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Molecular and cellular mechanisms of developmental synapse elimination in
the cerebellum: Involvement of autism spectrum disorder-related genes
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Abstract: Neural circuits are initially created with excessive synapse formation until
around birth and undergo massive reorganization until they mature. During postnatal develop-
ment, necessary synapses strengthen and remain, whereas unnecessary ones are weakened and
eventually eliminated. These events, collectively called “synapse elimination” or “synapse prun-
ing”, are thought to be fundamental for creating functionally mature neural circuits in adult
animals. In the cerebellum of neonatal rodents, Purkinje cells (PCs) receive synaptic inputs
from multiple climbing fibers (CFs). Then, inputs from a single CF are strengthened and those
from the other CFs are eliminated, and most PCs become innervated by single CFs by the end
of the third postnatal week. These events are regarded as a representative model of synapse
elimination. This review examines the molecular and cellular mechanisms of CF synapse elim-
ination in the developing cerebellum and argues how autism spectrum disorder (ASD)-related
genes are involved in CF synapse development. We introduce recent studies to update our knowl-
edge, incorporate new data into the known scheme, and discuss the remaining issues and future
directions.
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Introduction

The nervous system undergoes extensive
synapse formation around birth, and the density of
synapses in neonatal animals is much higher than
that of mature animals. During synapse forma-
tion, presynaptic axons initially target and inner-
vate a larger number of postsynaptic neurons re-
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sulting in an excess number of synaptic inputs on
each neuron. During postnatal development, nec-
essary synapses are strengthened and retained, and
unnecessary synapses are weakened and eventually
eliminated. Consequently, neural circuits are re-
fined by eliminating redundant axonal projections
and presynaptic axons come to innervate a limited
number of postsynaptic neurons. These events, col-
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Fig. 1. Basic neural circuits in the cerebellar cortex and the morphological diversity in PC dendritic arbors related to CF
innervation patterns. (A) Diagram of the major cell types and neural circuits constituting the adult mouse cerebellar
cortex. (B) Representative traces of CF-mediated excitatory postsynaptic currents (CF-EPSCs) from two PCs. The PC
with a single CF-EPSC step (left) and that with multiple steps (right) are judged to be mono-innervated and multiply-
innervated by CFs, respectively. (C) Schematics depict a relationship between the morphology of PC dendritic arbors
and CF innervation patterns. PCs are classified into three groups: (1) with one primary dendrite (Normative), (2) two
multibranched dendrites bifurcated proximal to the soma (Split), and (3) multiple dendrites emerging directly from the
soma (Poly).16)

lectively called “synapse elimination” or “synapse
pruning”, are essential for creating functionally ma-
ture neural circuits.1)–5) Synapse elimination occurs
in various regions of the peripheral and central ner-
vous systems, including the neuromuscular junc-
tion, autonomic ganglia, the visual and somatosen-
sory thalamus, the cerebral cortex, and the cere-
bellum. Among them, the molecular and cellular
mechanisms of postnatal changes in climbing fiber
(CF) to Purkinje cell (PC) synapses in the cerebel-
lum have been a representative experimental model.
This review aims to provide a compact overview
of the current understanding of CF synapse elim-
ination in the developing cerebellum. As there are
several comprehensive reviews on this issue,6)–9) we
introduce recent studies to update our knowledge,
incorporate new data into the known scheme of
CF to PC synapse formation and elimination, and
briefly discuss the remaining questions. Further-
more, we will mention that many genes related to
autism spectrum disorder (ASD) are involved in CF
to PC synapse formation and elimination, given that
abnormal synapse pruning has been implicated in
ASD10) and cerebellar defects or dysfunctions are
suggested to be related to ASD.11)

Major cell types and neural circuits in the
cerebellar cortex

PCs are GABAergic inhibitory neurons that
send the sole outputs from the cerebellar cortex
to the deep cerebellar nuclei and the vestibular
nuclei.12),13) In adult animals, PCs receive two dis-
tinct types of glutamatergic excitatory synaptic in-
puts, parallel fibers (PFs) and CFs (Fig. 1A). PFs
are bifurcated axons of granule cells (GCs) forming
synapses on the PC distal dendrites. CFs are axon
branches of neurons in the inferior olive innervat-
ing the PC proximal dendrites. In addition, PCs
receive GABAergic inhibitory synaptic inputs from
basket cells (BCs) and stellate cells in the molecular
layer, collectively called molecular layer interneu-
rons (MLIs). BCs are located in the deeper molec-
ular layer near the PC layer and form inhibitory
synapses around the somata and pinceau structures
around the axon initial segments of PCs. Stellate
cells are located in the middle of the molecular layer
and form inhibitory synapses on the PC dendrites.
While astrocytes, oligodendrocytes, and microglia
are present, the cerebellum contains a special type
of astrocyte, called Bergmann glia, extending pro-
cesses from the PC layer to the cerebellar surface
through the molecular layer. Neural circuits in the
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cerebellum are shaped and refined during postnatal
development through interactions of different types
of neurons, synapses, and glial cells. Notably, the
proper development of PF to PC synapses, MLI to
PC synapses, and Bergmann glia is required for the
elimination of redundant CF synapses, and thus the
establishment of appropriate CF to PC wiring.

In adult rodents, each PC is typically inner-
vated by a single CF on the proximal dendrites,
while each PC receives more than 100,000 PF synap-
tic inputs on the distal dendrites.14) The number
of CFs innervating a PC can be quantitively esti-
mated electrophysiologically by recording excitatory
postsynaptic currents (EPSCs) elicited by stimulat-
ing CFs from a PC using whole-cell patch-clamp
recording in acute cerebellar slices (Fig. 1B).15) This
method enables the investigator to count the num-
ber of discrete steps of CF-mediated EPSCs elicited
in the recorded PC. To search all CFs innervating
the PC, the site of CF stimulation is systematically
moved, and the stimulus intensity is gradually in-
creased at each stimulation site. The number of
discrete CF-EPSCs thus obtained reflects the num-
ber of CFs innervating the recorded PC.

A recent study by Busch and Hansel (2023) re-
vealed that PCs with multiple primary dendrites
constitute the majority (∼95%) in the human cere-
bellum and about 50% in adult mice (Fig. 1C).16)

They found that ∼25% of multibranched PCs re-
ceive synaptic connections from more than two CFs,
whereas almost all PCs with one primary dendrite
have single CF innervation in adult mice. Conse-
quently, about 15% of all PCs have multiple CF in-
nervation, the value of which is consistent with data
recorded from randomly chosen PCs in wild-type
control mice, as reported in many previous stud-
ies. Multi-branched PCs are relatively more preva-
lent in posterior lobules of human and murine cere-
bellar vermis. However, the prevalence is not de-
pendent on zebrin II/aldolase C (Aldoc), which is
predominantly expressed in posterior lobules of the
vermis.17) Our study by Rai et al. (2021) found a
tendency for a higher degree of multiple CF inner-
vation in Aldoc+ PCs than Aldoc− PCs at around
P25.18) These studies implicate that diversity in the
morphology and biochemistry of PCs influences CF
to PC synapse development.

Mechanisms of formation and elimination of
CF-PC synapses in the developing cerebellum

In the newborn rodent cerebellum, CFs with
many branches project to a broader area of the

PC layer and innervate a larger number of PCs
at postnatal day 3 (P3) than at later developmen-
tal stages (Fig. 2), as demonstrated by tracing of
a single inferior olivary neuron and electron micro-
scopic analysis.19),20) During CF synapse formation
around birth in mice, each PC receives synaptic in-
puts from more than five CFs on the soma, an av-
erage of around seven CFs based on electrophysio-
logical data,21) with nearly equal strengths. From
around P3 to P7, synaptic inputs from a single
CF selectively become larger in each PC, leading
to the selection of a single “winner” CF and the
other “loser” CFs in each PC (termed “functional
differentiation”).22) These functional changes corre-
spond to the morphological remodeling of CF ter-
minal arbors from loose “creeper type” into dense
“nest-type”,19) which include collaterals of CFs pro-
jecting to adjacent PCs.23) After P9, the strongest
“winner” CF expands its synaptic territory over the
PC proximal dendrites, forming hundreds of synap-
tic contacts (termed “dendritic translocation”).23)

Concurrently, from around P7 to around P17,
synapses from both the winner and loser CFs re-
maining on the PC soma are eliminated. The elim-
ination of somatic CF synapses consists of two dis-
tinct phases: the ‘early phase’ from around P7 to
around P12,24) and the ‘late phase’ from around
P12 to around P17.21) The formation of PF to PC
synapses does not influence the early phase, but nor-
mal PF-PC synapse formation is a prerequisite for
the late phase of CF elimination.

Molecular mechanisms of CF synapse forma-
tion on PCs have been relatively uncharacterized
compared with those of CF-PC synapse elimina-
tion. Several studies have shown synapse orga-
nizers play important roles in CF-PC synapse for-
mation (Fig. 3A). Roles of the presynaptic orga-
nizer neurexins (NRXNs: Nrxn1/2/3 ) and their
postsynaptic binding partners neuroligins (NLGNs:
Nlgn1/2/3 ) in CF-PC synapse formation have been
analyzed (Fig. 3A, 4).25),26) Chen et al. (2017)
showed that sparse knockout (KO) of all NRXNs in
some CFs caused retraction of the NRXN-deficient
CFs from the cerebellar cortex. The NRXN-
deficient CFs may not actively innervate PCs or
may be eliminated as loser CFs through compe-
tition with other NRXN-expressing CFs. In con-
trast, the global KO of all NRXNs from almost all
CFs caused a reduction in CF innervation territo-
ries over PC dendrites and decreased the CF-EPSC
amplitude in young adulthood. As the postsynap-
tic binding partners for NRXNs, the roles of NL-
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Fig. 2. Alterations in CF and PF synaptic wirings on PCs during postnatal development of the mouse cerebellum. (Upper)
Schematics showing developmental alterations in CF and PF synaptic wiring to PCs at ∼P3, ∼P7, ∼P15, and ∼P30 in
mice. (Lower) Major events related to postnatal development of CF-to-PC and PF-to-PC synapses from birth to ∼P30
(from Kano and Watanabe, 2019).7)

Fig. 3. Molecular and cellular mechanisms underlying the formation and remodeling of CF and PF synaptic wiring to PCs
during postnatal development. (A) CF synapse formation onto neonatal PCs by ∼P3 is facilitated by the action of PTPδ

on presynaptic CFs and NRXN-NLGN interaction. (B) From ∼P3 to ∼P7, the strengthening of a single “winner” CF
input (functional differentiation) is triggered and promoted by Ca2+ influx into PCs through P/Q-VDCC. (C) From ∼P7
to ∼P11, the translocation of the winner CF from the soma to the PC dendrite is promoted by Ca2+ influx through
P/Q-VDCC. At the same time, the Ca2+ influx triggers and facilitates the elimination of CF synapses from the soma
(early phase of CF elimination). GABAergic inhibition from BCs modulates this process by inhibiting Ca2+ influx into
the PC soma and facilitates the elimination of somatic CF synapses from ∼P10. In parallel, massive PF synapse formation
occurs, which is promoted by NRXN-Cbln1-GluD2 interaction. (D) Between ∼P12 and ∼P17, mGluRs are activated
at PF-PC synapses and drive Gαq-PLCβ3/4-PKCγ signaling in PCs to fuel the elimination of CF synapses from the
soma (late phase of CF synapse elimination). At the same time, Arc is upregulated by Ca2+ influx through P/Q VDCCs
and promotes late-phase CF synapse elimination. (E) From ∼P15 to ∼P30, mGluR1-PKCγ signaling in PCs drives PF
synapse elimination from the proximal portions of PC dendrites, segregating PC dendrites into the CF innervation zone
and PF innervation zone (modified from Kano and Watanabe, 2019).7)
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Fig. 4. Trans-synaptic signaling and cellular interactions underlying the elimination of loser CFs (left) and strengthen-
ing/maintenance of a winner CF (right) (modified from Kano and Watanabe, 2019).7)

GNs in PCs have been investigated.26) Zhang et
al. (2015) showed that PC-specific triple NLGN
KO mice showed reduced CF innervation territo-
ries over PC dendrites and smaller CF-EPSC ampli-
tudes without altering the mono CF innervation in
young adulthood.26) Thus, the presynaptic NRXNs
in CFs and the postsynaptic NLGNs in PCs con-
tribute to the strengthening of CF-PC synaptic con-
nections and function during postnatal development
and in young adulthood (Fig. 4). Recently, Okuno
et al. (2023) reported that protein tyrosine phos-
phatase δ (PTPδ/Ptprd) acts as a presynaptic or-
ganizer for CF synapse formation and maintenance
(Fig. 3A, 4).27) During development, PTPδ KO
mice showed a reduction in CF puncta size, CF-
EPSC amplitude, and CF translocation accompa-
nied by accelerated CF synapse elimination in both
Aldoc− and Aldoc+ PCs. However, a decrease in
the CF terminal density on PCs during synapse for-
mation before P5 and reductions in CF transloca-
tion and the CF-EPSC amplitude in adulthood were
only seen in Aldoc− PCs. The underlying mecha-
nisms for the distinct phenotypes between Aldoc−

and Aldoc+ PCs in PTPδ KO mice and the postsy-
naptic partner(s) of PTPδ in PCs remain unknown.

Mechanisms for CF synapse elimination have
been studied extensively, and molecules related to
the activities of PCs, CFs, and cerebellar neural cir-
cuits have been shown to be involved. Transgenic
mice with chloride channel-overexpressing PCs ex-
hibited reduced burst firings in PCs and persis-
tent multiple CF innervation until adulthood.28)

Conversely, harmaline administration, which in-

duces synchronous activation of inferior olivary
neurons and disturbs normal CF activity pat-
terns, impaired CF synapse elimination from P9 to
P12 in rats.29) These findings emphasize the ne-
cessity of normal activity levels and specific fir-
ing patterns in postsynaptic PCs and presynap-
tic CFs for effective synapse elimination. As the
main player mediating the activity of PCs and
playing crucial roles in CF synapse elimination,
the P/Q-type voltage-dependent calcium channel
(P/Q-VDCC/Cav2.1/Cacna1a) has been identified
(Fig. 3B–D).24),30) In PC-specific P/Q-VDCC KO
mice, functional differentiation to select a single
winner CF that should occur by P7, the early
phase of CF synapse elimination, and expansion of
CF innervation over PC dendrites are severely im-
paired, leading to persistent multiple CF innerva-
tion into adulthood.24) P/Q-VDCCs are activated
in PCs by depolarization in response to CF in-
puts. Although the specific molecules and mech-
anisms are largely unknown, the subsequent Ca2+

influx into PCs is thought to trigger intracellu-
lar signaling cascades essential for the sequential
events of CF synapse development. Moreover, the
immediate early gene Arc/Arg3.1 (Arc), which is
upregulated in PCs by Ca2+ influx through P/Q-
VDCCs, is required for the late phase of CF synapse
elimination.31) On the other hand, GABAergic inhi-
bition of PCs from BCs has been shown to regulate
CF synapse elimination from around P10 by con-
trolling depolarization and the following Ca2+ in-
flux into the PC soma.32) In mice with PC-specific
KO of TARPγ2/Stargazin/Cacng2, an auxiliary
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subunit essential for α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPAR) traf-
ficking and postsynaptic accumulation, the synaptic
currents in response to CF stimulation are almost
halved, resulting in reduced Arc expression in PCs
and impairment of the late phase of CF synapse
elimination.33) Together, these results show that the
P/Q-VDCC in PCs triggers a canonical signaling
pathway for developmental CF synapse elimination
including functional differentiation, CF transloca-
tion, and early-phase and late-phase CF synapse
elimination (Fig. 3C, D).

The late phase of CF synapse elimination,
starting around P12, requires the proper formation
of PF-PC synapses21) and is thought to depend on
synaptic transmission from PFs. Key molecules in-
volved in the late phase include the metabotropic
glutamate receptor type 1 (mGluR1)34),35) and its
downstream signaling molecules Gαq,36) phospho-
lipase C β3 and β4 (PLCβ3, PLCβ4),18),37) and
protein kinase Cγ (PKCγ)38) (Fig. 3D). Because
mGluR1 has been shown to be activated by brief
burst activation of PFs in cerebellar slices,39)–41)

the mGluR1 signaling cascades for the late phase
of CF synapse elimination are considered to be
activated at PF-PC synapses in vivo. Recently,
Nakayama et al. (2024) demonstrated that using
GC-specific TARPγ2 KO mice lacking mossy fibers
to GC excitatory synaptic transmission, mGluR1 is
activated at PF-PC synapses by the activity along
the mossy fiber-GC-PF circuit and promotes the
late phase of CF synapse elimination.42) PLCβ3 and
PLCβ4 are expressed in Aldoc+ and Aldoc− PCs,
respectively43) and either PLCβ3 or PLCβ4 con-
tributes to CF synapse elimination in PCs express-
ing the corresponding PLCβ isoform. Moreover,
Semaphorin 7A (Sema7A)44) and brain-derived neu-
rotrophic factor (BDNF)45) have been identified to
promote the late phase of CF elimination down-
stream of mGluR1 (Fig. 4). Both act retrogradely
from postsynaptic PCs to receptor molecules at
presynaptic CFs. Sema7A engages integrin β1
(Itgb1) and Plexin C1 (PlxnC1),44) and BDNF
acts on its receptor tropomyosin receptor kinase B
(TrkB)45) to promote the elimination of surplus CF
synapses from around P15.

Conversely to the molecules that facilitate the
elimination of CF synapses, molecules that coun-
teract CF synapse elimination and promote their
strengthening and maintenance have also been iden-
tified. Semaphorin 3A (Sema3A)44) and progranulin
(Grn)46) are thought to be secreted by PCs and act

in a retrograde manner on their receptor molecules
at presynaptic CFs (Fig. 4). Sema3A has been
shown to act on Plexin A4 (PlxnA4) from around
P8 to around P18, and Grn on Sortilin 1 (Sort1)
from around P11 to around P16, to enhance and
maintain CF-PC synapses irrespective of whether
they are winner or loser CFs.

Another molecule that strengthens and main-
tains CF-PC synapses is C1q-like molecule 1 (C1ql1)
(Fig. 4).47) C1ql1 belongs to the complement C1q
family and is secreted from presynaptic CFs in
an activity-dependent manner, and C1ql1 antero-
gradely acts on postsynaptic PCs by binding to the
cell adhesion G-protein-coupled receptor 3 (Bai3).
In contrast to Sema3A and Grn that non-selectively
reinforce winner and loser CFs, C1ql1-Bai3 signaling
selectively strengthens and maintains the winner CF
while promoting the elimination of loser CFs after
P7.

Mechanisms of PF-PC synapse development
and its effects on CF-PC synapses in the

developing cerebellum

The molecular mechanisms of PF-PC synapse
formation and its influence on CF innervation have
also been characterized. In the early postnatal pe-
riod, GCs continue to be generated in the exter-
nal granular layer at the surface of the cerebellar
cortex.48) Around P7, GCs migrate from the ex-
ternal granular layer to the internal granular layer,
extending their axons PFs, and forming excitatory
synapses from PFs on the dendrites of PCs (Fig. 2).
An essential molecule for PF-PC synapse formation
is cerebellin 1 (Cbln1), a member of the comple-
ment C1q family secreted from PFs in an activity-
dependent manner.49) Cbln1 forms a tripartite com-
plex with NRXNs located on PFs and the δ2 glu-
tamate receptor (GluD2/GluRδ2/Grid2 ) expressed
on PCs for stabilizing the PF-PC synapses,50),51)

(Fig. 3C). KO mice lacking either GluD2 or Cbln1
exhibit a significant reduction in the number of PF
synapses and show abnormalities in the late phase
of CF synapse elimination after P12.49),52) In ad-
dition to the increase in weak CF-EPSCs with fast
rise times, small CF-EPSCs with slow rise times ap-
pear in GluD2 KO mice.52)–54) These atypical CF-
EPSCs are characteristic of GluD2 or Cbln1 KO
mice and reflect ectopic CF innervations of the PC
distal dendrites, resulting in CF-EPSCs with slow
rise times because of the long electrotonic length
from the site of synapses and the recording site at
the soma. Therefore, these molecules are crucial not
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only for PF-PC synapse formation but also for CF
synapse elimination by determining the territory of
CF innervation and preventing ectopic CF synapse
formation.

The maintenance of CF mono-innervation in
adult animals is dependent on the integrity of PF-
PC synapses. When GluD2 is ablated in adult
PCs, ectopic multiple CF innervation of the PC
distal dendrites appears with transverse branches
that elongate in a mediolateral direction.55) There-
fore, GluD2 in PCs is essential for maintaining
CF mono-innervation. Furthermore, a recent study
by Aimi et al. (2023) found that when C1ql1 or
Bai3 expression is increased in CFs or PCs, respec-
tively, excess innervation by CFs of mature PCs with
transverse branches occurs in an activity-dependent
manner.56) The authors showed that multiple CF
innervation of PCs in GluD2 KO mice was not
observed when endogenous Bai3 was deleted from
PCs, and C1ql1 immuno-positive puncta were up-
regulated in the upper molecular layer of GluD2
KO mice. Hence, C1ql1-Bai3 signaling is necessary
for ectopic CF synapse formation in mature PCs of
GluD2 KO mice (Fig. 4).

A previous report suggested that the serotonin
3A receptor (Htr3a/5-HT3A receptor) in cerebellar
GCs may contribute indirectly to CF synapse elim-
ination. Htr3a is transiently expressed in GCs dur-
ing the first 3 weeks after birth.57) Htr3a KO mice
exhibit facilitated maturation of PC dendrites, ab-
normal physiological properties of PF-PC synapses,
and delayed CF synapse elimination. However, mul-
tiple CF innervation in Htr3a KO mice did not per-
sist and mono CF innervation was attained after
P24.58)

Besides CF synapse elimination, PF synapse
elimination occurs from PC dendrites between P15
and P30 (Fig. 3E).59) From P9 to P15, the winner
CF undergoes translocation and simultaneous mas-
sive PF-PC synapse formation occurs to growing PC
proximal dendrites resulting in a marked expansion
of the dendritic portions with concurrent CF and
PF innervation. Beginning around P15, a substan-
tial elimination of PF synapses from the CF and PF
mixed innervated zone occurs. By P30, a clear seg-
regation of the CF and PF innervation territories
on the PC dendritic arbors is established: a single
dominant CF occupies the proximal dendrites, while
a vast number of PFs innervate the distal dendrites
of each PC. Importantly, this PF synapse elimina-
tion is deficient in mice lacking mGluR1 or PKCγ,
indicating that mGluR1-to-PKCγ signaling is essen-

tial for the segregation of CF and PF territories on
PC dendrites by eliminating PF synapses from the
proximal dendrites besides the removal of excess CF
synapses from the soma and establishment of mono
CF innervation.

Roles of molecular layer interneurons and glial
cells in CF-PC synapse elimination

The strength of inhibitory synaptic inputs to
PCs during postnatal development significantly con-
tributes to CF synapse elimination.32) In mice
with heterozygous KO of the γ-aminobutyric acid
(GABA)-synthesizing enzyme GAD67, inhibitory
synaptic inputs to the cell bodies of PCs are weaker
than in wild-type mice transiently from P7 to P15,
leading to impaired CF synapse elimination after
P10. In these GAD67 heterozygous KO mice, re-
duced inhibitory synaptic inputs from BCs result in
larger Ca2+ transients in the cell bodies of PCs in re-
sponse to the activation of weak CFs compared with
wild-type mice (Fig. 3C–D). This may drive puta-
tive Ca2+-dependent synapse reinforcement mech-
anisms and permit the retention of weak CFs that
should normally be eliminated.

Nakayama et al. (2024) recently reported that
the activation of N-methyl-D-aspartate (NMDA) re-
ceptors (NMDARs) in MLIs was required for the
late phase of CF synapse elimination after P14.42)

They found that CF synapse elimination was nor-
mal in mice with GC-specific KO of GluN1/Grin1,
the essential subunit of NMDARs. In contrast, the
late phase of CF elimination was impaired in mice
with GluN1 deletion in PCs and MLIs (Fig. 4). Be-
cause functional NMDARs are absent in PCs dur-
ing the late phase of CF synapse elimination, NM-
DARs on MLIs were considered to be involved.
These data are consistent with previous studies
showing that NMDARs in the cerebellum are re-
quired for CF elimination, particularly during the
third postnatal week.60),61) However, NMDA recep-
tors at mossy fiber to GC synapses were previously
thought to be responsible for CF synapse elimina-
tion, so Nakayama et al. (2024) have updated our
knowledge about how NMDARs contribute to shap-
ing neural circuits in the cerebellum. Thus, neural
activity along the mossy fiber-GC-PF circuit is cru-
cial for the late phase of CF elimination by activat-
ing mGluR1 in PCs directly at PF-PC synapses and
by enhancing inhibition from MLIs to PCs indirectly
through activating NMDARs in MLIs at PF-MLIs
synapses (see the cerebellar neural circuit diagram
in Fig. 1A).
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Microglia and astrocytes play crucial roles in
synapse reorganization by actively removing redun-
dant synapses in the developing visual thalamus,
hippocampus, and cerebral cortex.62),63) In con-
trast, the roles of microglia in the developing cere-
bellum are different from those in the above brain
regions.64 In the cerebellum of microglia-depleted
mice, the elimination of redundant CF synapses af-
ter P10 was impaired and GABAergic inhibitory in-
puts to PCs from MLIs were weakened.64 Specif-
ically, the amplitude and the frequency of minia-
ture inhibitory postsynaptic currents (mIPSCs) in
PCs were reduced at P10 to P12, and the immuno-
histochemical signal intensity of vesicular GABA
transporter in the cerebellar cortex was decreased at
P11.64) However, microglia did not exhibit phago-
cytosis of redundant CF synapses in wild-type mice.
Importantly, the impairment of CF synapse elimi-
nation was restored by daily intraperitoneal admin-
istration of diazepam, a GABAA receptor sensitizer,
from P9 to P12.64) Hence, this study indicates that
microglia promote CF synapse elimination not by
directly phagocytosing redundant CF synapses but
by promoting the maturation of inhibitory synapses
onto PCs (Fig. 4). Although detailed mechanisms
by which microglia promote the maturation of MLIs
are unclear, results from previous studies collec-
tively suggest that BDNF-TrkB signaling may be
involved. BDNF is reported to be produced and
released from microglia,65) the amplitude and fre-
quency of mIPSCs in PCs are reduced in TrkB
KO mice,66) and the number of GAD65-positive
boutons is reduced in cerebellum-specific TrkB KO
mice67) Previous studies also suggested that cy-
tokines derived from microglia may contribute to
enhancing GABAA receptor functions in cells other
than those in the cerebellum. Interleukin-1β en-
hances plasma membrane insertion of GABAA re-
ceptors in cultured neurons and oocytes,68) and
in vivo nano-injection of tumor necrosis factor α
induces GABAA receptor trafficking to synaptic
membranes in spinal cord neurons.69) In the de-
veloping somatosensory cortex, it has been re-
ported that microglial contact induces excitatory
synapse formation on pyramidal neurons70) as well
as axo-axonic synaptogenesis derived from a chan-
delier cell, a GABAergic interneuron subtype, via
microglial GABAB1 receptors.71) Further studies
are needed to determine whether such contact-
dependent or GABAB receptor-mediated mecha-
nisms by cerebellar microglia underlie the matura-
tion of inhibitory synapses on PCs.

Bergmann glia, a special type of astro-
cyte in the cerebellar cortex, express the gluta-
mate transporter L-glutamate/L-aspartate trans-
porter (GLAST/EAAT1/Slc1a3 ) abundantly in
their processes that span the molecular layer.72),73)

Bergmann glial processes tightly enwrap CF and
PF synapses.74) In GLAST KO mice, Bergmann
glial processes were retracted from PC dendrites
and synapses, and therefore they were exposed to
the extracellular milieus.75),76) Analogous to GluD2
KO mice, ectopic CF synapses were formed on prox-
imal and distal PC dendrites, causing multiple CF
innervation in almost all PCs.75),76) Activation of
CFs with ectopic synapses on PC distal dendrites
generates CF-EPSCs with slow rise times in GLAST
KO mice.75),76) On the other hand, a previous study
showed that ectopic expression of AMPAR GluA2
subunits in Bergmann glia rendered the originally
Ca2+-permeable AMPAR Ca2+-impermeable, caus-
ing retraction of their processes and multiple CF
innervation of PCs.77) Therefore, tight enwrapping
of CF synapses, PF synapses, and PC dendrites
by Bergmann glial processes and uptake of released
glutamate by GLAST to Bergmann glia are essen-
tial for establishing CF mono-innervation of PCs
(Fig. 4).

ASD-related genes are involved in CF-PC
synapse elimination in the developing

cerebellum

Abnormality in synapse elimination during de-
velopment has been implicated in the pathophysi-
ology of neurodevelopmental and psychiatric disor-
ders including ASD and schizophrenia.10) On the
other hand, accumulating evidence suggests that
cerebellar dysfunctions are related to the disor-
ders in ASD patients and animal models.11),78)–80)

For example, mice with PC-specific conditional KO
(cKO) of an ASD-related gene, Tuberous sclerosis
complex 1 (Tsc1 ), had reduced number and ex-
citability of PCs in adulthood and exhibited ASD-
like behavioral abnormalities including impaired
sociality and reduced flexibilities.78) Furthermore,
adult mice with PC-specific cKO of Shank2,81)

Pten,82) or Mecp2,83) which are well-known ASD-
related genes, have been reported to exhibit ASD-
like phenotypes. However, there have been no re-
ports that link developmental CF synapse elimina-
tion in the cerebellum and ASD-like phenotypes. To
get insight into this issue, we summarize how the
deletion or mutation of ASD-related genes alters or
impairs CF synapse elimination in the developing
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Table 1. Alterations in CF to PC synaptic wiring and transmission in mice with deletion or mutation of an ASD-related
gene

cerebellum based on published studies (Table 1).
We first argue that a substantial por-

tion of genes encoding the molecules in-
volved in CF synapse elimination discussed
so far are listed in the Simons Foundation
Autism Research Initiative (SFARI) database

(https://www.sfari.org/resource/sfari-gene/) as
ASD-related genes. These genes include: Cacna1a
(encoding P/Q-VDCC), Cacng2 (TARPγ2),
Grid2 (GluD2), Grin1 (GluN1), Htr3a, Nrxn1/2,
Nlgn1/2/3, Ntrk2 (TrkB), and PlxnA4. Moreover,
mice with deletion of Myo5a (myosin Va),84)
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CamkIIa (Ca2+/calmodulin-dependent protein
kinase II α),85) CamKIV (Ca2+/calmodulin-
dependent protein kinase IV),86) or Rora (retinoid-
related orphan receptor α [RORα]),87),88) the genes
listed in the SFARI database, are reported to
exhibit impairment of CF synapse elimination.
Administration of antibodies against insulin-like
growth factor 1 (IGF1), the gene for which (Igf1 )
is listed in the SFARI database, is reported to
accelerate CF synapse elimination.89) In addition,
mutations of Ptprd (encoding PTPδ), although not
listed in the SFARI database, are associated with
ASD and various types of neurological disorders
such as restless legs syndrome, obsessive-compulsive
disorder, attention deficit and hyperactivity dis-
order, and schizophrenia.90) However, because
comprehensive analyses of ASD-like behavioral
abnormalities have not been performed on mice
deficient in the above-listed genes, how impaired
or altered CF synapse elimination contributes to
ASD-like behaviors remains largely unknown.

Next, we show four examples in which ASD-
model mice with ASD-related behavioral abnormal-
ities have impairment or alteration in CF synapse
elimination. The first example is mice with PC-
specific deletion of Fmr1 (encoding fragile X mental
retardation protein [FMRP]).91) PC-specific Fmr1
KO mice were reported to exhibit immature elon-
gated spines and enhanced long-term depression
(LTD) in PCs and accelerated CF synapse elim-
ination when examined between P21 and P48.91)

Moreover, a recent study showed that adult PC-
specific Fmr1 KO mice displayed reduced social be-
haviors, sensory hypersensitivity, and reduced PC
excitability.92) Introduction of Fmr1 into PCs of
global Fmr1 KO mice ameliorated the impaired so-
cial behaviors and cerebellar dysfunctions.92) These
results showed that Fmr1 in PCs is important for
regulating ASD-like behaviors. However, it remains
unclear whether the abnormal synaptic wiring in
PCs including accelerated CF synapse elimination
contributes to ASD-related behavioral abnormali-
ties.

The second example is mice with cerebellum-
and midbrain-specific deletion of autism susceptibil-
ity candidate 2 (Auts2 ), which acts as a transcrip-
tional activator and is specifically expressed in PCs
and Golgi cells during postnatal development.93)

AUTS2 cKO mice had a smaller and deformed cere-
bellum containing immature-shaped PCs with re-
duced expression of P/Q-VDCC essential for CF
synapse elimination.94) AUTS2 cKO mice and mice

with PC-specific AUTS2 knockdown (KD) exhib-
ited impairment of CF synapse elimination, re-
duced dendritic translocation of CFs, increased PF
synaptic density, and enhanced PF-PC synaptic
transmission.94) These data showed that AUTS2 is
required for the maturation of PCs and proper for-
mation of CF and PF synaptic wiring patterns of
PCs presumably partly through the regulation of
P/Q-VDCC expression. AUTS2 cKO mice exhib-
ited deficits in motor learning and vocal communi-
cation.

The third example is mice with an arginine
to cysteine substitution of amino acid residue 451
(R451C) in Nlgn3, which has been identified in pa-
tients with ASD. NLGN3-R451C mutant mice, one
of the best-studied mouse models of ASD, exhibit
impaired social interactions and enhanced repeti-
tive behaviors.95),96) Lai et al. (2021) reported that
the expression of NLGN3 protein in the cerebel-
lum of NLGN3-R451C mutant mice was reduced
to about 10% of the level of wild-type mice.97)

CF synapse elimination was impaired between P10
and P15 in NLGN3-R451C mutant mice, but most
PCs became mono-innervated after P16 similar to
wild-type mice.97) However, selective strengthen-
ing of inputs from a single CF relative to those
from the other CFs in each PC was impaired from
P16, and this impairment persisted into the juve-
nile stage. Furthermore, the inhibition to excita-
tion balance of synaptic inputs to PCs was elevated,
and calcium transients in the PC soma induced by
the strongest and weaker CF inputs were both re-
duced in NLGN3-R451C mutant mice. These find-
ings indicate that NLGN3-R451C mutation signifi-
cantly impacts synapse development and refinement
in cerebellar circuits.97)

The fourth example is the copy-number vari-
ation ASD mouse model of the human paternally
inherited 15q11–13 duplication (patDp/+)98),99)

that exhibits reduced social interaction, few ultra-
sonic vocalizations, behavioral inflexibility, and mo-
tor coordination and learning deficits.98),99) The
patDp/+ mice exhibited impaired LTD at PF-PC
synapses, impaired CF synapse elimination from
P10, and persistent multiple CF innervation into
adulthood.98) A follow-up study by Simmons et
al. (2022) reported that spontaneous and sensory-
evoked CF-induced calcium transients and CF-
EPSCs were enhanced, possibly resulting from en-
hanced NRXN1 expression in patDp/+ mice. The
results of these studies implicate that excessive CF-
PC inputs with sensory over-responsivity and aber-
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rant PF-PC synaptic plasticity may be associated
with dysfunction in certain ASD model mice.100)

As summarized in Table 1, the studies men-
tioned above suggest that many ASD-associated
genes are involved in CF synapse elimination dur-
ing postnatal development. Although the effects of
deletion or mutation of ASD-associated genes on
CF synapse elimination are complex, they can be
roughly categorized into the following three types.
Deletion or mutation of a gene causes, (1) im-
pairment of CF synapse elimination during post-
natal development and persistent multiple CF in-
nervation into the mature stage, (2) acceleration of
CF synapse elimination during postnatal develop-
ment, or (3) a transient impairment of CF synapse
elimination during postnatal development but nor-
mal CF mono-innervation in the mature stage. In
addition to these three types of effects, deletion
or mutation of certain genes induces altered CF-
PC synaptic transmission in adulthood. Although
changes in CF to PC synaptic wiring and transmis-
sion may lead to cerebellar dysfunctions, they can
arise from various causes including the reduction in
the number of PCs, alterations of PC excitability,
and changes in PF to PC synaptic wiring, trans-
mission, and plasticity. Notably, recent studies on
mouse models of ASD suggest that decreased PC ac-
tivity in the right Crus I is associated with the emer-
gence of ASD-like behavioral abnormalities.80),101)

It remains to be determined through future research
whether the abnormalities in the development and
function of CF-PC synapses mentioned above are
related to ASD-like behavioral abnormalities.

Remaining issues and future directions

Several important issues regarding CF synapse
elimination remain to be clarified. First, it is largely
unknown about the molecular mechanisms down-
stream of P/Q-VDCCs in PCs, which mediate the
selection of a single “winner” CF, translocation of
the winner CF along the PC dendrites, and the early
and late phases of CF elimination. In particular, it
is important to investigate how calcium elevation
in PCs strengthens a single CF and eliminates the
other weaker CFs at the same time. It is hypothe-
sized that inputs to the stronger synapse generate
some “punishment signal” and eliminate the weaker
synapse, whereas some local “protection signal” is
generated at the stronger synapse and protects it
from the punishment signal.2) In mitral cells of the
developing olfactory bulb, the elimination of den-
dritic branches is mediated by RhoA generated at

synapses on the dendritic branch that will survive,
indicating that RhoA functions as a “punishment
signal”.102) In contrast, the nature of the hypothet-
ical ‘punishment signal’ and ‘protection signal’ in-
volved in CF synapse elimination in the developing
cerebellum remains unknown.

Second, it is unknown how redundant CF
synapses are detached and eliminated from PCs
during postnatal development. Microglia and as-
trocytes have been shown to phagocytose redun-
dant synapses in the developing retinogeniculate
synapses and the cerebral cortex. In the neuro-
muscular synapses, Schwann cells phagocytose re-
tracting motor axons.103) In marked contrast, mi-
croglia contribute to CF synapse elimination not by
phagocytosing redundant CF synapses but by pro-
moting the maturation of inhibitory synaptic inputs
to PCs.64) A previous study showed that lysoso-
mal activity was increased in the deeper half of the
molecular layer of the cerebellum during the second
postnatal week, suggesting increased phagocytosis
during CF synapse elimination.104) Further studies
are needed to clarify whether and how phagocytosis
of redundant CFs occurs during CF synapse elimi-
nation.

Third, molecular mechanisms underlying the
activity-dependent maintenance of CF-PC synapses
and heterosynaptic competition between CFs and
PFs for PC dendrites are largely unknown. Block-
ade of PC activity or CF-PC synaptic transmission
in mature cerebellum in vivo causes retraction of CF
innervation and expansion of PF synaptic territories
on PC dendritic arbors.105),106) These results indi-
cate that CF-PC synaptic activity is a prerequisite
for maintaining CF-PC synapses and determining
CF and PF innervation territories over PC dendritic
arbors. Therefore, investigation of the molecular
mechanisms for the activity-dependent maintenance
of CF-PC synapses will lead to the elucidation of
those for heterosynaptic competition between CFs
and PFs.

Fourth, recent studies have disclosed that cere-
bellar neural circuits are more diverse than previ-
ously assumed. For example, the patterns of PC
dendritic arbors,16) the degree of persistent multi-
ple CF innervation,18) and the level of PC activ-
ity in vivo107) are not identical between Aldoc+

and Aldoc− PCs. Moreover, transcriptional pro-
filing using single nucleus RNA sequences in adult
mouse cerebellum revealed a great diversity of PCs
in the posterior lobules expressing Aldoc.108) There-
fore, future studies should consider the possibility
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that patterns of CF-PC synaptic wiring may vary
depending on cerebellar lobules.

Finally, future research should further elucidate
the molecular and cellular mechanisms of postnatal
development of CF-PC synaptic wiring and func-
tion. This will deepen our understanding of how
the mechanisms are related to not only motor con-
trol but also ASD-associated behaviors such as so-
cial interaction and behavioral flexibility.
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