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Cerebellar Purkinje cells are one of the most complex neurons in the central
nervous system and are well known for their extensive dendritic tree dotted
by dendritic spines. PC spines receive excitatory synapses from parallel and
climbing fibers and, although their morphological properties are comparable to
those of other neuronal types, they show distinct extracellular and intracellular
regulatory properties. Purkinje cell spine protrusion and helical patterning do
not require nearby axons, as e.g., in pyramidal cells. Instead, Purkinje cell spines
require structural proteins located on parallel and climbing fibers for their
stabilisation and maintenance. The total spine number is influenced by scaffold
proteins and eventually reflects the total dendritic length and local spine density.
Purkinje cell spines were supposed to range up to over 10° in rodents and 10°
in humans, but recent experimental data show that spines are less humerous
than initially thought. Instead, they are endowed with mechanisms designed to
improve their efficiency and differentiation. Some spines are double-headed,
thereby enhancing Purkinje cell responses when the companion parallel fiber
is stimulated. Other spines are single-headed and presumably endowed with
slow neurotransmission mechanisms. Latest experimental data showed that
glial cells modulate spines activity after a task or learning. Eventually, these
multiple mechanisms can make each spine crucial in its own way for synaptic
pattern recognition. In this review, we present the most recent advancements
on Purkinje cell spines spanning their biochemical, structural, and functional
properties, both in mice and humans, and propose a recalculation of the
effective complement of spines and their activation by parallel fibers.
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Introduction

The first description of “protoplasmic processes;,” currently called dendrites, was
reported by Golgi in 1883, using his newly developed Golgi-method staining (Golgi, 1883;
Bentivoglio et al., 2019). Five years later, the first image of cerebellar Purkinje cells (PC)
spines was published by Santiago Ramon y Cajal but, until this seminal work, spines
were discarded as staining artifacts (Ramoén y Cajal, 1888; Yuste, 2015; Defelipe, 2025).
Spines are small protrusions of a neuron cell membrane, canonically described with a
mushroom-like shape, which can be observed on the dendrites and, sometimes, also on
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the soma (Lackey et al., 2024). These protrusions are usually
elicited by a nearby axon and consolidated through synaptic
activity, but there are exceptions to this rule. Spines are quite
common in the central nervous system (CNS) and can be found
on both excitatory neurons, such as pyramidal neurons (PN)
(Davidson et al., 2020), and inhibitory neurons, such as the PC
(Lee et al., 2004; Lee et al,, 2005), striatal medium spiny neurons
(Lanciego et al., 2012), and dopaminergic neurons (Jang et al.,
2015). Their primary role is to create a confined space in which
a tightly interconnected biochemical machinery can modulate the
strength of the postsynaptic responses (Nimchinsky et al., 2002).
Cerebellar PCs are inhibitory neurons most known for expressing
a huge quantity of spines on their extensive dendritic tree. Their
spines retain most of the properties common to other neuronal
types, but they also exhibit critical differences. Spines in PN are
primarily generated and consolidated through synaptic activity,
while in PCs, internal and external control proteins are required.
Moreover, the presence of 10°~10° spines on PC dendrites brought
about issues of how they are generated, maintained, consolidated,
silenced, and raised hypotheses on mechanisms that might limit
their extensive coding space (Marr, 1969; Albus, 1971). It was
proposed that not all spines have a presynaptic partner, that some
are silent or covered by glial processes, and that some others generate
only slow responses mediated by metabotropic glutamate receptors
1 (mGluR1). Recent experiments showed that the number of spines
is lower than previously thought, with 30-50 thousand synapses in
mice and 300-500 thousand synapses in humans. However, several
spines receive more than one parallel fiber (PF) and glial cells would
not silence spines but make them more specific for certain activities.
Therefore, PC spines are endowed with complex mechanisms that
eventually fine-tune neurotransmission and synaptic plasticity. This
review considers the most recent experimental advancements on PC
spines and the plethora of proteins that are involved in balancing this
delicate system.

Cerebellum: Purkinje and granule cells

The cerebellum is highly convoluted and, in humans, it can
account for approximately 80% of the neocortex surface (Sereno et al.,
2020). It is divided into 10 lobules, and each lobule is composed
of 3 layers, termed granular (GL), molecular (ML) and Purkinje
cell layer (PL). The GL contains the tightly packed granule cells
(GrC) (Nguyen et al., 2023) and the sparser Golgi (GoC), Lugaro
and Unipolar Brush cells, with the latter located primarily in the
vestibular lobuli (lobuli IX and X). The PL contains the soma of
PCs, the soma of Bergmann glia (BG) and the candelabrum cells
(Osorno et al., 2022). The ML contains multiple types of inhibitory
interneurons, the PFs, climbing fibers (CF) and the extensive dendritic
arborisation of PCs (Figure 1). The ML is the location where the
extensive territory occupied by PF synapses intermingles with the
territory occupied by a few thousands of CF synapses.

Cerebellar GrCs, in conjunction with PCs, form the
conserved primary input/output pathway of the cerebellar network
(van der Heijden and Sillitoe, 2021). These neurons evolved
millions of years before the first PN appeared in a nervous
system and, during their long life, acquired characteristics that
differentiate them from other neuronal cell types. One of these
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FIGURE 1

The cerebellar network. Schematics of the circuit showing GrC and PF
(red), SC and BC (yellow and orange), PC (green), IO neuron and CF
(violet), Golgi cells (blu).

differences was recently highlighted by studying the amount of
unmethylated DNA contained in their nuclei. This amount was
unusually high for neurons, making them closer to glial cells
(Tian et al., 2022; Tan et al., 2023).

The Purkinje cell

PCs were described in 1837 by Johannes Evangelista Purkinje
(Purkinje, 1837; Zarsky, 2012; VoZeh, 2015), who used the most
advanced optical microscope available in the nineteenth century.
Unfortunately, the limitations in the staining process restricted his
study to the somatic region. Only in 1888, Santiago Ramoén y Cajal,
using an improved Golgi staining, described PC dendritic tree and
spines (Golgi, 1883; Ramon y Cajal, 1888; Yuste, 2015).

It is one of the oldest neurons of the CNS and appeared
in cartilaginous fishes 400 million years ago (Hibi et al.,, 2017;
Mokhtar, 2020). These neurons are mostly known for their extensive
and elaborated dendritic trees dotted by tens of thousands of
spines. Even though not all species exhibit highly intricate dendritic
trees (O’Brien and Unwin, 2006), they all have in common the
presence of dendritic spines. This means that, over time, certain
morphological properties were adapted by the evolution, while
others were improved to support complex behaviour. Recent
technical advancement showed that PCs are not a single family
limited to just Zebrin- and Zebrin+ but there are multiple variants in
zebrafish (Magnus et al., 2023) and up to eleven PC subtypes in mice
(Khouri-Farah et al., 2025). In humans, the morphological evolution
led to up to three distinct trees attached to the same soma (Busch and
Hansel, 2023).

The importance of PCs as a computational powerhouse, in
connection with the excitatory input transmitted from GrCs and the
remainder of the neurons forming the cerebellar network, can be
summarised by the wide range of abilities showed by the cerebellum.
It is a motor coordination system (movement, balance) (Morton
and Bastian, 2004), it is involved in higher cognition (Schmahmann,
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FIGURE 2

Purkinje cells spines — (A) Human PC reconstructed from post-mortem tissue (Masoli et al., 2024). At this resolution, spines are not evident

(B) Zoom-in of a portion the image in A showing spines decorating the dendrites. The inset further enlarges a dendrite crowded with many spines
(modified from (Masoli et al., 2024)). (C) Typical spine shapes that can be found in PCs and in other neuronal types. The most common is the thin spine
shape and, in PCs, 15% can have two heads (image built with Blender 3.6).

2019), fear responses (Liu et al., 2010), language (Desmond and Fiez,
1998), emotion and sociality (Van Overwalle, 2024). Spinocerebellar
ataxias (SCAs), which are progressive, degenerative, genetic diseases,
are linked to multiple DNA mutations leading to various degrees
of PC malfunctioning. In some cases mutations are so extreme
to cause PC death through suppression of their intrinsic firing
by hyperexcited ML interneurons (SCAIL), by a reduction in
Cav2.1 calcium (Ca?*) channel activity (SCA3), or a reduction
of potassium (K*) channels currents (SCA6) (Hills et al., 2013;
Hoxha et al.,, 2018; Huang and Verbeek, 2019; Egorova et al., 2023;
Zhu et al., 2024). The cerebellar involvement in neurodegeneration
was reported in Alzheimer’s disease (Mavroudis et al., 2019) and in
Parkinsonism, where PC axonal dysfunction contributes to essential
tremor (Schmahmann, 2019). Numerous physiological, biochemical
and morphological studies of single cerebellar cells have been
performed extensively on rodents, both in healthy and diseased
conditions. The same approach can be used in humans only in very
specific cases for ethical and technical reasons. This limitation can
be mitigated by using non-invasive techniques that, although not
providing the same quality data as single-cell recordings, can provide
information useful to compare mice and humans. Unfortunately, as
recently reported, the cerebellum is not taken into consideration
in neurodegenerative disorders and is often neglected in multiple
imaging studies (Wang et al., 2025).
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The granule cell, ascending axon and
parallel fibers

Mice GrCs have a compact morphology with just three to
six dendrites (Nguyen et al, 2023) and occasional branches
(Houston et al., 2017). Some examples of the human GrC were
reconstructed from ex vivo tissues, showing only three dendrites and
a soma comparable in size with mice (Jacobs et al., 2014). The small
dimension of the somato-dendritic sections makes them the most
common neuron in the entire CNS (Tan et al., 2023). Their thin axon
is split into an ascending axon (AA) followed by two PFs oriented
in opposite directions (Palay and Chan-Palay, 1974b; Huang and
Huang, 1998; Heck and Sultan, 2002). When an AA enters the ML, it
can make synapses with multiple spines of the same PC, with AA/PF
ratio in the order of 5%-10% (Lu et al., 2009). Instead, PFs can reach
over 3 mm length in rats (Huang and Huang, 1998) and an average
of 6.64 mm length in rhesus monkeys (Mugnaini, 1983). These fibers
are canonically reported to make a single synaptic contact with a
single spine of each PC they encounter. Recently it was shown that a
single PF can make two or even more contacts with spines located in
different locations of the same dendritic tree (Loschky et al., 2022).
Even though PF intersect multiple PCs along their pathway, they
only establish a stable connection with approximately half of them
(Nguyen et al.,, 2023; Park et al., 2023).
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There are few sources estimating the total number of PFs. An
in vivo study using a sparse labelling method showed 540 PFs for
a 200 x 200 um? section, accounting for just 0.38% of PFs in that
section (Wilms and Hiusser, 2015). The estimation for the total
number of PF was about 142.000, which was in the same range as
previously reported (Palay and Chan-Palay, 1974a). Another recent
measurement performed on a 175 x 122 x 50 um® EM slab reported
33.900 (Park et al., 2023), which was suggested to account for 76.9%
of the total number of PFs passing through the section. The total
number of PF that can hypothetically pass through the section could
reach 42.500 PFs. This variation in the number of PFs depends
on the conformation of each lobulus and differences in the ML
thickness between each sulcus, apex and the tissue in-between them.
The changes in the ML thickness were studied in human sections
showing that most lobuli have a thickness between 300 and 340 um
(Zheng et al., 2023). The smallest thickness was identified in lobule X
(170 + 80 um), while lobules I and IT showed the maximum thickness
(360 + 110 pm). In human sections of 200 pm x 160 pum, the
estimated total number of PFs was 33.515 + 36.261 (Kuo etal., 2011).
Despite the large range of variation, the upper bound estimates are
consistent with previous reports. More experiments will be required
to elucidate the variability of PF number in each lobule, in both
human and rodents as well as in health and disease.

Purkinje cell spine properties

PCs are endowed with tens of thousands of spines that follow
a helical pattern along the dendrites (O'Brien and Unwin, 2006;
Parajuli et al., 2020) (Figures 2A,B). During mice development and
until P20, spines are also expressed on the soma. They direct the
CFs in the translocation process from the soma to the dendrites
and vice versa for BC collaterals (Ichikawa et al., 2011). The
requirement of having an intrinsic system to manage the spine
distribution is a reflection of a profound difference with other
neuronal types. PC spines follow the “Sotelo model,” which states
that spines are intrinsically generated during the first and second
week of development and a nearby axon is not required for their
protrusion (Sotelo and Dusart, 2009; Dusart and Flamant, 2012;
Verslegers et al., 2014). In contrast, PNs and other neuronal types
follow the “Millers—Peters model,” which states that a spine can be
protruded only when an axon and a dendrite are within a certain
distance (Yuste and Bonhoeffer, 2004). It is a critical difference since
a PC generates tens of thousands of PF - spine pairs with the ability to
elaborate a near-infinite number of synaptic patterns. This supposed
limitless in input/output could interfere with the encoding/decoding
process in deep cerebellar nuclei (DCN), vestibular nuclei, and
their transmission to the red nucleus and thalamus (Pugh and
Raman, 2005; Gilbert and Rasmussen, 2025).

One neck, not always a single head

The most stereotyped spine shape is called “mushroom” since
it looks like a mushroom. It is canonically used to illustrate the
morphological, biochemical and biophysical properties of a spine
because there is a clear distinction between two adjacent regions
called “neck” and “head” (Risher et al., 2014). The neck is generated
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by the outward bending of the cellular membrane followed by the
head, which forms its terminal part. The mushroom-like shape has
a neck and a head of similar length, but the head is significantly
wider than the neck. When the difference between neck and head
diameters is small, and the neck is multiple times longer than
the head, the spine is called “thin”. If the difference in diameter
and length between neck and head are non-existent, the spine is
called “stubby” When a spine does not show a clear separation
between neck and head, it is called a “filopodium” (Li et al,
2023) (Figure 2C). A recent clustering analysis showed that spines
should not be classified in predefined categories because they are a
“continuum of shapes” with multiple intermediate forms (Pchitskaya
and Bezprozvanny, 2020).

In rats, 75% of PC spines were described “thin” and only
25% were stubby, mushroom-like or with more than one head
(branched) (Lee et al., 2004). A similar proportion was identified
in mouse and human morphologies, with a higher number of
thin spines compared to stubby, mushroom, and branched spines
(Busch and Hansel, 2025). A recent technical advancement allowed
to discern that 15% of spines in awake mice, and 7% in sleeping
mice, have two heads on a single neck and in rarer cases, even
three heads for a single neck (Loschky et al., 2022). Branched
spines with similar features were also described in mouse and
human PCs (Busch and Hansel, 2025) and in mouse hippocampal
neurons (Mohrmann et al., 2024) suggesting a possible conserved
property. Moreover, a rare “spine cluster” was uncovered in human
morphologies, in which a single giant head showed multiple
swellings acting as single spine heads (Busch and Hansel, 2025).
Currently, it is not known if each head of the “spine cluster” contains
an active synapse.

The other important part of the spine, the neck, can be wrongly
classified by the low resolution of two photon microscopy and
optical microscopes. This issue can increase the total number of
stubby spines compared to the other known types (Tonnesen et al.,
2014). In the majority of neuronal types, spines, necks and heads
lay on the same plane but, in PCs, some heads can reach a
60° angle compared to the neck (Parajuli et al., 2020). Post
Synaptic Densities (PSDs) are usually placed at the top centre
of the postsynaptic membrane, but PC spines can angle their
heads so the PSD can switch position and be placed even on
the side of the head. With this flexibility, they can generate
more occasions to find a nearby PF to establish a contact
(Parajuli et al., 2020).

Total surface area and dendritic length

In mammals, the width covered by PC dendritic trees passes
from an average of 180 um in P27 mice (Wilms and Hiusser, 2015),
to 300 pm in P90 Guinea pigs (Rapp et al., 1994) and to an average of
700 um in 50-90 years old humans (Jacobs et al., 2014; Masoli et al.,
2024; Busch and Hansel, 2025). The extensive dendritic tree in
conjunction with rather large soma, averaging 20 um in P27 mice
and 35 pum in adult humans (Masoli et al., 2024), restricts the number
of PCs to about 0.5% of all the neurons in the cerebellum (Tan et al.,
2023). The total dendritic length, along with the linear spine density,
is widely used to calculate the total spine number, which can vary
among the cells. Since PCs are embedded in a 3D space, they do
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not occupy it entirely but are constrained by multiple parameters.
The location in a lobule (apex or sulcus) (Nedelescu and Abdelhack,
2013) and the thickness of the ML (Liu et al., 2021; Zheng et al.,
2023) dictate the overall shape of the dendrites and their extension.
The same space contains other neurons (Stellate cells, Basket cells,
candelabrum cells), fibers (PFs and CFs) and glial cells (Bergmann
glia). Moreover, the cerebellar microvasculature contributes to the
overall reduction of the space available for dendritic expansion.
These factors can all limit the extension of their dendritic tree and
the total number of spines. As summarized in Table 1, the total
dendritic length can range from an average of 2,782.59 + 671.12 um
in P27 mice (Masoli et al., 2024) to 7,900 um in P63 mice (Gao et al.,
2011; Takeo et al., 2021). In humans, it can range from 9,507 +
1,053.13 um (Mavroudis et al., 2021) to 63,645 + 4,572 um (Busch
and Hansel, 2025). In all cases, the reported dendritic length may
be underestimated due to the incomplete reconstruction of some
thin dendrites. According to the data in Table 1, the variability
reported above, and the type of technique used to reconstruct
dendrites and spines (Li et al., 2023), the most common dendritic
length ranges between 4,000 and 7,000 um in mice and between
30,000 and 70,000 um in humans. The human datasets are still very
limited, and there are cases in which the total length amounts to
only 10,000 um, despite the use of good quality tissue sources and
technique (Masoli et al., 2024).

Spine number per unit length

The number of spines for linear micron can vary between
different studies, depending on the overall quality of the tissue
and/or the techniques used. Usually, the number of spines
is calculated from single dendritic branches using an optical
microscope or from digitised images using confocal microscopes
(Lietal., 2023). The stacked images, with the aid of specific software,
can be reconstructed into a file and visualised with a computer to
better study the distribution of spines in a 3D space (Gao et al,
2011; Busch and Hansel, 2025). The most cited estimates reported 4.5
spines/um in feline PCs (Palkovits et al., 1971) and 17.2 spines/um
in rats (Napper and Harvey, 1988). While most reconstructions
reported an average of 2 spines/um, other studies reported 1.4
spines/pm (Gao et al., 2011) or up to 5.1 + 0.61 (Busch and
Hansel, 2025) or 7.1 + 1.693 spines/um (Parajuli et al., 2020). The
spine number per unit length did not show associations with mice
treatment, learning tasks or enriched environment, which are factors
known to stimulate spinogenesis (Gelfo et al., 2016; Stevenson et al.,
2021). Neither age nor animal strain appeared to exert an effect.
Similar values were reported in human PCs, although with a limited
number of investigations showing an average of 2 spines/um. Recent
human reconstructions showed an average of 6.9 + 0.77 spines/pum
(Busch and Hansel, 2025). The average distribution of spines, taken
from various publications, is summarised in Table 2. The spine
number per unit length obtained with most recent techniques
and high-quality tissue can range between 4 and 8 spines/um. In
human, as previously discussed, the range was shown to range
between 6 and 7 spines/um (Busch and Hansel, 2025). It is not
yet possible to define if 6 spines/um is the lowest value since
similar analyses were performed on high-quality tissue and yielded
2 spines/um (Masoli et al., 2024). The human datasets do not yet
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cover the entire cerebellum, and regional differences can be a lot
more critical compared to mice.

Spine number estimates
Early estimates of PC spines

One of the first estimates of the number of PC spines ranged
between 80,000 and 100,000 spines in the feline cerebellum
(Palkovits et al., 1971). This value was estimated considering 4.5
spines/um, which matches current studies on rodents. However, the
total dendritic tree length was not provided, making it difficult to
assess the number of spines. Another estimate was performed on
rat PCs and proposed 17.2 spines/pum. This value was multiplied
by a total dendritic length of 9,941.5 pm, which was an average
value obtained from a previous study (Palay and Chan-Palay,
1974a) yielding 175,000 spines per PC (Napper and Harvey, 1988).
Compared to common spine estimation techniques, this approach
was not based on the number of spines/um but on an equation
using spine volume densities as the main parameter (Napper and
Harvey, 1988). This estimation, which is often used for reference,
does not match the majority of experimental recordings and, even in
the best cases, it is six-seven times larger than reality. Based on these
numbers, many authors estimated that human PCs could reach up to
one million spines or even more (Huang et al., 2014), but this value
has recently been disproven (Busch and Hansel, 2025).

Estimates based on the latest experimental
data

As detailed in Table 1, the most common quantification of the
spine density in mice and humans is 2 spines/um. The average
mouse dendritic length is approximately 5,000 um, which, with 2
spines/um, gives space to a maximum of 10,000 spines. Based on
recent detailed morphological reconstructions, the spine number
per unit length in mice can range up to 5.1 £ 0.61 (Busch and Hansel,
2025) or even 7.1 *+ 1.693 (Parajuli et al., 2020) spines/pm. Even in
these cases, with the same 5,000 um dendritic length, the maximum
number of spines increases up to a value ranging between 25,000
and 35,000 spines. Taking into consideration the longest recorded
mouse dendritic tree (7,900 pm) (Takeo et al., 2021), and the highest
number of spines/um (7 £ 1.693) (Parajuli et al., 2020), the total
number would reach 55,300 spines. Using the maximum spine
density (6.81 + 0.77 spines/um) (Busch and Hansel, 2025) and the
maximum dendritic length (63,645 + 4,572 pm) (Busch and Hansel,
2025) reported in the human tissue, a similar calculation yields
~470,000 spines, which is still only 47% of the proposed estimate of
about one million. The estimates provided in Table 1 are primarily
obtained from pieces of spiny dendrites and overlook differences in
spine distribution due to regional variability or the absence of spines
on main dendritic trunks. The most recent experimental data (Busch
and Hansel, 2025) showed that human spines cover more dendritic
length (95%) compared to mice (87%). This could mean that human
PC have more spiny dendrites even in presence of multiple main
trunks stemming from the soma.
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TABLE 1 Total dendritic length and age. The table shows the age and the total dendritic length, which in some cases were estimated from graphs. The
range is rather variable from 2 mm to 8 mm in mice. The variability is similar in human but on an order of magnitude more ranging from 9 mm to 67 mm.

Dendritic length (um)

(e = estimate from graphs)

Mice
2,782.59 + 671.12 P27 Masoli et al. (2024)
4,430 + 30 Various ages Kumar et al. (2016)
6,004 + 831 10-12 weeks Busch and Hansel (2025)
7,000 (e) P21 Liu et al. (2022)
2,500 (e) P10
5,100 (e) P14
Takeo et al. (2021)
7,500 (e) P21
7,900 (e) P63
7,500 (e) 5-6 weeks Gao etal. (2011)
Rats
5,620.25 + 2,504.09 P12-P21 Roth and Hausser (2001)
Humans
10,500 (e) Average 73 Mavroudis et al. (2019)
11,658.5 + 5,734.2 Elderly Louis et al. (2014)
(Vermis)
9,507 £ 1053.13
65.6 £ 6.0 Mavroudis et al. (2021)
(Hemispheres)
10,757.3 £ 1,666.24
20,166.96 + 15,248.58 50 and 90 Masoli et al. (2024)
63,645 + 4,572 Various ages (>37) Busch and Hansel (2025)

Fewer spines than expected but more
critical than hypothesised

Based on the information given above, the total spine number
is lower than the most cited estimations, but this reduction may
not be a negative factor after all. The question turns into how
synaptic integration over fewer spines can generate an effective
response able to modulate DCN and the vestibular nucleus (Gilbert
and Rasmussen, 2025). Due to the initial estimate of a very high
number of spines, one argument used to reduce their total number
was that ~90% of them had no presynaptic partner, i.e., they were
silent (Isope and Barbour, 2002). This hypothesis has recently been
challenged by the discovery that 92.7% of spines do present a synapse
(Loschky et al., 2022). Thus, the number of spines is lower than
initially thought, but the number of spines featuring a synaptic
connection is significantly higher. This evidence is in accordance
with recent estimates leveraging advanced recording techniques to
show that, in mice, there are up to 42,000 PFs (Park et al., 2023),
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which would yield about 40,000 synaptic pairs (PF-spine) if 93% of
them synapsed with a PC. In close agreement, a recent estimate of
spine density and total dendritic length (Liu et al., 2022) allowed to
calculate the number of ~35,000 spines, which we will use for all
subsequent calculations (Figure 3).

A critical point is that not all the connected spines appear to
have the same functional properties. Approximately 15.1% + 3.6%
of all spines are double-headed, receive one PF per head, and have
been suggested to be more “eloquent” compared to the typical
single headed spine (Loschky et al., 2022). The response of two or
more PFs on the same spine can be elicited by the synchronous
activation of GrCs, increasing their overall postsynaptic current and
potentially resulting in a somatic response. Moreover, 16% of single-
headed spines, which express mGluR1 mediated slow responses,
may be critical in the overall synaptic pattern recognition. By
combining this observation, 7% of synapses would remain orphan
and therefore fully silent, 15% double-headed and fast-responding,
and 78% single-headed, either slow-responding (16%) or partially
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TABLE 2 Spines distribution in literature. The table contains experimental values collected in the literature about the average number of spines, the
animal type and the age. Not all these data was available in the mentioned papers.

Number/micron linear Type Age Paper
Mice
1 C57/Bl6 Various Kumar et al. (2016)
2 B6.Cg-Tg (Thyl-YFP)16]rs/] 1-month old Loschky et al. (2022)
2 Atohl P14 van der Heijden et al. (2021)
2 - Adult Peter et al. (2016)
2 C57BL/6N 4-6weeks Toledo et al. (2019)
2 C57Bl6 (culture) Campeau et al. (2013)
2 TLR4 knockout 4 months Zhu et al. (2024)
22 C57BL/6N 6-12-18months Hoxha et al. (2017)
2.7 Atxn2-CAG100-knock 9months Arsovic et al. (2020)
2-3 C57BL 3-10weeks Sugawara et al. (2013)
3 Sv129 3 C57Bl/6 P78 to P204 Vecellio et al. (2000)
4.5 superficial Liu et al. (2022)
C57BL/6N Cas 9 P21
5.5 deep Liu et al. (2022)
51+0.61 C57BL/6] 10-12 weeks Busch and Hansel (2025)
7.10 + 1.693 C57BL/6 male 12 weeks Parajuli et al. (2020)
Rat
1.1 Huang et al. (2012)
- 5 weeks
1.9 Huang et al. (2012)
2.07 + 0.42 (Proximal) Heintz et al. (2016)
Colture -
2.93 + 0.88 (Distal) Heintz et al. (2016)
Camel
1.2and 2.2 - - Al-Hussain et al. (2022)
Human
0.937 + 0.93 (vermis) Mavroudis et al. (2021)
65.6 + 6.0 years old
0.98 + 0.68 (Hemispheres) Mavroudis et al. (2021)
1 - Elderly Louis et al. (2014)
1 - Everage 73 years old Mavroudis et al. (2019)
2 - 50 and 90 years old Masoli et al. (2024)
6.81 + 0.77 (Average) - Various ages Busch and Hansel (2025)
5.37 + 0.82 (Thin head)
0.49 + 0.44 (large mushroom)
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contact rate of 50% (Park et al., 2023).

" 2-headed with 2 pfs

1-headed without pf
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Total spine number and parallel fibers interaction — Schematics of PFs passing through the PC dendritic tree and of their connectivity with the PC
spines. The insets illustrate the three main types of spine contacts. The table shows calculations of the number of spines (green) and PFs (red).

Numbers in bold are derived from literature. The total number of spines,
by PFs and of double-headed spines was taken from (Loschky et al., 2022). The number of PFs crossing the PC dendritic tree is calculated assuming a

35000, was taken from (Liu et al.,, 2022), the percentage of spines contacted

silenced by glial cells (see below). This picture yields an estimate
of up to a maximum of 85% putative silent synapses, approaching
earlier estimates of 90% (Isope and Barbour, 2002; Brunel et al.,
2004), but redefining their nature to include, in addition to null
responses, also slow and partial responses.

As a special morphological feature of PCs, each spine is
surrounded by BG, which forms multiple types of peri-synaptic
astrocytic processes (PAPs) (Tao-Cheng, 2025). This affects
the computation of active spines since glial cells can remodel
spine structure by nibbling pieces of the spine membrane,
a process that was reported to modulate their activity after
learning (Morizawa et al., 2022). This is in contrast to another
hypothesis, claiming that glia covered spines to make them
unresponsive (Lippman Bell et al., 2010).

In aggregate, the count of active spines on the PC dendritic
tree is complicated not just by the anatomical connectivity but
also by specific processes that can regulate their effectiveness.
To summarise, even though the average number of spines is
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probably ~35,000 in mice and ~360,000 in humans, 93% are
connected to a presynaptic partner, 15% (double-headed) have
high efficiency, while 78% (single-headed) have low efficiency
(either modulated by glial PAPs or generating slow metabotropic
responses). Similarly, the number of PFs effectively conveying
information to a PC is also difficult to establish. It has been
reported that PCs make synapses only with about half of the PFs
traversing their dendrites (Nguyen et al., 2023; Park et al., 2023),
amounting to ~76,000 PFs crossing the PC dendritic tree, with
~27,000 synapsing on double-headed spines and ~10,000 synapsing
on single-headed synapses (Figure 3).

Molecular properties of Purkinje cell
spines

Even thou the total spine number is lower than the original
estimates, it does not detract from the fact that each spine is
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FIGURE 4
Proteins linking the pre and post synaptic sides. Schematic drawing of the main molecular components of PC spine synapses. (A)The PF terminal

expresses three types of neurexin (nrx1-2-3) with nrx1 linked to the postsynaptic GluD2 through cerebellin (Cbln3). This is the main system that keeps
PF and PC spines connected together. A second system, RTN4R and BAI3, can be found in some PF-PC synapses (although this complex is more
typically expressed in CF—=PC synapses). These spines expressed AMPA receptors, three types of Ca**channels (Cav2.1, Cav2.3, Cav3.1), and three types
of K*channels (KCal.1, KCa2.2 and Kv4.3). The GABAB receptor is expressed on the spine neck along with GIRK2. (B)The CF terminal expresses RTN4R
and Clgll linked to the postsynaptic BAI3. This is the main system that keeps CF and PC spines connected together. The CF spines express both AMPA
and NMDA receptors, and (possibly) the same three types of Ca’*and K*channels as the PF spines. As in PF spines, CF spines express the GABA B
receptor and GIRK2 on the spine neck. (C)The stellate cell synaptic terminals end on PCs dendrites and they are kept in place by presynaptic Neurexin
and postsynaptic Neuroligin. The postsynaptic side hosts GABAA and Glycine receptors. PCs dendrites have multiple types of ionic channels that can
change depending on their diameters [for reference supplemental materials (Masoli et al., 2024)].
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covered and contains multiple protein types and enzymes. These
can be broadly subdivided into: a) structural proteins, which are
fundamental to preserve the connection with the presynaptic side
(i.e., PF and CF) through a series of transmembrane and secreted
proteins; b) ionic channels and synaptic receptors, which allow
the generation of action potentials and local increases in the
intracellular Ca?* concentration; and ¢) structural proteins and
enzymes involved in the control of synaptic plasticity, Ca*>* buffering
and receptors turnover.

Structural proteins between spines and
parallel fibers

The tripartite complex that stabilises PF-PC spines require: a) the
GluD2 receptor on the spine surface, b) the neuropeptide cerebellin
(Cblnl), and c) the presynaptic cell adhesion protein neurexin
(Nrxn) on the PF membrane (Paul et al., 2024).

The GluD2 receptor
A the GluD2
(Kakegawa et al., 2009; Burada et al., 2022), whose structure was

critical ~structural protein is receptor
recently reconstructed with cryo-EM microscopy (Burada et al.,
2020). GluD2 is a member of the glutamate receptor (iGluR) family
encoded by the GRID2 gene and has long been regarded as an
“orphan” receptor, as it is not gated by glutamate (Naur et al., 2007;
Yuzaki and Aricescu, 2017; Brunetti et al., 2024). It can act as an
ionotropic receptor only in the Lurcher mutation (p.Ala654Thr), in
which the protein quaternary structure is twisted in a constitutively
open state (Selimi et al., 2003). This abnormal open state can be
closed by D-serine or Glycine (Itoh and Yuzaki, 2024) and enhanced
by extracellular Ca®" (Hansen et al, 2009). In both cases, the
alteration in GluD2 activity can push PCs into a hyper-excited
state that ultimately leads to cell death in about two post-natal
weeks. When the cerebellum is still immature, D-serine released
by BG is critical to generate long-term depression (LTD) because
GluD2 regulates the trafficking of AMPA (a-amino-3-hydroxy-5-
methyl-4-isoxazole propionate) receptors (Kakegawa et al., 2011).
The receptor is primarily expressed in cerebellar PCs (Itoh and
Yuzaki, 2024), while it is less abundant in cerebral and hippocampal
neurons (Konno et al, 2014). In all cases, GluD2 promotes
synaptogenesis (Khan, 2017), thereby increasing the number of
spines (Spanaki et al., 2024). GluD2 stabilises spines and promotes
postsynaptic LTD both in the immature and mature cerebellum
(Kakegawa et al., 2011). Deletion of GRID2 causes ataxia in humans
(Hills et al., 2013) and can be rescued in mouse cultures by
injections of GluD1 in the PC soma (Ryu et al., 2012). Another
critical activity performed by GluD2 is the separation of territories
occupied by PF synapses and CF synapses. Its absence causes the
aberrant development of CF collaterals and synapses in the PF
territory (Ichikawa et al., 2016).

The adaptor protein complex 2 (AP-2) and Glutamate Receptor
Delta 2 Interacting Protein 1 (GRID2IP) were recently found to be
critical for the balance of PF-CF territories. Loss of the two AP-2
isogenes, i.e., Ap2al and Ap2a2, in PCs causes the degradation of
GRID2IP and an increased expression of GluD2. This reduces the
CE-PCterritory and increases the PF-PC territory, making PCs more
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excitable. This leads to morphological degeneration, early PC death
and Spino Cerebellar Ataxia type 1 (SCA1) (Tolve et al., 2025).

Cerebellin, an adaptor protein

There are four variants of the secreted protein Cbln, which are
encoded by four genes (Cblni-4) (Stidhof, 2023). They can interact
with both GluD1 and GluD2 and with the various Nrxn isoforms
only if these contain an insert in the alternatively spliced sequence
4 (SS4) (Uemura et al.,, 2010). The first Cbln, as suggested by the
name, was discovered in the cerebellum: it is secreted by cerebellar
GrCs and interacts with Nrxn to form the tripartite complex that
stabilizes PF-PC synapses. Cblnl expression is quite low at birth,
but it undergoes a 20-fold increase and thereby becomes the most
expressed cerebellar isoform during the postnatal development.
Conversely, Cbln2 is highly expressed before birth but is strongly
downregulated during the postnatal phase and reaches a very
low expression level in adulthood (Seigneur and Siidhof, 2017).
Cbln4 has a slim expression in the cerebellum, but it was recently
shown that it is the first Cbln isoform downregulated in SCA2
(Arsovic et al., 2020) followed by Cbln3, which is highly critical for
the maintenance of PF-PC synapses. Cbln3 cannot be secreted from
PFs unless it associates with Cbln1 and, when it reaches the synaptic
cleft, accumulates and modulates Cblnl activity. This activity was
explored in mice with a KO for Cbln3, which increased sevenfold the
expression of Cbln1. Instead, the KO of Cbln1 completely eliminated
Cbln3 from the synaptic cleft (Bao et al, 2006; Iijima et al.,
2007; Larsen, 2021). Cblnl is also critical for downregulating the
formation of inhibitory synapses, mainly from SCs, on the PC
dendritic tree (Ito-Ishida et al., 2014b) (see the inhibitory section).
It has recently been discovered that Cblnl and GluD2 are not only
critical for maintaining spines and their presynaptic partners, but
even for the dendritic tree development. A total KO of GluD2
does not influence the shape of PC trees, but a sparse KO or an
increase in Clbnl and GluD2 proteins disrupts the morphological
properties of PCs (Takeo et al., 2021).

Neurexin, type | cell adhesion protein

Three isoforms of Nrxn are encoded by three genes (Nrxnl-
3) but they are highly rearranged through alternative splicing
(Fuccillo et al., 2015; Siidhof, 2017). Nrxns are so important for
the survival of GrCs that a KO of these proteins is fatal even
in cell cultures. This condition was reversed by the application
of brain derived nerve factor (BDNF) and partially rescued by
insulin-like growth factor-1 (IGF-1) (Uemura et al., 2022). BDNF
is a neurotrophic factor that is postulated to have an autocrine
or paracrine activity on GrCs axons. This substance is released by
GrCs axon under control of Nrxns. They are critical for the creation
of the presynaptic machinery, which is activity-induced through
action potential-dependent Ca”* entry. Multiple combinations of
Nrxn KO showed that the different isoforms are interchangeable
since the cerebellum shows no structural defects when only two
out of three Nrxn isoforms (Nrxnl/2, Nrxn2/3 and Nrxnl/3)
are genetically deleted (Uemura et al., 2022). Nrxn2 was found
to be critically involved with Cblnl in the regulation of GrCs
axonal guidance and growth. These proteins act as cues during
development and elongation of the axon in an autocrine manner
(Han et al., 2022) Figure 4A.
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Scaffold proteins between spines and climbing
fibers

CFs are the terminal part of axons belonging to neurons located
in the inferior olive nucleus. These fibers are critical to deliver the
graded control correction signals capable of changing PC activity
through the activation of PF-PC synaptic plasticity (Hansel et al.,
2001; Coesmans et al., 2004; Jorntell and Hansel, 2006; Hoxha et al.,
20165 Boele et al., 2018). The majority of PCs in mice shows a single
trunk stemming from the soma, but PCs with two trunks stemming
from the soma can be found in lobuli IX and X (Nedelescu et al.,
2018). This is even more evident in human reconstructions, where
three distinct branches were frequently observed (Busch and Hansel,
2023; 2025; Masoli et al., 2024). Similar to the previously defined
tripartite complex, a complex of two proteins is required to stabilise
a CF on PC spines: a) the secreted Clgll complement family
protein and b) the brain angiogenesis inhibitor 3 (BAI3/ADGRB3)
protein, which is an orphan receptor of the adhesion G-protein-
coupled receptors (GPCR) (Sigoillot et al., 2015). Both GluD2 and
BAI3 can be found in the immature PCs when the PF and CF
synaptic territories are not yet defined. After the stabilisation of
the synaptic territories, some spines belonging to the PF territory
keep BAI3 on their membrane surface and connect RTN4R located
on the PF presynaptic side (Paul et al., 2024). The presence of a
single winner CF has been proved wrong for humans (Busch and
Hansel, 2023) since there can be more than one depending on
the number of main trunks. In some cases, more than one CF
has been observed in rodents too (Nishiyama and Linden, 2004;
Piochon etal., 2014). To guide the rodent CFs shift, transient somatic
spines are generated lasting only until P20 and used by both CF
and BC axon collaterals (Ichikawa et al., 2011). After P21, only
the winner CF can be found on dendritic spines, showing a larger
volume, extensive PSD and more AMPA receptors compared to
somatic spines and dendritic spines of the looser CE This process
is coordinated by the Rab3-interacting molecule RIM, which can
also be found in PFs (Nitta et al., 2025). Progranulin release by
PCs acts as a retrograde signal activating sortl, which increases
the release probability of the presynaptic terminals of the CF that
have translocated from the soma to the dendrites (Uesaka et al.,
2018). Dysregulation of either C1ql1 or BAI3 in the adult allows the
formation of new synaptic contacts between nearby CF branches and
the upper part of PC dendritic tree (Aimi et al., 2023). The KO of
either Cblnl or Clqll causes the disruption of at least 50% of PF
and CF synapses (Paul et al., 2024). As observed upon the KO of
GluD2, the absence of Cbln1 disrupts the CF territory, increasing its
presence in territories normally occupied by PF synapses Figure 4B.

How structural proteins control inhibitory
synapses

Early work described that BC collaterals interact with PC
somatic spines for 2 weeks until P20 (Ichikawa et al, 2011).
After this point in the development, no other evidence of
inhibitory interneurons synapsing with PC spines was provided,
not even SCs, which make synapses directly with dendrites. This
is different compared with the morphological reconstructions and
electrophysiological recordings performed in PNs, in which some
spines are dedicated to receiving inhibitory synapses (Boivin and
Nedivi, 2018). The absence of SC synapses on PC spines is due
to the same Cblnl that controls the PF territory. The number of
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SC and CF synapses was significantly increased in cerebellar slices
from Clbn1/DluD2-deficient mice (Ito-Ishida et al., 2014a). This
investigation further showed that the lack of Cbln1 also increased
the density of the Vesicular Gaba Transporter (VGAT)-positive
puncta, which are a marker of GABA- and glycine-containing
inhibitory terminals (although with some regional differences in
P11 mice). Since Cbln1-GluD2 signalling can control the territory
occupied by VGAT, this finding confirms that the PF-PC synapses
can hetero-synaptically control the generation and stabilisation of
molecular layer interneurons (MLI)-PC synapses (Ito-Ishida et al.,
2014a). CbInl finely regulates synaptogenesis through the Src-
family protein tyrosine kinase (SFK) pathway (Ito-Ishida et al.,
2014b). PC-expressed Neuroligin can interact with Nrxn expressed
by MLI to generate the complex that stabilises these synapses
(Stidhof, 2008; Zhang et al., 2015; Park et al., 2018). The absence
of Neuroligin or Nrxn can impair mature synapses but is not
involved in synaptogenesis, which has been recently attributed to
Dystroglycan. SC synapses cannot be found on spines since they do
not co-localise with markers of excitatory synapses (Jahncke et al.,
2025). Global KO of Neuroligin 2 reduced the inhibitory input
from MLIs to PCs and suppressed pruning of CF synapses
(Suk et al., 2025) (Figure 4C).

lonic channels and receptors in PC spines

The majority of synaptic receptors, ionic channels and internal
biochemical pathways which control the postsynaptic plasticity are
within the conglomerate of scaffolding proteins forming the PSD
(Harris and Stevens, 1988; Cramer and Gao, 2013; Chen et al., 2022).

lonic channels

PCs are endowed with multiple voltage-dependent ionic
distributed over the
(Masoli et al., 2015). Some channels have an axosomatic expression,

channels different cell compartments
but the majority are somato-dendritic. Some have a higher
expression on the proximal part of dendritic trees, whereas others
cover the entire tree, including dendritic spines. The most known
ionic channel, the P-type high voltage-activated (HVA) Ca®* channel
(Cav2.1) can be found everywhere and can act alone or cluster
with big (BK, KCal.1) and small conductance Ca**-dependent K*
channels (SK2, KCa2.2) (Indriati et al., 2013; Lujan et al., 2018a).
The modulation of the spike amplitude is under control of A-type K*
channel (Kv4.3) and the rebound excitation from negative potential
is modulated by a low voltage-activated (LVA) Ca** channel (Cav3.1)
(Otsu et al., 2014; Alfaro-Ruiz et al., 2020). The R-type HVA Ca**
channel (Cav2.3) is found in spines, but is not critical in controlling
the overall PC electrical responses (Otsu et al., 2014).

The physical length and the absence of voltage-dependent
sodium or Ca®" channels from the necks (Araya et al., 2006) can
generate a local filtering system. The G-protein inward-rectifier K*
channels 2 (GIRK2), expressed on both necks and heads (Lujan etal.,
2018b), could also act as a modulatory system. It can shunt the
forward propagation of weak signals from the spine to the rest
of the dendrite and, at the same, filter the back propagating
spikes from the axosomatic compartments by promoting membrane
hyperpolarization.
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lonotropic receptors (AMPA, NMDA)

The majority of neurons express both AMPA and NMDA
receptors on their spines, whereas PCs express a majority of
spines with only AMPA receptors. The absence of postsynaptic
NMDA receptors can be due their presynaptic expression on PF
(Schonewille et al., 2021). Postsynaptic NMDA receptors are instead
expressed by spines belonging to the CF territory (Piochon et al.,
2007; 2010). The AMPA receptor subtype expressed by human PC
spines comprises all the known subunits (GluR1 - GluR4) in their
flip and flop splice variants (Tomiyama et al., 1999). The highest
expression was reported for GluR1 (Castejéon and Dailey, 2009),
GluR2 (Liu et al., 2010) and GluR3 (Loschky et al., 2022). AMPA
receptors in PCs are almost impermeable to Ca®* ions, since they
contain the GluR2 subunit. This subunit is critical for the AMPA
assembly since it controls receptor kinetics, conductance of single-
channel, and Ca** permeability. The passage of Ca’* is limited by
the presence of an arginine residue at position 607 (R607) that
introduces an additional positive charge in the pore (Isaac et al.,
2007). According to recent experiments, Ca®>" permeability can
be modulated by the transmembrane AMPAR regulatory protein
(TARP) and cornichon auxiliary subunits, modifying the known
properties of GluR2 subunits (Miguez-Cabello et al., 2025). The
paired pulse facilitation of AMPA receptors differ depending on the
source of the presynaptic innervation: AMPA receptors expressed
by spines belonging to the PF territory present a strong facilitation
(Schmidt, 2019), whereas those expressed in the CF territory showed
a strong depression after a single pulse (Zhang et al., 2020). This
difference has been proven, not only with electrophysiological
approaches but also by assessing the expression of the glutamate
transporters Vglutl and Vglut2. The former is associated with the
majority of PFs and the latter only with CFs (Mao et al., 2022).
These AMPA receptors are assisted primarily by NMDA GluN2A
subunits and, to a lesser extent, by GluN2B subunits (Renzi and Cull-
Candy, 2007). GluN2A has a high opening probability that facilitates
Ca’" entry, whereas GluN2B has half the value of GluN2A opening
probability but shows longer openings (Santucci and Raghavachari,
2008). These receptors, along with Cav2.1 Ca®* channels, play
a critical role in Ca®'-dependent facilitation and depression
(Kim et al., 2008; Benton and Raman, 2009; Adams et al., 2010).

PCs synthesise and release glutamate from their dendrites until
the fourth postnatal week (Crépe et al., 2011). This autocrine activity
on spine receptors is useful for depolarisation-induced suppression
of excitation (DSE), and for depolarisation-induced potentiation of
inhibition (DPI) (Crépe et al., 2011). Glial cells are usually in charge
of clearing the excessive glutamate from the cleft, and this is one
of the multiple activities performed by BG, which expresses the
glutamate transporter EAAT2. Contrary to other neuronal types,
PCs express the EAAT4 transporter in the spine perisynaptic region
(Dehnes et al., 1998; Tao-Cheng, 2025). In postischemic mice,
the low expression of this transporter causes excitotoxicity and
cell death (Yamashita et al., 2006).

Three members of the ionotropic P2X receptors (P2X,, P2X,,
and P2X), which are non-selective cation channels gated by ATP,
have been detected on spines belonging only to PF territory (Rubio
and Soto, 2001). These ionotropic receptors mediate both membrane
depolarization and Ca?* influx in some regions of the CNS (Mut-
Arbona and Sperlagh, 2023), but their physiological role in
cerebellar PCs is yet to be determined.
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Metabotropic receptors (GABAB, mGluR1)
Compared to PNs, PCs do not have spines capable of
receiving inhibitory inputs from GABAergic interneurons. However,
spines belonging to both PF and CF territories express extra
with GIRK2

activation of

synaptic GABAB receptors, which can cluster
channels on spine necks and with Cav2.1. The
GABAB receptors enhances the depression of the synaptic
and mGluR-

mediated slow synaptic currents) induced by glutamate in

currents (AMPA-mediated fast synaptic currents

spine heads (Tabata and Kano, 2006) and is responsible for PC
hyperpolarization (Lujan et al., 2018b). The presence of GABAB
receptors, GIRK2 ionic channels, and the correlation between neck
lengths and electrical activity (Araya et al., 2006) could generate
a filtering property that could reduce the noise to signal ratio of
each spine.

Another major player in generating slow responses is mGluR1.
The CF that wins the competition and becomes stabilised on PC
specific main trunk is under control of mGluR1 located on spines,
AMPA receptors located on PFs and NMDA receptors located
on MLI (Nakayama et al., 2024). The cannabinoid receptor CB1
is located on the presynaptic PF (Buceta et al., 2020) and is
stimulated by mGluR1 through a signalling cascade that generates
2-arachidonoylglycerol (2-AG) and anandamide as retrograde
messengers (Marcaggi, 2015; Hoxha et al., 2016). This pathway
is critical because it reduces the release probability of PF in
a Ca’*- and glutamate-dependent manner (Safo et al, 2006).
Accordingly, mGIuR1 stimulates phospholipase Cf (PLCP) to
cleave phosphatidylinositol-4,5-bisphosphate (PIP,) into inositol-
1,4,5-trisphosphate (IP;) and diacylglycerol (DAG) (Negri et al.,
2020). DAG is hydrolyzed into 2-AG by DAG lipase and can
thus serve as a retrograde messenger to reduce glutamate release
from PFs (Safo et al., 2006). While DAG promotes the inhibitory
inputs at the PF-PC synapse, the other branch of the signalling
cascade, i.e., IP;, maintains the presynaptic function by inducing
the secretion of BDNEF, which acts as a retrograde messenger to
increase the glutamate release probability (Furutani et al., 2006).
The chronic suppression of mGluR1 and IP; profoundly reduce the
release probability. A similar activity can be induced by applications
of BDNF (Furutani et al, 2006). The weight of DAG vs. IP;
signalling at the PF-PC synapse could depend on their different
rates of degradation upon PLCP activation (Raghu et al., 2019;
Joensuu et al., 2020).

Inside a PC spine

The intracellular molecular mechanisms of PC spines are highly
specialized and include several enzymatic cascades, molecular
motors, and a specialization of the endoplasmic reticulum (ER)
called spine apparatus. These are instrumental in ensuring spine
neurotransmission, plasticity, and motility.

Cytoplasmic molecules and the spine apparatus
The ER in PC dendritic spines is central to Ca?* dynamics
and synaptic plasticity. It regulates intracellular Ca** homeostasis,
which is essential for synaptic function and plasticity. The ER
network extends into the dendrites and spines with specialised
sub domains, such as spine-associated ER and smooth ER tubules,
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contribute to localised Ca?* dynamics. The ER serves as a major
Ca®" store, modulating LTD and other forms of synaptic plasticity
in PCs. Ryanodine receptors (RyRs) and IP; receptors (IP;Rs) play
key roles in Ca®* release from the ER. This Ca** regulation is
crucial for the function of cerebellar circuits, impacting motor
learning, since the ER interacts with synaptic receptors, including
AMPA and mGluRs (Konietzny et al., 2023). Synaptopodin is an
actin-associated protein highly expressed in neuronal dendritic
spines. It is known to organise the spine apparatus, a special
form of the ER inside dendritic spines. It plays an important
role in Ca®' signalling and synaptic plasticity. Synaptopodin is
mainly found in cortical PNs (especially in the hippocampus
and neocortex), but it is not expressed in PCs. PCs have other
types of ER structures in their spines (such as spine smooth ER)
(Mundel et al., 1997; Deller et al., 2000; Vlachos et al., 2009;
Wagner et al., 2011).

A recent investigation revealed that PIP, can be primarily
located in PC spines and GrC presynaptic active zones (Eguchi et al.,
2023). As explained above, during glutamatergic stimulation,
mGluR1 stimulates PLCB to cleave PIP, into DAG and IP;,
which releases ER Ca** by activating IP;Rs. IP;-induced ER Ca**
release can then be amplified by Ca**-induced Ca®" release (CICR)
through RyRs and lead to a dramatic reduction in the ER Ca**
concentration ([Ca”]ER). Stromal interaction molecule (STIM)
proteins, namely, STIM1 and STIM2, can, respectively, detect large
and small decreases in the [Ca2+]ER; once activated, STIM proteins
oligomerize and translocate to ER-plasma membrane junctions,
known as puncta, where they bind to and gate the Ca®*-permeable
channel, Orail. This mechanism is known as store-operated Ca%t
entry (SOCE) and is primarily responsible for refilling ER Ca**
in neurons (Moccia et al., 2015). STIM1 is abundantly expressed
in cerebellar PCs (Klejman et al., 2009) and a recent investigation
reported that it is preferentially localized in the dendritic subsurface
cisterns of the ER in mouse PCs (Nomura et al., 2025). Orail
is also highly expressed in cerebellar PCs from several species,
including human, rat and Cynomolgus monkey (Guzman et al.,
2014), but it is still unclear whether it contributes to SOCE. In
this view, PCs are also enriched with Orai2 (Skibinska-Kijek et al.,
2009), which may serve as a dominant negative regulator of Orail
(Kito et al., 2015; Yoast et al.,, 2020), thereby strongly limiting
Orail-mediated Ca®* entry in PCs. However, STIM1 can interact
with many other components of the Ca** handling machinery
(Moccia et al,, 2015), including Cavl.2 channels (Wang et al,
2010), NMDA receptors (Gruszczynska-Biegala et al., 2020), AMPA
receptors (Gruszczynska-Biegala et al., 2016), and members of
Transient Receptor Potential (TRP) superfamily of non-selective
cation channels, such as TRP Canonical 1 (TRPC1) and TRPC3
(Zeng et al., 2008; Lee et al, 2014). TRPC1 and TRPC3 are
both expressed in PCs, but only TRPC3 can be gated by STIM1
in response to IP;-dependent ER Ca** release (Hartmann et al,,
2008). A series of investigations has unambiguously demonstrated
that STIM1-gated TRPC3-containing channels mediated mGluR1-
dependent slow synaptic excitatory postsynaptic currents (EPSP )
in cerebellar PCs (Hartmann et al., 2014; Gui et al., 2024). STIM1
maintains the ER Ca®" pool that it mobilized during dendritic
mGluR1 signalling to ensure motor coordination (Hartmann et al.,
2014), regulates PC intrinsic excitability by interacting with
Sarco-Endoplasmic Reticulum Ca’*-ATPase (SERCA) to clear
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intracellular Ca?* and fine-tune the recruitment of Ca**-dependent
conductances (Ryu et al., 2017), and is crucial for the memory
consolidation of the vestibulo-ocular reflex (Jang et al., 2020).
The major expression of STIM1 and SERCA2 was detected at the
dendritic level with little to no presence on spines. Conversely, two
other critical receptors for the release of Ca** from the smooth
ER (SER), RyR1 and IP;R1, were expressed on spines. The former
had a lower spine expression compared to the somato-dendrites
compartments, while the latter was highly expressed in spines
(Nomura et al, 2025). An early study showed that the rapid
replenishment of the ER Ca** store within the spine is driven by the
intraluminal redistribution of dendritic Ca** (Okubo et al., 2015).
This observation suggests that the ER within the spine neck does
not represent a significant barrier to Ca®* diffusion and that the
absence of STIM1 impairs the overall ER Ca** dynamics in PCs. The
neuronal ER functions act as an intracellular tunnel to redistribute
stored Ca*" within the neurons and as a leaky integrator of Ca**
spike-inducing synaptic inputs (Okubo et al., 2015). This separation
can lead to two distinct levels of synaptic plasticity; one strictly
located on the dendritic level and one confined in each spine. This
compartmentalized Ca®" regulation is critical for cerebellar function
and motor coordination.

Cytoskeleton

The cytoskeleton within the dendritic spines of PCs is
primarily composed of filamentous actin (F-actin), which provides
structural support and facilitates synaptic plasticity. Several key
proteins regulate the organization and dynamics of this actin
cytoskeleton: 1) Myosin XVI is a motor protein that interacts
with the WAVE Regulatory Complex (WRC) to modulate actin
dynamics in PC spines. Inhibition of the WRC accelerates
F-actin turnover, resulting in altered spine morphology and
reduced structural plasticity (Roesler et al., 2019). 2) Cortactin
is predominantly localized near the postsynaptic density and
sub-membrane regions of PC spines, and plays a role in actin
filament branching and stabilization. Its distribution in these
spines differs from that in forebrain neurons, suggesting region-
specific functions in synaptic architecture (Szab¢ et al., 2021). 3)
CaMKIIB (Ca®*/Calmodulin-Dependent Protein Kinase II Beta)
is the most abundant protein in the PSD and it is involved
in synaptic plasticity through the phosphorylation of multiple
NMDA subunits (Kennedy, 2000). This kinase also promotes spine
formation and elongation through its F-actin binding activity
(Okamoto et al., 2007). Activation of group I mGluRs, ie,
mGluR1 and mGluR5, triggers protein kinase C (PKC)-mediated
phosphorylation of CaMKII, leading to its dissociation from F-
actin. This mechanism prevents excessive spine development and
maintains proper spine morphology in mature PCs (Sugawara et al.,
2017). 4) Myosin-Va is a motor protein responsible for transporting
the ER into dendritic spines of PCs. The presence of ER in
spines is essential for synaptic plasticity, and myosin-Va facilitates
this process by pulling the ER into spines along actin filaments
(Wagner et al., 2011).

These proteins the
regulation of the actin cytoskeleton in PC spines, influencing

collectively ~contribute to dynamic

their structure and function in cerebellar synaptic plasticity (for
a comparison, see Table 3).
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TABLE 3 Comparison of ER related properties. Differences between cortex, hippocampus and Purkinje cells.

Feature Pyramidal neuron

(neocortex)

Pyramidal neuron
(hippocampus)

Purkinje cell (cerebellum)

(Deller et al., 2000)

Spine Apparatus Present (Space-filling ER structure) Present complex multilamellar Absent or extremely rare (Deller et al.,
(Mundel et al., 1997; Deller et al., 2000) structure (Deller et al., 2000; Spacek 2000)
and Harris, 1997)
Smooth ER in Spines Present, associated with spine apparatus Present, highly structured, contributes Present simpler tubular ER without a

to spine apparatus (Spacek and Harris,
1997)

spine apparatus (Martone et al., 1993)

Synaptopodin Expression High; essential for spine apparatus

(Mundel et al., 1997; Deller et al., 2000)

High; essential for forming spine Very low or absent (Deller et al., 2000)
apparatus (Mundel et al., 1997;

Deller et al., 2000)

Other Actin-Associated Proteins Actin-binding proteins (e.g., a-actinin)

(Mundel et al., 1997)

a-actinin, drebrin, important for
actin/ER organization (Mundel et al.,
1997)

Other cytoskeletal proteins;
synaptopodin absent (Martone et al.,
1996)

Main Function of ER Ca®" storage, buffering, and plasticity
(supports LTP) (Spacek and Harris,

1997)

Ca’* storage, modulation of synaptic Ca®" buffering for LTD, especially after
plasticity (supports LTP) (Spacek and

Harris, 1997)

parallel fiber activation (Llano et al.,
1991)

Synaptic Plasticity Linked to ER Supports LTP (Spacek and Harris, 1997;

Deller et al., 2000)

Supports LTP — local Ca®* release
needed for strengthening synapses
(Spacek and Harris, 1997; Deller et al.,
2000)

Supports LTD — local Ca** dynamics
required for weakening synapses
(Konnerth et al., 1992)

ER Complexity Complex, multilayered spine apparatus

(Spacek and Harris, 1997)

Highly complex, stacked cisternae Simple, fine tubular ER network

(spine apparatus) (Spacek and Harris, (Martone et al., 1993)

1997)

Calcium Release Mechanisms IP3 receptors and ryanodine receptors

on spine ER (Sharp et al., 1993)

IP3-mediated Ca>" release; ryanodine
receptors also present (Finch and
Augustine, 1998)

TIP3 receptors and ryanodine receptors
on spine ER (Sharp et al., 1993)

Purkinje cell spine regulation

Parallel fibers (anti-Hebbian) and climbing
fibers (Hebbian) long-term potentiation
and depression

PC dendrites receive excitatory inputs from PFs and CFs and
the spines are instrumental in generating specific forms of long-term
synaptic plasticity, including long-term potentiation (LTP) and LTD.
While synaptic plasticity at CF - spine synapses follows the Hebbian
rules, the PF - spine synapse present both LTD and LTP based on a non-
Hebbian plasticity rule (Roberts and Leen, 2010; Piochon et al., 2012;
Runge et al., 2020). The general synaptic plasticity rule (Lisman, 1989;
Shouval et al., 2002; Pali et al., 2025) dictates that LTP is generated
by low Ca** concentrations and LTD by high concentrations. LTD
at PF - PC synapses consists of an activity-dependent long-lasting
reduction in synaptic strength (Roberts and Leen, 2010; Nishiyama
and Yasuda, 2015). Coincidence of PF stimulation (glutamate release)
and CF activation (membrane depolarisation and Ca?* influx) triggers
LTD (Piochon et al., 2012; Daida et al., 2024). This leads to an influx
of Ca** via voltage-gated Ca®* channels and to Ca®" release from the
endogenous ER stores through the CICR process (Harvey-Girard etal.,
2010). Glutamate released from PFs activates mGluR1 to produce
IP, production, thereby promoting IP;-induced Ca®" release from
the spine apparatus (Hartmann et al., 2011). A high localised Ca**
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concentration, together with PKC activation, induces AMPA receptor
(GluA2 subunit) internalisation from the postsynaptic membrane,
weakening synaptic transmission (Lisman, 1989). LTD is essential
for motor learning, such as eye-blink conditioning and adaptation of
the vestibulo-ocular reflex (Sharp et al., 1993; Finch and Augustine,
1998; Hansel et al., 2001; Ito, 2001). Moderate PF activation without
strong CF co-activation leads to protein kinase A (PKA) stimulation
and enhances AMPA receptor phosphorylation, promoting their
insertion or stabilisation at the postsynaptic membrane, involving
the activation of phosphatases, such as protein phosphatase 1 (PP1)
and PP2B (calcineurin) (Lewis and Maler, 2002). The nitric oxide
(NO)/soluble guanylyl cyclase/cyclinc guanosine monophosphate
(cGMP) signalling pathway has also been implicated (Lev-Ram et al.,
2002). Unlike LTD, where a large, spatially localised Ca®" rise
triggers depression, LTP requires smaller, slower Ca?* elevations
that fails to engage the higher threshold LTD pathway. LTP may
help counterbalance LTD, maintaining synaptic homeostasis and
contributing to fine-tuning of motor commands (Martone et al., 1993;
Spacek and Harris, 1997; Lev-Ram et al.,, 2002; Coesmans et al.,
2004). The presynaptic protein RIMI, in connection with Rab3-
interacting molecule, is necessary for LTP to occur between PFs and
PC (Uriu et al,, 2010). It should also be noted that also presynaptic
forms of synaptic plasticity also exist at the PF-PC synapse but are not
considered here (Hansel et al., 2001).
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How to modulate a spine: presynaptic release
probability

There are various substances that can module the overall
synaptic strength without the need to physically eliminate the PE-
spine synapse. The endocannabinoids, which are produced by PCs
and act as a retrograde signal, interact with the presynaptic side,
reducing the release probability through CBI receptors (Safo et al.,
2006). A critical presynaptic protein termed RIM1 is important in
the control and recruitment of presynaptic Ca®* channels (Kaeser
and Regehr, 2014). This protein is activated by progranulin generated
by PCs and, acting as a diffusible signal, leads instead to an increase
in release probability. This strengthening of the synaptic activity
was recorded during the stage in which a CF becomes the winner
with its translocation from somatic to dendritic spines (Uriu et al.,
2010; Nitta et al.,, 2025). The presynaptic NMDA receptors are
involved in the production of NO, which, compared to many other
neuronal types, is not produced by the postsynaptic side (D’Angelo,
2014; Mapelli et al., 2017). NO may influence the postsynaptic Ca**
dynamics and thereby change the overall strength of the presynaptic
side, pushing the synapse into LTP (Schonewille et al., 2021). The
structural proteins between PF and spines are critical, but the axon
itself can define if a presynaptic active site needs to be stabilized or
abolished (Aiken and Holzbaur, 2024). Based on the type of signals
that need to be elaborated by a specific PCs, it is possible that the
synapse is initially established between PF and PC and a certain
point in the development, the presynaptic side itself is pruned.

How to modulate a spine: postsynaptic properties

As previously defined (see chapter “Spine number estimates”),
to reduce the impact of the large number of spines and
their low response it was assumed the absence of fast AMPA
receptor-mediated responses, and the presence of a majority
of mGluR1/TRPC3-mediated slow synaptic currents (Jin et al.,
2007). These slow EPSC, lasting up to hundreds of milliseconds,
were recently shown to change greatly depending on the lobuli
(Thomas et al., 2024). Slow responses could be elicited in spines
with only one head to preserve the PF-spine synapse, to convey
support information, or to maintain the synapse active when no
relevant information is transmitted. This model is supported by
the recent discovery that branched spines are more “eloquent”
compared to single-headed spines (Loschky et al., 2022). Another
way to reduce the number spines, without physical deletion, is
through GABAB receptors located peri synaptically and on spine
necks. These receptors are connected with GIRK2 channels that
can act as a filter for small intensity presynaptic activation or by
slow responses elicited by mGluR1. The PF - spine synapse follows
an anti-Hebbian rule to generate short and long-term potentiation
(Lev-Ram et al., 2002; Piochon et al., 2012). This is in agreement
with the evidence that postsynaptic Ca** needs to remain low to
generate LTP, while it must increase by coincident activation of CFs
to generate LTD.

Dynamic changes in morphological
conformation

A property that was studied in layer 5 PN showed that the length
of spine necks electrically isolates the heads from the dendrites.
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This activity was recorded using Spine Uncaging Potentials and
showed a correlation between the neck lengths and electrical
activity recorded at the somatic level. Longer necks had more
impact on the activity, even reaching a complete silencing of the
post-synaptic potentials, where shorted neck allowed post-synaptic
potential transmission (Araya et al., 2006). When a synaptic contact
is established, its shape does not change even during LTD activity
(Sdrulla and Linden, 2007). This view was recently challenged with
a new experimental procedure showing that, besides changing their
shape, the entire dendritic spine can be retracted and regenerated
along the day/night cycle (Loschky et al, 2022). An in vivo
experimental procedure further showed that PC spine size can be
changed by a process that required the endocytosis of some spine
membrane by BG (Morizawa et al., 2022). This process was marked
by increased activity of BGs after training and learning.

Spine modification in diseases

Spine properties can be greatly modified in the presence of
mutations that dysregulate various signalling pathways, thereby
resulting in severe neurological diseases. In many cases, the PC
dendritic tree can change its shape, branching points and overall
arborisation. The dendritic trees are subject to marked modifications
as exemplified by the atrophy observed in PCs of Weaver mice
and in ectopic PCs of Reeler mice. In both mouse models, the
presence of spines is unaffected by the mutations, but their linear
count is lower compared to controls (Yuste and Bonhoefter, 2004). In
essential tremor, a human parkinsonism characterized by localised
axon swelling, there is a reduction in the complexity of PC dendritic
tree with just a small reduction in spine number per unit length
(Louis et al., 2014). In Staggerer mice, which are missing the
retinoid-related orphan receptor a (RORa), the animal is ataxic
(SCAL) and PCs show stunted trees with parts of them completely
devoid of spines (Mitsumura et al., 2011). Some remnants of the
PE-PC connectivity can be observed with excitatory synapses made
directly on the dendritic surface. Another ataxia (SCA2) is caused by
polyglutamine expansion in Ataxin-2 (ATXN2) and its activity on
CaMKIIa and CaMKIV signalling with a reduction in spine length
and spine density (Arsovi¢ et al., 2020). A point mutation in the
protein kinase C gamma (PKCy), involved in SCA14, showed that
it has a limited impact on spinogenesis except if it is upregulated.
In the latter case, it causes the reduction of the number of spines,
their length and overall maturity (Sziber et al., 2025). In human
schizophrenia, a decrease in spine density was observed, but with
no information about changes to the spine shape (Mavroudis et al.,
2017). This specific mutation is yet to be replicated in animal models.

Conclusions and computational
implications

Although the number of spines appears to be lower than
initially thought, this is not expected to hamper the encoding
capabilities of PCs. Indeed, instead of having ~90% silent synapses
out of 100000, there would be a maximum of 85% inactive or
poorly active synapse out of 35,000. The more “eloquent” double-
headed spines would be 15% of the total, i.e., ~5,000 in mouse
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and ~40,000 in human PCs contribute more to the modularity
of cerebellar organisation (Streng et al.,, 2025) compared to the
single-headed spines. We recently compared PCs in mice and
humans (Masoli et al., 2024), showing that the human/mouse
spine head ratio (7.5) could determine the computing capability of
the neurons. This number compared well with other metrics like
the dendritic surface ratio (5.5) and dendritic complexity index
(6.5), as well as with dendritic transfer impedance computed for
clusters of spines that can effectively impact spike generation in
the PC axonal initial segment (6.5) with 1-ms time resolution.
This suggested that the increased number of contacts was almost
entirely transformed into effective combinations of input patterns
that can regulate spike generation in the soma, akin to the linear
encoding in a perceptron (Brunel et al., 2004; Walter etal., 2009). The
maximum computational capacity, which depends on the number
of alternative states established by the dendrites, turned out to be
28 for mice and 2°' for human (Masoli et al., 2024). It remains
to be determined whether these figures would change by making
assumptions about spine efficiency, e.g., following the arguments
reported here. The electrical isolation generated by the spine neck,
the large number of thin spines, and the hyperpolarizing activity of
GABAB/GIRK2 channels suggest that each spine may individually
influence the overall neuronal encoding activity. This is because of
the reduction in the noise/signal ratio, allowing the transmission
of strong excitatory activity concentrated on few spines. It should
be noted that, owing to the redundancy of dendritic combinations,
some output spike patterns may be mutually indistinguishable on the
temporal resolution scale of the neuron. Ad hoc simulations using
PC computational models with spines may allow the calculation
of the combinatorial capacity in human and mouse PCs under
more realistic assumptions, for example, that segments are not fully
active or inactive or that spine independence is incomplete, or that
individual spines have specific and differentiated neurotransmission
properties reflecting modulatory, plastic, or pathological states
(Rieke, 1999; London et al., 2002; Arleo et al., 2010).
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