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Simple Summary: One of the main theories regarding how the brain functions is that plasticity
modifies the effectiveness of synaptic transmission to control the signals transfer function. It has
been demonstrated that the granular layer in the cerebellum regulates the gain of signals that travel
via the mossy fiber channel. Up until now, the influence of plasticity on incoming activity patterns
was examined through a combination of computational modeling and electrophysiological
recordings in cerebellar slices. This approach revealed a wide range of distinct types of synaptic
plasticity in the granular layer, frequently in conjunction with changes in intrinsic excitability. Here,
we try to give a quick summary of the most common types of plasticity observed at excitatory
synapses formed by mossy fibers onto principal neurons in the granular layer. Next, we will
emphasize our current understanding of the mechanisms behind synaptic and intrinsic plasticity
and how they affect function, offering important new perspectives on how information is
interpreted and rearranged at the cerebellar input stage.

Abstract: A central hypothesis on brain functioning is that plasticity regulates the signals transfer
function by modifying the efficacy of synaptic transmission. In the cerebellum, granular layer has
been shown to control the gain of signals transmitted through the mossy fiber pathway. Until now,
the impact of plasticity on incoming activity patterns was analyzed by combining
electrophysiological recordings in acute cerebellar slices and computational modeling, unraveling
a broad spectrum of different forms of synaptic plasticity in the granular layer, often along with
forms of intrinsic excitability changes. Here, we attempt to provide a brief overview of the most
prominent forms of plasticity at excitatory synapses formed by mossy fibers onto principal neurons
(granule cells, Golgi cells and unipolar brush cells) in the granular layer. Specifically, we will
highlight current understanding of the mechanisms and their functional implications of the synaptic
and intrinsic plasticity, providing valuable insights into how inputs are processed and reconfigured
at the cerebellar input stage.
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Long-lasting changes in synaptic connectivity within neural networks are key to shape the
activity of neuronal populations [1,2]. Despite being overlooked in classical cerebellar theories [3,4],
empirical studies and computational modeling have unraveled a broad spectrum of synaptic and
intrinsic plasticity mechanisms in the granular layer, providing valuable insights into how inputs are
processed and reconfigured at the cerebellar input stage.

1. Plasticity in Granule Cells

A multitude of inputs from various brain regions are conveyed via mossy fibers into the granular
layer [5-7]. Within this layer, mossy fibers branch out across different folia, creating multiple
ramifications. Each branch then gives rise to numerous rosettes, which are central components of the
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cerebellar glomeruli [7,8]. These rosettes consist of presynaptic elements characterized by multilobed
grooves, where dendrites from tens of granule cells establish contact. Completing the cerebellar
glomerulus are the axons of Golgi cells and their basal dendrites, which receive input from mossy
fibers and ascending axons of granule cells [9]. Over the past decades, studies have revealed that
prolonged high-frequency discharges of mossy fibers, extending beyond a specific duration, induce
long-term potentiation (LTP) at the mossy fiber-granule cell synapse [10-12]. The induction of mossy
fiber-granule cell LTP hinges on intricate changes in intracellular calcium concentrations,
orchestrated by a complex interplay of key factors. First, NMDA receptors (NMDARs) serve as the
primary conduits for Ca? influx, together with metabotropic glutamate receptors 1 (mGluR1s) that
enhance this process via the inositol trisphosphate (IPs) intracellular pathway [11,13-15]. Secondly,
activation of voltage-dependent calcium channels (VDCCs) prompts membrane depolarization and
the generation of repetitive spike discharges, significantly contributing to LTP induction [10]. Thirdly,
intracellular Ca? signal modulation through Ca?-induced Ca? release (CICR) contributes to long-
term plasticity by amplifying and prolonging calcium signals [16-18]. At different synapses, LTP
controls numerous functional aspects of the synapse, including neurotransmitter release, spillover,
and postsynaptic receptor gating and expression [19-21]. Based on patch-clamp recordings and
mathematical modeling, mossy fiber-granule cell LTP is manifested by an increased probability of
neurotransmitter release [22,23]. However, advancing from the discovery of LTP at the mossy fiber-
granule cell synapse, our understanding of plasticity mechanisms in cerebellar granule cells has
evolved, uncovering a new layer of complexity (Figure 1).
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Figure 1. Multiple forms of long-term plasticity at mossy fiber-granule cell synapse. (A)
Application of 1-100 continuous mossy fiber stimuli at 100 Hz revealed a net LTD at 100 ms bursts, a
neutral point at 250 ms, and an LTP at 500 ms. LTP tends to plateau with trains lasting >500 ms. The
bottom (LTD) and top (LTP) traces show granule cell response during 100 ms and 1000 ms burst
duration, respectively. Data are reported as mean + SEM (adapted from [30]). (B) LTP or LTD were
differentially induced by using the same number of impulses (100) at different frequencies. The
probability of obtaining LTD is high at 1 Hz, while that of obtaining LTP is high at 50 Hz, with a
neutral point around 8 Hz. The bottom (LTD) and top (LTP) traces show granule cell response during
100 stimuli at the frequencies of 1 Hz and 100 Hz, respectively. Data are reported as mean + SEM
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(adapted from [28]). (C) Spike timing-dependent plasticity (STDP) was induced pairing an EPSP
evoked by mossy fiber stimulation with a spike elicited by current injection into the granule cell. The
spike followed or preceded the onset of the EPSP by At = +5, +25, +50, and +100 ms. Pairings was
repeated 60 times at 6 Hz. Average plot represents EPSC amplitude changes for different At. Note the
striking transition from maximal LTP to maximal LTD over the narrow time window ~0 ms. The
bottom (LTD) and top (LTP) traces show granule cell response during STDP induction protocol at At
= -25 ms and At = +25 ms, respectively. Data are reported as mean + SEM (adapted from [45]). (D)
Effect of TBS delivered from holding potential of =50 mV. Exemplar recording showing that LTP is
manifest as an EPSP increase leading to spike generation in granule cells. The graph shows the time
course of EPSP amplitude changes and transition to EPSP-spike complexes. The top trace shows the
granule cell membrane depolarization elicited by TBS.

1.1. LTP/LTD Balance at Mossy Fiber-Granule Cell Synapse

According to the Hebb postulate [20] and its extension in the Bienenstock—Cooper—-Munro model
(BCM; [25], both LTP and LTD can characterize a specific synapse, with their induction contingent
upon varying levels of postsynaptic [Ca?]i increase, via the activation of distinct biochemical
pathways [26,27]. Ex vivo and in vivo studies on cerebellar plasticity have elucidated a bidirectional
modulation involving both LTP and LTD at the mossy fiber-granule cell relay [28-31]. The balance
between LTP and LTD is crucial for supporting computation and learning in the granular layer, and
its regulation relies on diverse mechanisms. Intracellular postsynaptic calcium levels can be regulated
by burst patterns of mossy fiber discharge. The extent of [Ca?']i increase correlates with the duration
of mossy fiber bursts, resembling a BCM-like relationship ([25]. Short, isolated bursts with minor
[Ca*]i fluctuations induce LTD, whilst prolonged or repeated bursts leading to significant [Ca?]:
increase result in LTP (Figure 1A). Bidirectional long-term synaptic plasticity can also be influenced
by the frequency-coded pattern of mossy fiber stimulation, resulting in different levels of
postsynaptic elevations in [Ca*]: (Figure 1B). Interestingly, this relationship between plasticity and
[Ca?]i levels mirrors that induced by high-frequency bursts of varying durations, except that, in this
case, low-frequency LTD necessitates the involvement of mGluRs rather than NMDARs. This
indicates that receptor pathways activated by diverse afferent patterns via calcium concentration
changes shared plastic mechanisms to promote the reconfiguration of inputs within the granular
layer [28,30]. However, the balance between LTP and LTD at the mossy fiber-granule cell synapse is
not only orchestrated by specific input patterns but also by molecular factors and neuromodulators.
Nitric oxide (NO) is released in the granular layer upon high-frequency mossy fiber stimulation via
NMDAR-dependent and NOS-dependent mechanisms. Acting as a retrograde messenger, NO favors
presynaptic release probability, thus promoting LTP over LTD [32]. Furthermore, the activation of a7
nicotinic acetylcholine receptors (a7nAchRs) on both mossy fiber terminals and granule cell
dendrites amplifies the influx of Ca? at postsynaptic sites. This intensified Ca* influx has the
potential to shift LTD towards LTP, sustaining this plasticity for prolonged durations [33]. The
balance between LTP and LTD at the mossy fiber-granule cell synapse is regulated not only by
specific input patterns but also by molecular factors and neuromodulators. NO is released in the
granular layer upon high-frequency mossy fiber stimulation through NMDAR-dependent and NOS-
dependent mechanisms. Functioning as a retrograde messenger, NO enhances presynaptic release
probability, thereby favoring LTP over LTD. Additionally, activation of a7 nicotinic acetylcholine
receptors (a7nAchRs) on both mossy fiber terminals and granule cell dendrites amplifies Ca?* influx
at postsynaptic sites. Additionally, a recent in vivo study has proposed that the 20 Hz facial
stimulation triggers Ca? influx through NMDA receptors, leading to activation of calcium-sensitive
proteins and enzymes such as calmodulin and NOS, resulting in increased NO levels, contributing
to mossy fiber-granule cell LTP in the mouse cerebellar cortex. Interestingly, this facial stimulation-
induced LTP of mossy fiber-granule cell synaptic transmission is abolished inhibiting NO of NOS
abolishes, regardless of the absence or presence of nicotine. This suggests that NOS activation is not
only required for the induction of facial stimulation-induced MF-granule cell LTP under control
conditions but also necessary for the nicotine-induced enhancement of mossy fiber-granule cell
synaptic transmission LTP [34].
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1.2. Spike-Timing Dependent Plasticity at Mossy Fiber-Granule Cell Synapse

Expanding upon the BCM theory, spike-timing-dependent plasticity (STDP) represents a unique
form of synaptic plasticity where the temporal sequence of presynaptic and postsynaptic spikes
dictates the [Ca?]i levels, determining whether a synapse is strengthened or weakened [35-44]. A
recent finding has revealed that the interplay between synaptic response (excitatory postsynaptic
potential, EPSP) and spikes can drive STDP at the mossy fiber-granule cell synapse [45] (Figure 1C).
Additionally, the activation of GABA4 receptors has been shown to reverse the phase dependence of
this STDP, exhibiting an anti-Hebbian effect. Although the molecular mechanisms underlying
GABAergic regulation remain elusive, this phenomenon offers a potent mechanism for diversifying
the array of possible STDP configurations at mossy fiber—granule cell synapses. Furthermore, mossy
fiber-granule cell STDP has been found to be tuned to the theta band (6 Hz) at which Golgi cells and
granule cells show oscillations [46]. Therefore, mossy fiber-granule cell STDP may play a crucial role
in linking cerebellar learning with low-frequency oscillations observed in thalamocortical and
hippocampal circuits, facilitating the coordination of learning and memory processes during
different functional states such as voluntary movement, resting attentiveness, and sleep [47-51].

1.3. Granule Cell Intrinsic Plasticity

The regulation of information processing in the brain also encompasses persistent adjustments
in ionic conductance within specialized neuronal regions, influencing the long-term propagation of
neuronal information [52,53]. Following high-frequency activation of the mossy fiber-granule cell
relay, LTP triggers a sustained enhancement in granule cell electroresponsiveness, intensifying their
firing (Figure 1D). This enhancement involves an increase in granule cell input resistance and a
reduction in spike threshold, possibly due to changes in persistent sodium and potassium currents
[10,23]. Moreover, similar to synaptic LTP, intrinsic plasticity in granule cells relies on NMDAR
activation, ensuring a specific rise in intracellular calcium concentration and subsequent activation
of calcium-dependent intracellular pathways. Intrinsic plasticity can restore granule cell excitability
levels when synaptic excitation is weak [10]. Through this plastic mechanism, low background firing
rates of granule cells, resulting from tonic inhibition by Golgi cells, can thus be reinstated by precise
mossy fiber activation, inducing bursting in granule cells [10,54,55]. Therefore, this mechanism
ensures high reliability in transmitting specific mossy fiber input patterns to Purkinje cells, thereby
regulating input processing and phase learning in the cerebellum. Additionally, when local groups
of mossy fibers are active, the pattern of granule cell firing in a region will be determined by the
strength of the mossy fiber connections, synchronized quantal release, and improved reliability of
excitatory drive, increasing the fraction of active granule cells. This may allow temporal correlations
across multiple local mossy fibers to be transmitted through the granular layer as intense patches of
synchronized activity, while allowing rate-coded signals to be mediated by lower intensity,
uncorrelated granule cell activity [56].

2. Plasticity in Golgi Cells

In recent decades, extensive research has shed light on the vital role played by Golgi cells in
orchestrating the activity of granule cells [51-56]. Functioning as the primary source of inhibition for
granule cells, Golgi cells establish two essential inhibitory circuits: feedforward and feedback
inhibition. Feedforward inhibition begins when mossy fibers activate Golgi cells in the glomerulus,
leading to subsequent inhibition of granule cells via their axons. This inhibition operates through two
mechanisms: phasic and tonic inhibition [55-57]. Phasic inhibition, mediated by synaptic GABAa
receptors, enhances the precision of granule cell spike-timing by narrowing the time window for
synaptic integration (time window effect, see [58]). Tonic inhibition, mediated by extrasynaptic
GABAA receptors, establishes the baseline level of granule cell excitability, allowing the neuron to
discern significant information from background noise. Feedback inhibition further modulates
granule cell activity by engaging Golgi cells, which subsequently inhibit nearby granule cells [55].
Through these two inhibitory loops, Golgi cells regulate the balance between excitation and
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inhibition, with high E/I ratios promoting LTP, intermediate ratios inducing LTD, and very low ratios
preventing plastic changes, thereby serving as a primary regulator of long-term synaptic plasticity
within the granular layer circuit [58]. Moreover, Golgi cells, with their extensive axonal plexus,
establish lateral inhibition, resulting in a center-surround (C/S) organization of granule cell activity.
Under prolonged high-frequency activation of the mossy fiber bundle, the granular layer network
exhibits specific spatial organization, where high excitation levels in the core permit the passage of
high-frequency discharges, while inhibition in the surround filters out low-frequency discharges.
This facilitates the transmission of high-frequency bursts along channels formed by the ascending
axons of granule cells heading towards the molecular layer. As a result, LTP and LTD are organized
in C/S structures, with more active centers favoring LTP and less active surrounds preferentially
inducing LTD, thus accelerating (LTP) or delaying (LTD) granule cell responses to mossy fiber bursts.
Overall, Golgi cells play a crucial role in controlling the information flow to Purkinje cells by shaping
granule cell activity: feed-forward inhibition introduces a time-windowing effect, lateral inhibition
establishes a center-surround organization of GCL responses, and local control of GrC excitatory-
inhibitory balance determines inhibition-controlled plasticity. Furthermore, feedback GrC inhibition,
combined with the broad pf convergence over numerous GoCs, forms the substrate for generating
regular synchronous oscillations over large GCL fields [51-54]. While the role of Golgi cells in the
inhibition-controlled plasticity of granule cells has been well-characterized, exploration of synaptic
and intrinsic plasticity within Golgi cells remains largely unexplored. However, recent investigations
and mathematical models of cerebellar Golgi cells have uncovered critical plastic mechanisms that
could serve as potent regulatory mechanisms of granular layer plasticity (Figure 2).
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Figure 2. Multiple forms of long-term plasticity at mossy fiber-Golgi cell synapse. (A) Bidirectional
plasticity at Golgi cell excitatory synapses: dependence on membrane potential. LTP or LTD were
induced by delivering TBS from different Golgi cell membrane potentials (TBShyp and TBSdep). The
graph shows the average time course of EPSC amplitude changes during LTP and LTD. The arrow
indicates the induction time, and each point is the average of 15 contiguous EPSC amplitudes. Data
are reported as mean + SEM. The bottom (LTD) and top (LTP) traces show Golgi cell response during
TBShyp and TBSaep (adapted from [59]). Note the stronger depolarization and spike generation in
TBShyp (red area) than TBSaep. (B) STDP at mossy fiber inputs. Backpropagating spikes are elicited by
parallel fiber stimulation either ~10 ms before or ~10 ms after a single synapse activation in the mossy
fibers. The NMDA receptor-dependent current (INMDA) generated at the mossy fiber synapse is
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shown in the two cases. The bottom plot shows a theoretical STDP curve (adapted from [60]) showing
modest INMDA changes leading into the LTD region and large INMDA changes leading into the LTP
region. (C) Transient hyperpolarization induces a long-term increase in Golgi cell spontaneous firing.
Top, example experiment showing that a 3 min negative current injection of -50 pA hyperpolarizes
the Golgi cell membrane to -65 mV and suppresses firing activity. An increase in Golgi cell spiking
occurred after hyperpolarization. Bottom, Golgi cell show a long-term increase in spontaneous
activity after being hyperpolarized (adapted from [62]).

2.1. LTP/LTD Balance at the Mossy Fiber-Golgi Cell Synapse

A recent study has unveiled bidirectional plasticity at mossy fiber-Golgi cell synapses, marking
the first observation of such phenomena in cerebellar Golgi cells [59]. This synaptic plasticity
demonstrates a unique voltage dependence, with the direction of plasticity (LTD or LTP) determined
by the membrane potential of Golgi cells during theta-burst stimulation (TBS) induction. Specifically,
LTP is favored when TBS occurs at depolarized Golgi cell potentials, while LTD is favored at
hyperpolarized potentials (Figure 2A). The mechanisms underlying this voltage-dependent plasticity
involve the activation of distinct calcium channels: LTP requires the activation of T-type Ca?* channels
alongside NMDARs, whereas LTD uniquely relies on L-type Ca? channels [59]. Notably, this voltage-
dependent plasticity differs from the purely NMDAR-dependent plasticity observed at neighboring
mossy fiber-granule cell synapses, suggesting that mossy fiber presynaptic terminals engage diverse
induction mechanisms depending on the target cell. Furthermore, considering that multiple long-
term regulatory mechanisms may coexist, dictating the balance of plasticity at the mossy fiber-Golgi
cell synapse, a recent realistic model of Golgi cells predicted that temporally correlated mossy fiber-
parallel fiber inputs can induce spike-timing-dependent plasticity (STDP) at the mossy fiber-Golgi
cell synapse, when NMDAR is activated [60] (Figure 2B). Specifically, the integration of multimodal
information from parallel fibers by apical dendrites could control the coincidence of spikes with
specific mossy fiber inputs arriving on basal dendrites, thereby driving the shift between LTD and
LTP at the mossy fiber-Golgi cell relay. Therefore, with their electrogenic architecture, Golgi cells may
act as cortical detectors, finely regulating information flow through the granular layer under parallel
fiber with high temporal precision. Considering that spike timing has been demonstrated to control
the LTP/LTD balance at neighboring mossy fiber-granule cell synapses [45], the STDP phenomenon
might extend to the entire granular layer, supporting the cerebellar capacity to sustain input
integration and network functioning. According to a theoretical model [61], the granular layer circuit
may indeed operate within a learning framework. In this scheme, incoming mossy fiber information
could initially be stored in the oscillatory network of Golgi cells, subsequently driving STDP at
neighboring mossy fiber-granule cell synapses, thus orchestrating spatiotemporal input processing
and plasticity within the granular layer.

2.2. Golgi Cell Intrinsic Plasticity

Golgi cell activity can also be affected by other mechanisms that can alter inhibitory transmission
and its impact on granule cell plasticity. Temporary hyperpolarization of Golgi cells leads to a
significant, long-term increase in their spontaneous firing rate, a phenomenon known as firing rate
potentiation (FRP) (Figure 2C). FRP in Golgi cells depends on electrical couplings that regulate the
timing and extent of both spontaneous and sensory-evoked correlated activities. This regulation
involves cooperative effects related to shared synaptic depolarization, spikelet transmission, and
plasticity mechanisms. Furthermore, this process is mediated by calcium-calmodulin-dependent
kinase II (CaMKII) and BK-type calcium-activated potassium channels [62]. Golgi cell inhibitory
activity is also regulated by gap junctions ([63—65]. Within this electrically coupled network of Golgi
cells, action potential synchronization occurs in the absence of correlated input, while transient
desynchronization occurs with sparse excitatory synaptic input [64,66]. The amplification of gap
junction signals, attributed to sodium currents, implies that electrical synapses are not merely passive
intercellular channels but rather dynamic forms of interneuronal communication [65]. Therefore, like
chemical synapses, the electrical ones can also exhibit plasticity and be modifiable [67,68]. This
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introduces new perspectives on the concept of gap junction plasticity, a homeostatic mechanism
recently explored in various brain regions [69-72]. A computational model, investigating this type of
plasticity within a recurrent cortical network [70], simulated that it can regulate the balance between
synchronous and asynchronous patterns of activity in the network. Strong electrical coupling
between neurons tends to induce oscillatory activities characterized by synchronized bursting
mediated by inhibitory neurons. These bursts trigger depression of the gap junctions, allowing the
network to transition away from the oscillatory regime and spike asynchronously. Conversely, in the
asynchronous regime, neuronal firing is sparse contributing to the potentiation of gap junctions.
Consequently, the irregular regime tends to strengthen the connections between neurons via gap
junctions. This suggests a direct functional role for gap junction plasticity in information transmission
within neuronal assemblies [69-72]. However, despite evidence of modifiable electrical synapses and
oscillations in Golgi cells, gap junction plasticity remains unexplored and warrants further
investigation.

3. Plasticity in Unipolar Brush Cells

Unipolar brush cells (UBCs) are glutamatergic interneurons primarily located in the granular
layer of the vestibulocerebellum [73-75]. Unlike granule cells, which typically possess 4-5 dendrites
innervated by various mossy fibers, UBCs have a single short dendrite with a brush-like appearance,
typically receiving inputs from a single mossy fiber terminal [75]. Additionally, they possess axonal
branches constituting a noncanonical, cortex-intrinsic subset of mossy fibers that form synapses with
both granule cells and other UBCs [74-78]. Consequently, while neurotransmitters generally have a
short lifespan in the synaptic cleft due to rapid diffusion, the specialized three-dimensional
arrangement of mossy fiber-UBC synapses promotes a persistent presence of glutamate in the cleft
[79,80]. This leads to prolonged and repetitive activation of postsynaptic receptors in UBCs. As a
result, in response to mossy fiber input, UBCs display a unique dual-component response: a rapid
initial AMPA receptor-mediated current, followed by a sustained tail of inward current lasting
seconds (i.e., steady-state current) [77,79,81-84]. Phasic excitation can induce robust action potential
bursts and transiently elevated firing rates, whilst persistent inward currents in UBCs facilitate
periods of tonic action potential firing. Short-term plasticity mechanisms further refine and modulate
both transient and prolonged synaptic currents in UBCs. Fast AMPA and kainate receptor-mediated
responses exhibit depression at short inter-stimulus intervals, characterized by a prolonged reduction
in the amplitude of fast EPSCs evoked by a secondary mossy fiber stimulus [79-81]. This short-term
depression reflects increased availability of unbound AMPA receptors over time, resulting in a
smaller response to the second stimulus. Conversely, responses of the slower steady-state current can
be either facilitated or depressed, depending on the inter-stimulus interval duration. Specifically, at
short intervals (50-400 ms), the initial steady-state current exhibits a positive undershoot, reversing
between 400 and 600 ms, and gradually recovering to negative values after several seconds [79]. The
characteristics of postsynaptic receptors, combined with limitations on the diffusion of glutamate
caused by synaptic ultrastructure and glutamate transporters, thus shape the time course of the
resulting steady-state current. This, in turn, advances a sustained series of action potentials in UBCs
in response to individual presynaptic stimuli.

3.1. The Impact of UBC on Temporal Dynamics in the Granular Layer Network

The cerebellar ability to learn complex input-output relationships across various time scales
relies on establishing a diverse temporal framework [85-89]. Consequently, mossy fiber inputs
undergo intricate transformations within the granular layer, giving rise to highly complex spatial-
temporal activity patterns in granule cells. Central to this process are UBCs, which play essential roles
in shaping the activity dynamics of the granule cell population. UBCs extend axonal branches within
the granular layer, likely innervating a group of granule cells [77,80]. A single action potential in
UBCs may thus initiate a cascade of excitatory postsynaptic currents (EPSCs) across a large ensemble
of granule cells, profoundly impacting their activity. Consequently, UBCs ensures an amplification
of mossy fiber signals in a feed-forward manner, enabling intricate temporal adjustments of incoming
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mossy fiber signals [81,84,90-92]. As evidence of the presence of UBCs as presynaptic elements in the
granular layer circuitry, granule cells exhibit spontaneous events resembling bursts of action
potentials characteristic of UBC activity in whole-cell recordings (Figure 3A). Additionally, fast
EPSPs can be observed in a granule cell in response to bursts of action potentials in UBCs following
activation of the mossy fiber-UBC synapse (Figure 3B). Furthermore, individual intermediary UBCs
have the capacity to modulate the firing phase of their postsynaptic granule cells, with their response
to glutamatergic input ranging from partial inhibition (e.g., OFF UBC) to complete excitation (e.g.,
ON UBC) [90,93,94]. Spiking responses in postsynaptic UBCs evoked by mossy fiber stimulation at
100 Hz demonstrated that high-frequency stimulation could produce a burst of spikes that outlasted
the stimulus (ON-UBC) or induce a pause in spontaneous action potential firing (OFF-UBC) (Figure

3Q).
A

iMF

GrC
UBC 15 pA

50 ms

eMF

20 mV
200 ms

10 pulses
100 Hz

Figure 3. Forward signaling by UBCs in the vestibulocerebellar granular layer. (A) Example of
whole-cell recordings from a granule cell, displaying spontaneous events reminiscent of UBC
discharges [81]. (B) Burst of EPSCs in a granule cell in response to presynaptic stimulation, with a first
peak delay [81]. (C) Spiking responses in postsynaptic UBC evoked by mossy fiber stimulation (100
Hz): Note that high-frequency stimulation can produce a burst of spikes that outlasted the stimulus
(ON-UBC) or generate a pause in spontaneous action potential firing (OFF-UBC; adapted from [82]).
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Thus, UBCs, classified as ON and OFF cells based on their response to glutamatergic input, may
offer distinct parallel processing of multisensory input to their targets [90,93,95]. Delays introduced
by intermediary UBCs are attributed to the slow decay of excitatory or inhibitory synaptic currents
from presynaptic inputs. Therefore, synaptic pathways involving multiple UBCs may contribute to
long pauses and delays crucial for adaptive learning across a range of time scales, as observed in
cerebellar-like circuits of electric fish [96]. Even in the absence of plasticity, UBCs enable the granular
layer to induce delays in changes of firing rate for periods extending from hundreds to thousands of
milliseconds, significantly enhancing the diversity of coding, especially in the temporal domain [91].
While UBCs are distributed across the cerebellum, their prevalence is particularly notable in regions
governing eye movement and vestibular processing. The UBC network represents a mechanism that
may prolong granule cell firing and contribute to the maintenance of sensory signals underlying
motor learning with delayed sensory feedback [81,92,97]. A computational model has explored the
implications of the varied phase shifts in UBC responses to sinusoidal vestibular inputs (Figure 4). In
the absence of UBCs, granule cells fire in synchrony with extrinsic mossy fiber inputs from the
vestibular system, aligning with preferred phases of movement (Figure 4A). However, when UBCs
are integrated into the network, the response of granule cells exhibits significantly more diverse
phase shifts (Figure 4B).
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Figure 4. UBCs increase the phase diversity of granule cell responses. (A) Simulation of granular
circuit without UBCs. The dynamics of the granular layer model (4500 granule cells receiving inputs
from 500 mossy fibers) in response to sinusoidal mossy fiber stimulation, in the presence and absence
of UBCs, were simulated. (A) Without UBCs, granule cells fire in phase with mossy fiber inputs. Right,
average firing rate curve of 30 random selected granule cells in one input period are shown. Left,
polar plot and histogram represent the amplitude of modulation and phase shift from the fitted GC
firing rate curves, respectively. (B) Same as (A), but for sample granular cell outputs with UBCs in the
circuit (adapted from [91]).

This diversity in UBC phase shifts results in a range of phase shifts in granule cells.
Consequently, this temporal diversity enables the identification of granule cell firing at any phase of
a sinusoidal head movement, aligning with adaptive filter models [98-103], and in vivo observations
[104]. However, the presence of UBCs in the dorsal vermis and cerebellar hemispheres of higher
mammals, including humans [75,105-107], underscores their potential role beyond vestibular
sensory processing. This suggests new perspectives on UBC involvement in modulating granule cell
activity to support complex motor and cognitive tasks as well.
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4. Granular Layer Plasticity: Insights from Computational Models

The granular layer of the cerebellum exhibits a highly organized arrangement, facilitating the
rapid processing of mossy fiber signals within a millisecond timeframe. This intricate architecture
gives rise to a diverse spectrum of spatio-temporal patterns through a combination of inhibitory
mechanisms and learning processes [85,86,88]. Golgi cells, extending their inhibitory influence across
numerous granule cells, establish a brief 5-millisecond window for signal processing (i.e., time
window effect, see [88], optimizing the transmission of spikes to Purkinje cells [108,109].
Furthermore, bidirectional plasticity at the mossy fiber-granule cell synapse finely regulates spike
timing and number, shaping the window-matching effect due to Golgi cell inhibition [110]. Initial
efforts to simulate the impact of granular layer plasticity employed a firing rate model, where
synaptic weights were modulated to optimize information transfer through the granular layer [111].
This model highlighted the need of balancing the strength of mossy fiber synapses with that of Golgi
cell synapses, complemented by alterations in intrinsic excitability. Moreover, it proposed gating of
mossy fiber—granule cell plasticity to address the absence of teaching lines in this section of the
cerebellar circuitry. This model anticipated subsequent findings regarding plastic changes in intrinsic
excitability [10], the role of acetylcholine in plasticity gating [33] and the role of inhibitory plasticity
between Golgi cells and granule cells [57]. Subsequently, recent computational models have
simulated the impact of distributed synaptic weights in the cerebellar granular layer network
[61,112]. These models elucidated the crucial role of synaptic weights at various connections in
regulating spike number and positioning in granule cells in response to mossy fiber bursts.
Specifically, synaptic weights at mossy fiber to granule cell synapses regulated the delay of the first
spike, while those at mossy fiber and parallel fiber to Golgi cell synapses controlled the duration of
the time window for spike emission. Additionally, weights of synapses governing Golgi cell
activation modulated granule cell inhibition intensity, thereby influencing spike emission. Through
these mathematical models, it was demonstrated that different combinations of synaptic weights
optimize either spike timing precision or spike number, effectively governing transmission and
filtering properties along the mossy fiber pathway [113]. Furthermore, these models discerned
distinct roles for various components of inhibition, with lateral inhibition dictating the center-
surround effect, feed-forward inhibition influencing the time-windowing effect, and feedback
inhibition regulating coherent oscillations [88,112]. Mathematical modeling has significantly
influenced research in the field over the past three decades, revealing that various forms of synaptic
and intrinsic plasticity at different sites act conjunctively to enable the cerebellar granular layer to
function as an adaptive spatio-temporal filter [99,100,113-116]. In this way, synaptic modifications
distributed across the network endow the granular layer with the capability to sustain sensorimotor
integration and learning, ultimately orchestrating complex motor and cognitive tasks [116-119].

Author Contributions: Conceptualization, E.P. and F.P; writing—review and editing, EP. and F.P.;
visualization, E.P. and F.P.; funding acquisition, E.D. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by #fNEXTGENERATIONEU (NGEU) and funded by the Ministry of
University and Research (MUR), National Recovery and Resilience Plan (NRRP), project MNESYS (PE0000006)
— A Multiscale integrated approach to the study of the nervous system in health and disease (DN. 1553
11.10.2022) to ED.

Conflicts of Interest: The authors declare no conflict of interest and the funders had no role in the design of the
study; in the writing of the manuscript; or in the decision to publish the results.

References

1.  Martin, SJ.; Grimwood, P.D.; Morris, R.G.M. Synaptic Plasticity and Memory: An Evaluation of the
Hypothesis. Annu Rev Neurosci 2000, 23.

2. Sweatt, J.D. Neural Plasticity and Behavior — Sixty Years of Conceptual Advances. ] Neurochem 2016, 139,

doi:10.1111/jnc.13580.

Marr, D. A Theory of Cerebellar Cortex. ] Physiol 1969, 202, doi:10.1113/jphysiol.1969.sp008820.

4. Albus, ].S. A Theory of Cerebellar Function. Math Biosci 1971, 10, doi:10.1016/0025-5564(71)90051-4.

@


https://doi.org/10.20944/preprints202405.0361.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2024 doi:10.20944/preprints202405.0361.v1

11

5. Bloedel, J.R. Cerebellar Afferent Systems: A Review. Prog Neurobiol 1973, 2, doi:10.1016/0301-
0082(73)90006-3.

6. Voogd, J.; Glickstein, M. The Anatomy of the Cerebellum. Trends Neurosci 1998, 21, doi:10.1016/S50166-
2236(98)01318-6.

7. Hamori, J.; Somogyi, ]. Differentiation of Cerebellar Mossy Fiber Synapses in the Rat: A Quantitative
Electron Microscope Study. Journal of Comparative Neurology 1983, 220, doi:10.1002/cne.902200402.

8.  Jakab, R.L.; Hamori, ]. Quantitative Morphology and Synaptology of Cerebellar Glomeruli in the Rat. Anat
Embryol (Berl) 1988, 179, doi:10.1007/BF00305102.

9.  Mapelli, L,; Solinas, S.; D’ Angelo, E. Integration and Regulation of Glomerular Inhibition in the Cerebellar
Granular Layer Circuit. Front Cell Neurosci 2014, 8.

10. Armano, S.; Rossi, P.; Taglietti, V.; D’angelo, E. Long-Term Potentiation of Intrinsic Excitability at the
Mossy Fiber-Granule Cell Synapse of Rat Cerebellum; 2000;

11. D’Angelo, E.; Rossi, P.; Armano, S.; Taglietti, V. Evidence for NMDA and MGLU Receptor-Dependent
Long-Term Potentiation of Mossy Fiber-Granule Cell Transmission in Rat Cerebellum. ] Neurophysiol
1999, 81, doi:10.1152/jn.1999.81.1.277.

12. Hansel, C,; Linden, D.J.; D’Angelo, E. Beyond Parallel Fiber LTD: The Diversity of Synaptic and Non-
Synaptic Plasticity in the Cerebellum. Nat Neurosci 2001, 4.

13. Maffei, A.; Prestori, F.; Rossi, P.; Taglietti, V.; D’ Angelo, E. Presynaptic Current Changes at the Mossy Fiber-
Granule Cell Synapse of Cerebellum during LTP. ] Neurophysiol 2002, 88, d0i:10.1152/jn.2002.88.2.627.

14. Moraru, LI; Kaftan, E.J.; Ehrlich, B.E.; Watras, J. Regulation of Type 1 Inositol 1,4,5-Trisphosphate-Gated
Calcium Channels by InsP3 and Calcium: Simulation of Single Channel Kinetics Based on Ligand Binding
and Electrophysiological Analysis. Journal of General Physiology 1999, 113, d0i:10.1085/jgp.113.6.837.

15. Kaftan, E.J; Ehrlich, B.E.; Watras, ]J. Inositol 1,4,5-Trisphosphate (InsP3) and Calcium Interact to Increase
the Dynamic Range of InsP3 Receptor-Dependent Calcium Signaling. Journal of General Physiology 1997,
110, doi:10.1085/jgp.110.5.529.

16. Irving, H.R.; Gehring, C.A.; Parish, RW. Changes in Cytosolic PH and Calcium of Guard Cells Precede
Stomatal Movements. Proc Natl Acad Sci U S A 1992, 89, d0i:10.1073/pnas.89.5.1790.

17.  Simpson, P.B.; Nahorski, S.R.; Challiss, R.A.]. Agonist-Evoked Ca2+ Mobilization from Stores Expressing
Inositol 1,4,5-Trisphosphate Receptors and Ryanodine Receptors in Cerebellar Granule Neurones. |
Neurochem 1996, 67, d0i:10.1046/j.1471-4159.1996.67010364 x.

18. Del Rio, E.; Mclaughlin, M.; Downes, C.P.; Nicholls, D.G. Differential Coupling of G-Protein-Linked
Receptors to Ca2+ Mobilization through Inositol(1,4,5) Trisphosphate or Ryanodine Receptors in Cerebellar
Granule Cells in Primary Culture. European Journal of Neuroscience 1999, 11, doi:10.1046/j.1460-
9568.1999.00714.x.

19. Bliss, T.V.P,; Collingridge, G.L.; Morris, R.G.M. Synaptic Plasticity in Health and Disease: Introduction and
Overview. Philosophical Transactions of the Royal Society B: Biological Sciences 2014, 369,
do0i:10.1098/rstb.2013.0129.

20. Kullmann, D.M.; Erdemli, G.; Asztély, F. LTP of AMPA and NMDA Receptor-Mediated Signals: Evidence
for Presynaptic Expression and Extrasynaptic Glutamate Spill-Over. Neuron 1996, 17, doi:10.1016/S0896-
6273(00)80178-6.

21. Lisman, J. Long-Term Potentiation: Outstanding Questions and Attempted Synthesis. Philosophical
Transactions of the Royal Society B: Biological Sciences 2003, 358.

22. Sola, E.; Prestori, F.; Rossi, P.; Taglietti, V.; D’ Angelo, E. Increased Neurotransmitter Release during Long-
Term Potentiation at Mossy Fibre-Granule Cell Synapses in Rat Cerebellum. Journal of Physiology 2004,
557, doi:10.1113/jphysiol.2003.060285.

23. Nieus, T.; Sola, E.; Mapelli, J.; Saftenku, E.; Rossi, P.; D’Angelo, E. LTP Regulates Burst Initiation and
Frequency at Mossy Fiber-Granule Cell Synapses of Rat Cerebellum: Experimental Observations and
Theoretical Predictions. ] Neurophysiol 2006, 95, doi:10.1152/jn.00696.2005.

24. Hebb, D.O. The First Stage of Perception: Growth of the Assembly. The Organization of Behavior 1949,
doi:10.1016/0301-0082(84)90021-2.

25. Bienenstock, E.L.; Cooper, L.N.; Munro, P.W. Theory for the Development of Neuron Selectivity:
Orientation Specificity and Binocular Interaction in Visual Cortex. Journal of Neuroscience 1982, 2,
doi:10.1523/jneurosci.02-01-00032.1982.

26. Lisman, ]J. A Mechanism for the Hebb and the Anti-Hebb Processes Underlying Learning and Memory.
Proc Natl Acad Sci U S A 1989, 86, doi:10.1073/pnas.86.23.9574.

27. Stanton, P.K,; Chattarji, S.; Sejnowski, T.J. 2-Amino-3-Phosphonopropionic Acid, an Inhibitor of Glutamate-
Stimulated Phosphoinositide Turnover, Blocks Induction of Homosynaptic Long-Term Depression, but
Not Potentiation, in Rat Hippocampus. Neurosci Lett 1991, 127, d0i:10.1016/0304-3940(91)90895-Z.

28. D’Errico, A.; Prestori, F.; D’Angelo, E. Differential Induction of Bidirectional Long-Term Changes in
Neurotransmitter Release by Frequency-Coded Patterns at the Cerebellar Input. Journal of Physiology
2009, 587, 5843-5857, d0i:10.1113/jphysiol.2009.177162.


https://doi.org/10.20944/preprints202405.0361.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2024 doi:10.20944/preprints202405.0361.v1

12

29. Diwakar, S.; Lombardo, P.; Solinas, S.; Naldi, G.; D’Angelo, E. Local Field Potential Modeling Predicts
Dense Activation in Cerebellar Granule Cells Clusters under LTP and LTD Control. PLoS One 2011, 6,
doi:10.1371/journal.pone.0021928.

30. Gall, D.; Prestori, F.; Sola, E.; D’Errico, A.; Roussel, C.; Forti, L.; Rossi, P.; D’ Angelo, E. Intracellular Calcium
Regulation by Burst Discharge Determines Bidirectional Long-Term Synaptic Plasticity at the Cerebellum
Input Stage. Journal of Neuroscience 2005, 25, 4813-4822, doi:10.1523/JNEUROSCI.0410-05.2005.

31. Roggeri, L.; Rivieccio, B.; Rossi, P.; D’ Angelo, E. Tactile Stimulation Evokes Long-Term Synaptic Plasticity
in the Granular Layer of Cerebellum. Journal of Neuroscience 2008, 28, 6354-6359,
doi:10.1523/JNEUROSCI.5709-07.2008.

32. Maffei, A.; Prestori, F.; Shibuki, K.; Rossi, P.; Taglietti, V.; D’ Angelo, E. NO Enhances Presynaptic Currents
during Cerebellar Mossy Fiber - Granule Cell LTP. ] Neurophysiol 2003, 90, doi:10.1152/jn.00399.2003.

33. Prestori, F.; Bonardi, C.; Mapelli, L.; Lombardo, P.; Goselink, R.; De Stefano, M.E.; Gandolfi, D.; Mapelli, J.;
Bertrand, D.; Schonewille, M; et al. Gating of Long-Term Potentiation by Nicotinic Acetylcholine Receptors
at the Cerebellum Input Stage. PLoS One 2013, 8, doi:10.1371/journal.pone.0064828.

34. Fore, T.R,; Taylor, B.N.; Brunel, N.; Court Hull, X. Acetylcholine Modulates Cerebellar Granule Cell Spiking
by Regulating the Balance of Synaptic Excitation and Inhibition. Journal of Neuroscience 2020, 40,
doi:10.1523/JNEUROSCI.2148-19.2020.

35. Markram, H.; Liibke, J.; Frotscher, M.; Sakmann, B. Regulation of Synaptic Efficacy by Coincidence of
Postsynaptic APs and EPSPs. Science (1979) 1997, 275, doi:10.1126/science.275.5297.213.

36. Bi, G.Q.; Poo, M.M. Synaptic Modifications in Cultured Hippocampal Neurons: Dependence on Spike
Timing, Synaptic Strength, and Postsynaptic Cell Type. Journal of Neuroscience 1998, 18, 10464-10472,
doi:10.1523/JNEUROSCI.18-24-10464.1998.

37. Debanne, D.; Inglebert, Y. Spike Timing-Dependent Plasticity and Memory. Curr Opin Neurobiol 2023, 80.

38. Feldman, D.E. The Spike-Timing Dependence of Plasticity. Neuron 2012, 75, 556-571,
doi:10.1016/j.neuron.2012.08.001.

39. Sjostrom, P.J.; Turrigiano, G.G.; Nelson, S.B. Rate, Timing, and Cooperativity Jointly Determine Cortical
Synaptic Plasticity. Neuron 2001, 32, doi:10.1016/50896-6273(01)00542-6.

40. Markram, H.; Gerstner, W.; Sjostrom, P.J. Spike-Timing-Dependent Plasticity: A Comprehensive
Overview. Front Synaptic Neurosci 2012.

41. Markram, H.; Gerstner, W; Sjostrém, P.J. A History of Spike-Timing-Dependent Plasticity. Front Synaptic
Neurosci 2011.

42. Bi, G.Q.; Wang, H.X. Temporal Asymmetry in Spike Timing-Dependent Synaptic Plasticity. Physiol Behav
2002, 77, 551-555, doi:10.1016/50031-9384(02)00933-2.

43. Caporale, N.; Neuroscience, Y.D.-A.R. of; 2008, undefined Spike Timing-Dependent Plasticity: A Hebbian
Learning Rule. iasbs.ac.ir 2008, 31, 2546, doi:10.1146/annurev.neuro.31.060407.125639.

44. Kepecs, A,; Van Rossum, M.C.W; Song, S.; Tegner, J. Spike-Timing-Dependent Plasticity: Common Themes
and Divergent Vistas. Biol Cybern 2002, 87, doi:10.1007/s00422-002-0358-6.

45. Sgritta, M.; Locatelli, F.; Soda, T.; Prestori, F.; D’Angelo, E.U. Hebbian Spike-Timing Dependent Plasticity
at the Cerebellar Input Stage. Journal of Neuroscience 2017, 37, d0i:10.1523/JNEUROSCI.2079-16.2016.

46. D’Angelo, E.; Koekkoek, S.K.E.; Lombardo, P.; Solinas, S.; Ros, E.; Garrido, J.; Schonewille, M.; De Zeeuw,
C.I. Timing in the Cerebellum: Oscillations and Resonance in the Granular Layer. Neuroscience 2009, 162.

47. De Zeeuw, C.I; Hoebeek, F.E.; Schonewille, M. Causes and Consequences of Oscillations in the Cerebellar
Cortex. Neuron 2008, 58.

48. Pellerin, ].P.; Lamarre, Y. Local Field Potential Oscillations in Primate Cerebellar Cortex during Voluntary
Movement. ] Neurophysiol 1997, 78, doi:10.1152/jn.1997.78.6.3502.

49. Parker, K.L. Timing Tasks Synchronize Cerebellar and Frontal Ramping Activity and Theta Oscillations:
Implications for Cerebellar Stimulation in Diseases of Impaired Cognition. Front Psychiatry 2016, 6,
doi:10.3389/fpsyt.2015.00190.

50. Courtemanche, R.; Robinson, J.C.; Aponte, D.I. Linking Oscillations in Cerebellar Circuits. Front Neural
Circuits 2013.

51. Cheron, G.; Marquez-Ruiz, J.; Dan, B. Oscillations, Timing, Plasticity, and Learning in the Cerebellum.
Cerebellum 2016, 15.

52. Daoudal, G.; Debanne, D. Long-Term Plasticity of Intrinsic Excitability: Learning Rules and Mechanisms.
Learning and Memory 2003, 10.

53. Debanne, D.; Inglebert, Y.; Russier, M. Plasticity of Intrinsic Neuronal Excitability. Curr Opin Neurobiol
2019, 54.

54. Silver, R.A.; Traynelis, S.F.; Cull-Candy, S.G. Rapid-Time-Course Miniature and Evoked Excitatory
Currents at Cerebellar Synapses in Situ. Nature 1992, 355, d0i:10.1038/355163a0.

55. D’Angelo, E.; Rossi, P.; Taglietti, V. Different Proportions of N-Methyl-d-Aspartate and Non-N-Methyl-d-
Aspartate Receptor Currents at the Mossy Fibre-Granule Cell Synapse of Developing Rat Cerebellum.
Neuroscience 1993, 53, doi:10.1016/0306-4522(93)90290-V.


https://doi.org/10.20944/preprints202405.0361.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2024 doi:10.20944/preprints202405.0361.v1

13

56. Sargent, P.B.; Saviane, C.; Nielsen, T.A.; DiGregorio, D.A.; Silver, R.A. Rapid Vesicular Release, Quantal
Variability, and Spillover Contribute to the Precision and Reliability of Transmission at a Glomerular
Synapse. Journal of Neuroscience 2005, 25, doi:10.1523/JNEUROSCI.2051-05.2005.

57. Mapelli, J; Gandolfi, D.; Vilella, A.; Zoli, M., Bigiani, A. Heterosynaptic GABAergic Plasticity
Bidirectionally Driven by the Activity of Pre- and Postsynaptic NMDA Receptors. Proc Natl Acad Sci U S
A 2016, 113, d0i:10.1073/pnas.1601194113.

58. D’Angelo, E.; De Zeeuw, C.I. Timing and Plasticity in the Cerebellum: Focus on the Granular Layer. Trends
Neurosci 2009, 32, 30-40.

59. Locatelli, F.; Soda, T., Montagna, I; Tritto, S.; Botta, L.; Prestori, F.; D’Angelo, E. Calcium Channel-
Dependent Induction of Long-Term Synaptic Plasticity at Excitatory Golgi Cell Synapses of Cerebellum.
Journal of Neuroscience 2021, 41, doi:10.1523/JNEUROSCI.3013-19.2020.

60. Masoli, S.; Ottaviani, A.; Casali, S.; D’Angelo, E. Cerebellar Golgi Cell Models Predict Dendritic Processing
and Mechanisms of Synaptic Plasticity. PLoS Comput Biol 2020, 16, doi:10.1371/journal.pcbi.1007937.

61. Garrido, J.A.; Ros, E.; D’Angelo, E. Spike Timing Regulation on the Millisecond Scale by Distributed
Synaptic Plasticity at the Cerebellum Input Stage: A Simulation Study. Front Comput Neurosci 2013,
doi:10.3389/fncom.2013.00064.

62. Hull, C.A,; Chu, Y.X,; Thanawala, M.; Regehr, W.G. Hyperpolarization Induces a Long-Term Increase in
the Spontaneous Firing Rate of Cerebellar Golgi Cells. Journal of Neuroscience 2013, 33, 5895-5902,
doi:10.1523/INEUROSCI.4052-12.2013.

63. Hull, C.; Regehr, W.G. Identification of an Inhibitory Circuit That Regulates Cerebellar Golgi Cell Activity.
Neuron 2012, 73, d0i:10.1016/j.neuron.2011.10.030.

64. Vervaeke, K; LOrincz, A.; Gleeson, P.; Farinella, M.; Nusser, Z.; Silver, R.A. Rapid Desynchronization of
an Electrically Coupled Interneuron Network with Sparse Excitatory Synaptic Input. Neuron 2010, 67,
doi:10.1016/j.neuron.2010.06.028.

65. Vervaeke, K.; Lorincz, A.; Nusser, Z.; Silver, R.A. Gap Junctions Compensate for Sublinear Dendritic
Integration in an Inhibitory Network. Science (1979) 2012, 335, do0i:10.1126/science.1215101.

66. Dugué, G.P.; Brunel, N.; Hakim, V.; Schwartz, E.; Chat, M.; Lévesque, M.; Courtemanche, R.; Léna, C.;
Dieudonné, S. Electrical Coupling Mediates Tunable Low-Frequency Oscillations and Resonance in the
Cerebellar Golgi Cell Network. Neuron 2009, 61, doi:10.1016/j.neuron.2008.11.028.

67. Alcami, P.; Pereda, A.E. Beyond Plasticity: The Dynamic Impact of Electrical Synapses on Neural Circuits.
Nat Rev Neurosci 2019, 20.

68. Hormuzdi, S.G; Filippov, M.A.; Mitropoulou, G.; Monyer, H.; Bruzzone, R. Electrical Synapses: A Dynamic
Signaling System That Shapes the Activity of Neuronal Networks. Biochim Biophys Acta Biomembr 2004,
1662.

69. Coulon, P.; Landisman, C.E. The Potential Role of Gap Junctional Plasticity in the Regulation of State.
Neuron 2017, 93.

70. Pernelle, G.; Nicola, W.; Clopath, C. Gap Junction Plasticity as a Mechanism to Regulate Network-Wide
Oscillations. PLoS Comput Biol 2018, 14, doi:10.1371/journal.pcbi.1006025.

71. Pereda, A.E.; Curti, S.; Hoge, G.; Cachope, R.; Flores, C.E.; Rash, J.E. Gap Junction-Mediated Electrical
Transmission: Regulatory Mechanisms and Plasticity. Biochim Biophys Acta Biomembr 2013, 1828,
doi:10.1016/j.bbamem.2012.05.026.

72.  O’Brien, J.; Bloomfield, S.A. Plasticity of Retinal Gap Junctions: Roles in Synaptic P hysiology and
Disease. Annu Rev Vis Sci 2018, 4.

73. Slater, N.T.; Rossi, D.J.; Difio, M.R.; Jaarsm, D.; Mugnaini, E. Physiology and Ultrastructure of Unipolar
Brush Cells in the Vestibulo-Cerebellum. In Neurochemistry of the Vestibular System; 2023.

74. Nunzi, M.G.; Mugnaini, E. Unipolar Brush Cell Axons Form a Large System of Intrinsic Mossy Fibers in
the Postnatal Vestibulocerebellum. Journal of Comparative Neurology 2000, 422, doi:10.1002/(SICI)1096-
9861(20000619)422:1<55:: AID-CNE4>3.0.CO;2-9.

75. Mugnaini, E.; Sekerkova, G.; Martina, M. The Unipolar Brush Cell: A Remarkable Neuron Finally Receiving
Deserved Attention. Brain Res Rev 2011, 66.

76. Nunzi, M.G,; Birnstiel, S.; Bhattacharyya, B.J.; Slater, N.T.; Mugnaini, E. Unipolar Brush Cells Form a
Glutamatergic Projection System within the Mouse Cerebellar Cortex. Journal of Comparative Neurology
2001, 434, doi:10.1002/cne.1180.

77. Rossi, D.J.; Alford, S.; Mugnaini, E.; Slater, N.T. Properties of Transmission at a Giant Glutamatergic
Synapse in Cerebellum: The Mossy Fiber-Unipolar Brush Cell Synapse. ] Neurophysiol 1995, 74,
doi:10.1152/jn.1995.74.1.24.

78. Mugnaini, E.; Floris, A.; Wright-Goss, M. Extraordinary Synapses of the Unipolar Brush Cell: An Electron
Microscopic Study in the Rat Cerebellum. Synapse 1994, 16, doi:10.1002/syn.890160406.

79. Kinney, G.A.; Overstreet, L.S.; Slater, N.T. Prolonged Physiological Entrapment of Glutamate in the
Synaptic Cleft of Cerebellar Unipolar Brush Cells. ] Neurophysiol 1997, 78, doi:10.1152/jn.1997.78.3.1320.


https://doi.org/10.20944/preprints202405.0361.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2024 doi:10.20944/preprints202405.0361.v1

14

80. Slater, N.T.; Rossi, D.J.; Kinney, G.A. Physiology of Transmission at a Giant Glutamatergic Synapse in
Cerebellum. Prog Brain Res 1997, 114, d0i:10.1016/s0079-6123(08)63363-4.

81. wvan Dorp, S.; De Zeeuw, C.I. Forward Signaling by Unipolar Brush Cells in the Mouse Cerebellum.
Cerebellum 2015, 14, 528-533, d0i:10.1007/s12311-015-0693-5.

82. Locatelli, F.; Botta, L.; Prestori, F.; Masetto, S.; D’Angelo, E. Late-Onset Bursts Evoked by Mossy Fibre
Bundle Stimulation in Unipolar Brush Cells: Evidence for the Involvement of H- and TRP-Currents. Journal
of Physiology 2013, 591, 899-918, doi:10.1113/jphysiol.2012.242180.

83. Subramaniyam, S.; Solinas, S.; Perin, P.; Locatelli, F.; Masetto, S.; D’ Angelo, E. Computational Modeling
Predicts the Ionic Mechanism of Late-Onset Responses in Unipolar Brush Cells. Front Cell Neurosci 2014,
8, d0i:10.3389/fncel.2014.00237.

84. Diflo, M.R.; Schuerger, RJ.; Liu, Y.B,; Slater, N.T.; Mugnaini, E. Unipolar Brush Cell: A Potential
Feedforward Excitatory Interneuron of the Cerebellum. Neuroscience 2000, 98, doi:10.1016/S0306-
4522(00)00123-8.

85. Mitoma, H.; Manto, M.; Hampe, C.S. Time Is Cerebellum. Cerebellum 2018, 17, 387-391.

86. Bares$, M.; Apps, R.; Avanzino, L.; Breska, A.; D’Angelo, E.; Filip, P.; Gerwig, M.; Ivry, R.B.; Lawrenson,
C.L.; Louis, E.D.; et al. Consensus Paper: Decoding the Contributions of the Cerebellum as a Time Machine.
From Neurons to Clinical Applications. Cerebellum 2019, 18, 266286, doi:10.1007/s12311-018-0979-5.

87. Ivry, RB.; Spencer, R M.; Zelaznik, H.N.; Diedrichsen, J. The Cerebellum and Event Timing. In Proceedings
of the Annals of the New York Academy of Sciences; 2002; Vol. 978.

88. D’Angelo, E.; De Zeeuw, C.I. Timing and Plasticity in the Cerebellum: Focus on the Granular Layer. Trends
Neurosci 2009, 32, 30—40.

89. De Zeeuw, C.I; Hoebeek, F.E.; Bosman, L.W.].; Schonewille, M.; Witter, L.; Koekkoek, S.K. Spatiotemporal
Firing Patterns in the Cerebellum. Nat Rev Neurosci 2011, 12, 327-344.

90. Hariani, H.N.; Algstam, A.B.; Candler, C.T.; Witteveen, LF.; Sidhu, J.K.; Balmer, T.S. A System of Feed-
Forward Cerebellar Circuits That Extend and Diversify Sensory Signaling. Elife 2024, 13,
doi:10.7554/eLife.88321.

91. Zampini, V.; Liu, ] K,; Diana, M.A.; Maldonado, P.P.; Brunel, N.; Phane Dieudonné, S. Mechanisms and
Functional Roles of Glutamatergic Synapse Diversity in a Cerebellar Circuit. 2016,
doi:10.7554/eLife.15872.001.

92. VanDorp, S.; De Zeeuw, C.I. Variable Timing of Synaptic Transmission in Cerebellar Unipolar Brush Cells.
Proc Natl Acad Sci U S A 2014, 111, 5403-5408, d0i:10.1073/pnas.1314219111.

93. Borges-Merjane, C.; Trussell, L.O. ON and OFF Unipolar Brush Cells Transform Multisensory Inputs to the
Auditory System. Neuron 2015, 85, 1029-1042, d0i:10.1016/j.neuron.2015.02.009.

94. Balmer, T.S.; Trussell, L.O. Selective Targeting of Unipolar Brush Cell Subtypes by Cerebellar Mossy Fibers.
2019, doi:10.7554/eLife.44964.001.

95. Guo, C; Huson, V.; Macosko, E.Z.; Regehr, W.G. Graded Heterogeneity of Metabotropic Signaling
Underlies a Continuum of Cell-Intrinsic Temporal Responses in Unipolar Brush Cells. Nat Commun 2021,
12, doi:10.1038/s41467-021-22893-8.

96. Kennedy, A.; Wayne, G.; Kaifosh, P.; Alvifia, K.; Abbott, L.F.; Sawtell, N.B. A Temporal Basis for Predicting
the Sensory Consequences of Motor Commands in an Electric Fish. Nat Neurosci 2014, 17,
d0i:10.1038/nn.3650.

97. Guo, C; Huson, V.; Macosko, E.Z.; Regehr, W.G. Graded Heterogeneity of Metabotropic Signaling
Underlies a Continuum of Cell-Intrinsic Temporal Responses in Unipolar Brush Cells. Nat Commun 2021,
12, doi:10.1038/s41467-021-22893-8.

98. Fujita, M. Adaptive Filter Model of the Cerebellum. Biol Cybern 1982, 45, doi:10.1007/BF00336192.

99. Dean, P.; Porrill, J.; Ekerot, C.; Neuroscience, H.J.-N.R.; 2010, undefined The Cerebellar Microcircuit as an
Adaptive Filter: Experimental and Computational Evidence. nature.comP Dean, J Porrill, CF Ekerot, H
JorntellNature Reviews Neuroscience, 2010enature.com 2009, 11, doi:10.1038/nrn2756.

100. Dean, P.; Porrill, J. Evaluating the Adaptive-Filter Model of the Cerebellum. Journal of Physiology 2011,
589, d0i:10.1113/jphysiol.2010.201574.

101. Medina, J.F.; Garcia, K.S.; Nores, W.L.; Taylor, N.M.; Mauk, M.D. Timing Mechanisms in the Cerebellum:
Testing Predictions of a Large- Scale Computer Simulation. Journal of Neuroscience 2000, 20,
doi:10.1523/jneurosci.20-14-05516.2000.

102. Gao, Z.; Van Beugen, B.].; De Zeeuw, C.I. Distributed Synergistic Plasticity and Cerebellar Learning. Nat
Rev Neurosci 2012, 13.

103. Roberts, P.D.; Bell, C.C. Computational Consequences of Temporally Asymmetric Learning Rules: IIL
Sensory Image Cancellation. ] Comput Neurosci 2000, 9, doi:10.1023/A:1008938428112.

104. Barmack, N.H.; Yakhnitsa, V. Functions of Interneurons in Mouse Cerebellum. Journal of Neuroscience
2008, 28, doi:10.1523/JTNEUROSCI.3942-07.2008.


https://doi.org/10.20944/preprints202405.0361.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2024 doi:10.20944/preprints202405.0361.v1

15

105. Vig, J.; Takacs, J.; Abraham, H.; Kovdcs, G.G.; Hamori, J. Calretinin-Immunoreactive Unipolar Brush Cells
in the Developing Human Cerebellum. International Journal of Developmental Neuroscience 2005, 23,
doi:10.1016/j.ijdevneu.2005.10.002.

106. Takécs, J.; Borostyankdi, Z.A.; Veisenberger, E.; Vastagh, C.; Vig, J.; Gorcs, T.J.; Hamori, J. Postnatal
Development of Unipolar Brush Cells in the Cerebellar Cortex of Cat. ] Neurosci Res 2000, 61,
doi:10.1002/1097-4547(20000701)61:1<107:: AID-JNR13>3.0.CO;2-J.

107. Difio, M.R,; Willard, F.H.; Mugnaini, E. Distribution of Unipolar Brush Cells and Other Calretinin
Immunoreactive Components in the Mammalian Cerebellar Cortex. ] Neurocytol 1999, 28,
doi:10.1023/A:1007072105919.

108. Prestori, F.; Mapelli, L.; D’ Angelo, E. Diverse Neuron Properties and Complex Network Dynamics in the
Cerebellar Cortical Inhibitory Circuit. Front Mol Neurosci 2019, 12, 492015,
doi:10.3389/FNMOL.2019.00267/BIBTEX.

109. Mapelli, J.; Gandolfi, D.; D’ Angelo, E. High-Pass Filtering and Dynamic Gain Regulation Enhance Vertical
Bursts Transmission along the Mossy Fiber Pathway of Cerebellum. Front Cell Neurosci 2010, 4,
doi:10.3389/fncel.2010.00014.

110. D’Angelo, E.; De Zeeuw, C.I. Timing and Plasticity in the Cerebellum: Focus on the Granular Layer. Trends
Neurosci 2009, 32.

111. Schweighofer, N.; Doya, K.; Lay, F. Unsupervised Learning of Granule Cell Sparse Codes Enhances
Cerebellar Adaptive Control. Neuroscience 2001, 103, 35-50, doi:10.1016/S0306-4522(00)00548-0.

112. Solinas, S.; Nieus, T.; D’ Angelo, E. A Realistic Large-Scale Model of the Cerebellum Granular Layer Predicts
Circuit Spatio-Temporal Filtering Properties. Front Cell Neurosci 2010, 4, doi:10.3389/fncel.2010.00012.

113. Casali, S.; Tognolina, M.; Gandolfi, D.; Mapelli, J.; D’Angelo, E. Cellular-Resolution Mapping Uncovers
Spatial Adaptive Filtering at the Rat Cerebellum Input Stage. Commun Biol 2020, 3, do0i:10.1038/s42003-
020-01360-y.

114. D’Angelo, E.; Mapelli, L.; Casellato, C.; Garrido, ].A.; Luque, N.; Monaco, J.; Prestori, F.; Pedrocchi, A.; Ros,
E. Distributed Circuit Plasticity: New Clues for the Cerebellar Mechanisms of Learning. Cerebellum 2016,
15, 139-151.

115. Gao, Z.; Van Beugen, B.J.; De Zeeuw, C.I. Distributed Synergistic Plasticity and Cerebellar Learning. Nat
Rev Neurosci 2012, 13, 619-635.

116. Rossert, C.; Dean, P.; Porrill, J. At the Edge of Chaos: How Cerebellar Granular Layer Network Dynamics
Can Provide the Basis for Temporal Filters. PLoS Comput Biol 2015, 11, d0i:10.1371/journal.pcbi.1004515.

117. Fleming, E.A.; Field, G.D.; Tadross, M.R.; Hull, C. Local Synaptic Inhibition Mediates Cerebellar Granule
Cell Pattern Separation and Enables Learned Sensorimotor Associations. Nat Neurosci 2024,
do0i:10.1038/s41593-023-01565-4.

118. Gilmer, J.I; Person, A.L. Morphological Constraints on Cerebellar Granule Cell Combinatorial Diversity.
Journal of Neuroscience 2017, 37, 12153-12166, doi:10.1523/J]NEUROSCI.0588-17.2017.

119. Proville, R.D.; Spolidoro, M.; Guyon, N.; Dugué, G.P.; Selimi, F.; Isope, P.; Popa, D.; Léna, C. Cerebellum
Involvement in Cortical Sensorimotor Circuits for the Control of Voluntary Movements. Nat Neurosci 2014,
17, d0i:10.1038/nn.3773.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202405.0361.v1

	1. Plasticity in Granule Cells
	1.1. LTP/LTD Balance at Mossy Fiber-Granule Cell Synapse
	1.2. Spike-Timing Dependent Plasticity at Mossy Fiber-Granule Cell Synapse
	1.3. Granule Cell Intrinsic Plasticity

	2. Plasticity in Golgi Cells
	2.1. LTP/LTD Balance at the Mossy Fiber-Golgi Cell Synapse
	2.2. Golgi Cell Intrinsic Plasticity

	3. Plasticity in Unipolar Brush Cells
	3.1. The Impact of UBC on Temporal Dynamics in the Granular Layer Network

	4. Granular Layer Plasticity: Insights from Computational Models
	References

