reinforce their reciprocal interaction (Buzsáki,
2006). Voluntary movement causes oscillatory activity in the
prefrontal areas, which then propagates to the PMC, S1-M1,
PPC and is then relayed to the cerebellum (through pontine
nuclei). The cerebellum may therefore initially be entrained
and then participate to reinforce theta-band oscillations in the
cerebro-cerebellar loop.

Both the granular and molecular layer can be entrained
into theta-frequency cycles driven by the cerebral cortex
(Courtemanche et al., 2009; Ros et al., 2009). The granular layer
spike patterns, once recognized by Purkinje cells, could set up
theta-frequency oscillations in specific subsection of the
inferior olive–Purkinje cell–deep cerebellar nuclei system
(see above). Due to climbing fiber branching, this activity
would affect specific groups of Purkinje cells located along the
sagittal axis. The parallel fibers (which can reliably transmit at
low frequency, see above) could drive into the theta-frequency
Purkinje cell beams located along the transverse axis. The
final effect would be a positive interference of theta-frequency
activity in Purkinje cells that lie at the intersection between
the transverse (parallel fiber-driven) and sagittal (climbing
fiber-driven) groups. This mechanism could provide the
necessary coherence for multiple inputs occurring in different
regions of the cerebellum, extending the concepts of congru-
ence of climbing and mossy fiber signals (Brown and Bower,
2002; Kistler and De Zeeuw, 2003).

1.11. Recapitulation: what remains of the early intuitions
from structure?

As was clearly expressed by Arbib and colleagues (Arbib et al.,
1998; Arbib and Erdi, 2000), the three key elements for
understanding brain circuit functions are “structure, function,
and dynamics”. What is amazing when looking backward to
the discovery of cerebellar neurons and fibers is the intuition
that Golgi and Cajal had on the general properties of the
cerebellum. Clearly, they could not imagine the complexity of
neuronal and circuit dynamics. But their struggle oscillated
between two poles, the role of single neurons and that of the
circuit they are part of. Historically, first Golgi observed the
morphological characteristics of nerve cells and heralded the
so-called reticularist hypothesis, while Cajal subsequently
became the paladin of the neuron doctrine, the pillar of
modern neuroscience. That network interactions are funda-
mental is now very clear, obviously in a way different from
what Golgi believed: in other words, he proposed a wrong
explanation for a right question (Kruger, 2007; Kruger and Otis,
2007; Galliano et al., 2010). This struggle led to hypothesize the
existence of the synapses and to found the neuron doctrine
more than to reveal the intimate functions of the cerebellum.
In fact, subsequent history of cerebellar investigations has
been characterized by several “morpho/functional discrepan-
cies” (Bower, 1997, 2002; Rokni et al., 2008) based on assump-
tions derived from the pure anatomical observation. These
interpretations concerned the role of mossy, parallel, and
climbing fibers, along with that of the main neurons, granule,
and Purkinje cells. Aftermore than one century, investigations
making use of sophisticated electrophysiological, imaging,
and computational techniques are opening new views on how
the cerebellar structure may operate.
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