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The cerebellum, a universal processor for sensory acquisition and internal

models, and its association with synaptic and nonsynaptic plasticity have

been envisioned as the biological correlates of learning, perception, and

even thought. Indeed, the cerebellum is no longer considered merely as the

locus of motor coordination and its learning. Here, we introduce the mech-

anisms underlying the induction of multiple types of plasticity in cerebellar

circuit and give an overview focusing on the plasticity of nonsynaptic

intrinsic excitability. The discovery of long-term potentiation of synaptic

responsiveness in hippocampal neurons led investigations into changes of

their intrinsic excitability. This activity-dependent potentiation of neuronal

excitability is distinct from that of synaptic efficacy. Systematic examina-

tion of excitability plasticity has indicated that the modulation of various

types of Ca2+- and voltage-dependent K+ channels underlies the phe-

nomenon, which is also triggered by immune activity. Intrinsic plasticity is

expressed specifically on dendrites and modifies the integrative processing

and filtering effect. In Purkinje cells, modulation of the discordance of

synaptic current on soma and dendrite suggested a novel type of cellular

learning mechanism. This property enables a plausible synergy between

synaptic efficacy and intrinsic excitability, by amplifying electrical conduc-

tivity and influencing the polarity of bidirectional synaptic plasticity. Fur-

thermore, the induction of intrinsic plasticity in the cerebellum correlates
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with motor performance and cognitive processes, through functional con-

nections from the cerebellar nuclei to neocortex and associated regions: for

example, thalamus and midbrain. Taken together, recent advances in neu-

roscience have begun to shed light on the complex functioning of nonsy-

naptic excitability and the synergy.

Introduction

In 1888, Ram�on y Cajal discovered two types of

remarkable synaptic structures in the cerebellum; single

afferent fibers were uniquely related to single Purkinje

cells (PCs) by synaptic contacts known as climbing

fibers (Cfs), and longitudinal projection patterns from

the bifurcated axons of granule cells (GrC) were mani-

fested as parallel fibers (Pfs), which were discovered

using Golgi staining [1]. The first detailed systematic

characterization of excitatory synaptic responses to Cf

and Pf stimulation was conducted by Eccles, Llinas,

and Sasaki, in Canberra [2–4], via intracellular Purk-

inje-cell recordings in anesthetized cats. In addition,

they showed electrical physiological responses of inhi-

bitory projections to PCs [5]. And researchers had

completed the basic diagram of the entire cerebellar

circuit with fine synaptic projections [6]. Since that

time, researchers have spent over five decades further

elucidating the mechanism of cerebellar functioning.

Following theoretical expectations, the discovery of

plasticity of synaptic responsiveness is widely accepted

as the basis of cerebellar learning and memory [7–19].
Long-term potentiation (LTP) of synaptic efficacy

was first discovered at perforant path synapses in the

hippocampal dentate granule cells of rabbits [20,21].

Because of its concordance with Hebb’s rule, ‘Cells

that fire together wire together’, this is generally con-

sidered to be a substrate for memory formation.

Excitability changes, such as the potentiation of spike

populations accompanied by synaptic plasticity, were

also found to be a distinct form of plasticity [20–24].
In earlier invertebrate studies of the mollusk, Hermis-

senda, pairing of light and rotation produced a long-

term increase in the intrinsic excitability of type B pho-

toreceptors due to a reduction of voltage- and Ca2+

dependent outward K+ currents, which is associated

with photopositive behavior [25–28]. In the cerebellum,

the earliest studies of the intrinsic plasticity (IP) were

performed by Aizenman and Linden [29] and Armano

et al. [30], in which the authors revealed the induction

of LTP in the intrinsic excitability of neurons in the

deep cerebellar nuclei and granule cells of juvenile rat

brain slices, respectively.

Recently, the relevance of cerebellar function in

higher-order cognition or psychiatric disorders, includ-

ing the cerebellar cognitive affective syndrome has

been confirmed [14,31–34]. For a long time, research-

ers had noticed the cerebellum is involved in the tim-

ing and spatial cognition as seen in dysmetria and

some mental illnesses related to thought, feeling, and

behaviors [32,35–38], as well as motor coordination

[39–41], although the mechanisms for individual func-

tioning were unclear because of the unitarity of its

simple circuit arrangement. A recent review by Titley

et al. [42] has assisted in elucidating the functions of

intrinsic excitability plasticity as the gain modulation

at the cellular level. While the input–output computa-

tion of PCs is the sole outflow of the cerebellar cortex,

it is necessary to further understand the orchestrated

activity and synergy between the plasticity of excita-

tory and inhibitory synapses and the intrinsic excitabil-

ity in the circuit [16,19]. However, it is difficult to

detect the evidence of synergy in vivo and in vitro dur-

ing learning paradigms. In this review, we introduce

synaptic and nonsynaptic plasticity induction and their

regulators by summarizing the key studies associated

with the cerebellar cortex and nuclei. Next, we describe

the synergistic effects of ‘nonsynaptic’ intrinsic

excitability plasticity against synaptic transmission at a

branch level, focusing on PC dendrites. Finally, we

compare cerebellar learning paradigms with other psy-

chomotor behaviors when the cerebellum is disrupted.

The cerebellar circuit and multiple
plasticity

Following the finding of IP in the cerebellum [19,30],

several studies have described IP in cerebellar cortical

and subcortical neurons (Fig. 1; [43–48]). In Table 1,

we summarize the current IP discoveries.

Intrinsic plasticity in cerebellar Purkinje cells

Previously, Schreurs et al. [49,50] have reported the

enhancement of PC dendrite excitability following the

classical conditioning of rabbit eyelid responses. The
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threshold of the dendritic action potential was reduced

at 24 h after 3 days of classical conditioning [49],

implying that plasticity was occurring; however, the

mechanism was not fully understood. Decades later,

long-lasting whole-cell recordings by Hansel and col-

leagues revealed that 5-Hz depolarization for 3–4 s in

the soma of PCs increases the firing frequency for

longer than 30 min, which is accompanied by a reduc-

tion in afterhyperpolarization (AHP) [44]. Similar

reductions in PC dendritic AHPs were reported by

Schreurs et al. [50] following eyelid conditioning in the

rabbit. The induction protocols for IP can vary, as

they include a 1 Hz Pf stimulation for 5 min, 50-Hz

burst of Pf stimulation (repeated at 5 Hz for 3–4 s), or

100-Hz burst of Pf stimulation (repeated at 1 Hz for

5 min). Sensory stimulation (air puffs burst) also

induces an increase in the firing rate of PCs in vivo

[51]. The researchers have revealed the molecules

associated with PC IP induction using pharmacological

interventions and transgenic animals. This form of IP

requires the activation of protein phosphatases 1, 2A,

and 2B (PP1/PP2A/2B) for induction (Fig. 2A). The

intracellular signaling pathway matches the signaling

required for synaptic LTP (Fig. 2B). In addition, PC

IP requires the activation of protein kinase A (PKA)

and casein kinase 2, and the induction is mediated by

the downregulation of SK-type Ca2+-sensitive K+ con-

ductance [44,52]. PC IP results in the enhancement of

transient Ca2+ in the spines, a tiny structure of protru-

sions from dendritic shafts. On the other hand, Cf

long-term depression (LTD) has a yin-yang process in

IP induction [53]. Interestingly, the Ca2+ threshold

determines the polarity of bidirectional synaptic plas-

ticity, which can be applied to Pf-LTD/LTP [11,54].

As reviewed elsewhere, while a conjunction stimulation

of Pf with Cf normally induces Pf-LTD, a 1-Hz Pf
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Fig. 1. Cerebellar circuit and multiple plasticity. A summary of synaptic and nonsynaptic plasticity in the cerebellar cortex and nuclei

[15,16,56]. In this drawing, the occurrence of the persistent excitability changes was coded as the red series action potentials beneath

somata [i.e., IP and LTD of intrinsic excitability (IE)]. The postsynapses at which LTP and LTD have been shown were marked with red

shades. Both forms of identified plasticity were depicted, including the excitability plasticity of PC dendrites. Numbers between parentheses

indicate their reference numbers. (+) and (�) indicate excitatory and inhibitory synapses, respectively. Please note that forms of presynaptic

plasticity are not included in this figure in order to focus the effect of synergy at postsynapses or dendritic arbors. We excluded Lugaro

cells, unipolar brush cells, and their plasticity. MLIs indicate stellate and basket cells which give feedforward inhibition to PCs. The

feedforward GABAergic inhibitory synaptic transmission from MLIs and the synaptic plasticity may probably contribute to the shunting

mechanisms on dendrites [334,335], but the mechanism is out of focus of this study. The vestibular circuit is basically the same as that of

CbN, so it was omitted (*). It is likely that additional forms of long-term synaptic and nonsynaptic plasticity will have to be appended to this

diagram in the near future. CbN, cerebellar nucleus; Cf, climbing fiber; FRP, firing rate potentiation; GoC, Golgi cell; GrC, granule cell; IE,

intrinsic excitability; IP, intrinsic plasticity; LTD, long-term depression; LTP, long-term potentiation; Mf, mossy fiber; MLIs, molecular layer

interneurons; MVN, medial vestibular nucleus; PC, Purkinje cell; Pf, parallel fiber.
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Table 1. Summary of intrinsic plasticity in the cerebellum.

Cell type

Involved

projection

Involved

molecules

for cellular

cascades

Polarity of the

IP Typical induction protocol References

Cerebellar cortex

Granule cell (GrC) Mf NMDARs IE ↑, EPSP ↑-
coupled

Theta-burst stimulation (10

impulses at 100 Hz, every

250 ms for 1 s) or continuous

stimulation (one 1000 ms,

100 Hz burst of impulses) from

potentials between �60 and

�90 mV

Armano et al. [30]

Purkinje cell (PC) Cf Ca2+, group I

mGluR, PKC

IE ↓ (Complex

spike)

A tetanus (5 Hz, 30 s)

stimulation of a Cf afferent in

current clamp mode

Hansel and Linden [53]

Purkinje cell (PC) Pf, Depolarization Ca2+, PP1/

PP2A/2B,

PKA, CK2, SK

IE ↑, no EPSP

change, Gain

change

5 Hz Depl./1 Hz Pf for 5 min/

50 Hz burst Pf stimulation (10

pulses, repeated at 5 Hz for 3–

4 s)/100 Hz burst Pf stimulation

(15 pulses, repeated at 1 Hz for

5 min) from potentials between

�60 and �80 mV

Belmeguenai et al. [44]

Purkinje cell

dendrite

Pf, Depolarization SK IE ↑,
accumulated

EPSPs

change

5 Hz Depl./50 Hz burst Pf

stimulation (10 pulses, repeated

at 5 Hz for 3–4 s) from

potentials between �60 and

�80 mV

Ohtsuki et al. [45]

Purkinje cell (PC)

and dendrites

Microglia (MG)

activation

Ca2+, PP1/

PP2A/2B

IE ↑, Gain
change

MG activation (LPS, heat-killed

Gram-negative bacteria), TNFa

application

Yamamoto et al. [126]

Purkinje cell (PC) Pf + depolarization Ih IE ↑ Stimulating Pfs concomitantly

with a 50-ms-long depolarization

of the PC to 0 mV at a rate of

1 Hz for 180 s, with holding

potential at �60 mV

Yang and Santamaria [47]

Purkinje cell (PC) Pf + Cf Ca2+, PKC,

non-SK

IE ↓ Two different protocols in CC

mode for 5 min: (a) 300 times

of repetitive co-activation of Pf

and Cf at 1 Hz (LTD-Tetanus)

and (b) 30 times of pairing

stimulation consisting of 7 Pf

stimuli at 100 Hz followed by 1

Cf stimulus delayed by 150 ms

every 10 s (LTD-Burst)

Shim et al. [48]

Golgi cell (GoC) Inhibitory axons

(including GoC),

Hyperpolarization

mGluR2,

CaMKII,BK or

else

IE ↑, without

altering the

gain of

evoked

spiking

APDC application (2 mM for

~ 3 min) or Hypl. for 20 s –

3 min to �65 mV

Hull et al. [46]

Nuclei and brain stem neurons

Deep cerebellar

nuclei

Tetanization of

excitatory

synapses,

Depolarization

Ca2+ influx

through

NMDARs

IE ↑ Tetanization of excitatory

synapses repeated 5 times (10

bursts applied at 4 Hz; each

burst comprising 10 pulses

delivered at 100 Hz)/Pulse

amplitude, +0.5 nA; duration,

Aizenman and Linden [29]
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stimulation induces LTP, where the required Ca2+

threshold follows the inversed Bienenstock–Cooper–
Munro (BCM) model [55–57] (Fig. 2B). After the

induction of Cf-LTD accompanied by a reduction in

Ca2+ signaling, the polarity of synaptic LTD induction

is inverted to LTP [54,58]. Besides, this regulation of

the polarity is reversible; saturated LTP can be

reversed through the application of the LTD protocol,

and vice versa. In contrast, IP induction enhances the

Ca2+ influx at spines through the downregulation of

SK channels, potentially resulting in a polarity shift

from Pf-LTP to LTD. However, the use of Pf-LTP

protocol after IP induction abolished changes in Pf

EPSP, suggesting that it was not enough to achieve

the threshold for Pf-LTD [44]. This unique synergistic

effect between IP/Cf-LTD and Pf-synaptic plasticity is

a sophisticated model for the regulation of the direc-

tion of cellular plasticity in the cerebellum.

Functional roles of intrinsic plasticity and

dendritic excitability in the neocortex and

hippocampus

To compare IP studies in the cerebellum, we would

like to describe those in the cerebrum and hippocam-

pus for a background overview. Nonsynaptic IP has

been reported in a number of different neuron types

[15,23,59–65]. Classical findings of excitability changes

of the neuronal membrane in the mammalian brain

regions, hippocampus, motor cortex, and cerebellar

cortex have suggested modulation of the neuronal

excitability in a conditioning-dependent manner

[49,66–72]. Further, excitability changes have been

observed broadly in different brain areas and in differ-

ent species [73–86] (Table 2). Changes in excitability

are dependent on the brain region, cell type, modula-

tory afferent, and learning paradigm. It is also depen-

dent on developmental and sensory effects, along with

learning paradigms or gene expression. For example,

sensory deprivation from whisker trimming alters neu-

ronal firing properties through the downregulation of

dendritic hyperpolarization-activated cyclic nucleotide-

gated (HCN) channels in the barrel cortex [87–89].
Moreover, homeostatic maintenance modulates neu-

ronal excitability through gene expression and protein

translation in the circuits [90–92]. An exquisite in vivo

long-term whole-cell patch-clamp demonstrated the

bidirectional induction of LTP and LTD of intrinsic

excitability via rhythmic firing in the barrel cortex

layer 5 pyramidal neurons of living rodents [93]. The

dendritic plateau potentials in CA1 pyramidal neurons

are produced by a properly timed interaction between

entorhinal cortex and CA3 inputs. These conjunctive

signals modulate the firing of previously established

place fields and rapidly produce a new place field [94].

This feature gain in the CA1 may be associated with

an admixture of explicit sensation and implicit mem-

ory. And, this result also suggests a correlation

between intercommunication among neurons and

evoked convergence on dendrites during the learning

paradigms [95].

Long-term plasticity of dendritic excitability was first

reported in hippocampal pyramidal neurons [96]. This is

associated with synaptic LTP in CA1 pyramidal neu-

rons. The substrate of modulation of the dendritic

excitability is shown to be Ih, the hyperpolarization-ac-

tivated, nonselective cation channel [97–99] and Kv4.2,

the A-type K+ channel [100]. Further, imaging studies

have shown the compartmentalization of Ca2+ activity

via branch-strength potentiation [101,102] using a theta-

Table 1. (Continued).

Cell type

Involved

projection

Involved

molecules

for cellular

cascades

Polarity of the

IP Typical induction protocol References

100 ms; applied at 4 Hz and

delivered 5 times through the

recording electrode

Medial vestibular

nuclei (MVN)

Inhibitory axons

(including PC

axons),

Hyperpolarization

BK (not SK),

Decrease in

intracellular

Ca2+,

Reductions in

CaMKII

IE ↑ Inhibitory axons dorsolateral to

the MVN were stimulated with

1 s tetani (40–80 Hz pulse

trains) at 0.5 Hz for 5 min/5 min

of continuous hyperpolarization

�30 mV below the spike

threshold

Nelson et al. [43,224]
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burst protocol and in vivo studies in an enriched envi-

ronment. It is worth noting that dendritic Ca2+ and pre-

sumably causal electrical activity of pyramidal neurons

determines orientation selectivity in the visual cortex

and place-field perception in the sensorimotor area

[103–107].
On the other hand, clustering of spine Ca2+ signals

on the dendritic shaft has been observed in a develop-

mental state of neural circuits and has been regarded

as a learning substrate in mature animals. This is

another hypothesis of the activity-dependent circuit

modulation [108–118]. Also, Cossell et al. [119]

reported dominant connections with strong excitatory

postsynaptic current (EPSC) that may correlate with

neuronal function in visual orientation selectivity.

These results suggest specific functioning for clustered

synaptic activity caused by activity-dependent modula-

tion of both synaptic formation and local intrinsic

excitability. Dendritic morphology and the type of cor-

tical neurons are other factors which could affect sen-

sory learning. These factors can enable the dendritic

pathway-dependent modification of synaptic LTP/

LTD [59,120–123]. Taken together, both population

activity of branch excitability and spine Ca2+ support

neuronal function with its nonlinearity [109,115,124].

Functional roles of intrinsic plasticity and

dendritic excitability in the cerebellum

In cerebellar PCs, accompanied with the induction of

IP, there is an enhancement of dendritic excitability,

which is manifested in the Cf responsiveness and back-

propagation action potentials [45,125,126] (Fig. 2C).

Either somatic depolarization or Pf-burst stimulation

protocols can persistently increase dendritic excitability

and firing rates through the downregulation of SK

channels. Further, action potential discharge was facil-

itated in response to Pf stimulation trains [45,125],

which evokes bursting of action potentials. While PC

IP does not alter the EPSP amplitude at the soma [44],

this effect is due to a reduction in AHP and release

from SK-channel gating. Moreover, these studies have

suggested that branch-specific induction of intrinsic

excitability plasticity can electrically compartmentalize

regional excitability in each arbor, based on experi-

ments using the triple-patch clamping combined with

the Cf and Pf stimulations [45]. This has indicated that

PC dendrites form different computational units on

their arbors [127] (Fig. 3A). Previously, it was simply

believed that PC dendrites had no heterogeneity of

dendritic excitability [128,129], in contrast to excitatory

pyramidal neurons in the neocortex and hippocampus

[61,95,130–135]. Even in the retina, recent studies

showed that there is a characteristic active-dendritic

property in direction-selective ganglion cells, which

enable the execution of directional information pro-

cessing of moving light at the branch level [136,137].

A previous study of masterpieces, in which authors

assessed passive dendritic conduction of the action

potential propagation of PC dendrites in the cerebel-

lum over 20 years ago, discouraged the further study

of activity modulation because of its elegance; there-

fore, PCs had been previously considered to lack a

boosting mechanism for back-propagation [138]. Con-

versely, studies have shown Na+ spikes in axotomized

PCs [139] and the localization of voltage-gated Na+

channels, which generate resurgent currents (NaV 1.2

and NaV 1.6 subunit) on PC dendrites [140]. These

data indicate a contribution of resurgent Na+ channels

to dendritic excitability [141,142]. The localization pat-

tern of SK2 molecules on PC dendrites also supports

the theory of nonuniform excitability patterns among

the dendritic arbors [44,45] in the absence of evidence

for a correlation with Cf innervation. Additionally,

recent studies on the heterogeneous excitability among

PC dendritic branches suggest that the underlying

mechanisms are associated with BK, SK, and A-type

K+ channels [45,125,143–145], arguing against a uni-

form pattern of intrinsic excitability. Taken together, it

is important to consider that PC dendritic excitability

may be heterogeneous [45,127,135,145] (Fig. 3A).

The spaciotemporal patterns of the Ca2+ and voltage

dynamics differ in PCs [146]. A major part of Ca2+

dynamics are derived from climbing fiber discharge as

a complex spike or a dendritic Ca2+ spike [58,147–
153]. In contrast, Ca2+ signals in the spines are driven

by Pf activity [44,45,152]. Pf axons normally project

perpendicularly to fan-shaped PC dendrites, and their

varicosities form ~ 1.05 synapses on each PC in rats

[154,155], or they are attributed from the Pf ascending

axons. Global Ca2+ influx is indispensable for Pf-LTD

induction when the timing of the Pf and Cf activity is

correlated [152,156,157]. The induction of Cf-LTD,

together with a reduction of Ca2+ influx in PCs, causes

a polarity shift in synaptic plasticity from LTD to

LTP [54,58,152]. In terms of voltage dynamics of

synaptic activity, a recent in vivo study provides evi-

dence of a hotspot of voltage changes on PC dendrites

[146]. In addition, localized subthreshold voltage hot-

spots of dendrites were nonlinearly correlated with

dendritic Ca+ and simple somatic spikes. However, it

is important to consider that voltage changes on the

distal dendrites may not transmit to the soma [158]. In

PCs, approximately 85% of Pf-synapses on distal den-

drites do not generate detectable electrical responses at

the soma [158]. This suggests a mechanism that
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enables the effective passage of active local voltage

changes through PC dendrites. Several studies have

suggested that PC dendrites have partially modifiable

electroconductivity via neuronal activity [45,143,144]

or immune activation [126]. Nonetheless, how den-

drites compute the abundant synaptic inputs on

dendrites and determine which inputs to pass through

remains to be elucidated. To address this question,

Ohtsuki [127] recorded spontaneously evoked EPSCs

in PC soma and dendrite and found that there was

electrical clustering of the synaptic inputs on PC den-

dritic arbors (Fig. 3A). In the study, the author
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Fig. 2. Intrinsic plasticity in the cerebellar Purkinje cells. (A) Basic induction mechanism of the Purkinje cell (PC) intrinsic plasticity (IP) is

shown. Parallel fiber (Pf) activity or the depolarization at PC soma individually induces the long-lasting increase in the firing frequency of the

PCs [44]. Intracellular Ca2+ increase and following Ca2+-dependent phosphatase activation downregulate the SK-channel functions. Protein

kinase A and casein kinase 2 are also involved [44]. Due to the ease of the IP induction by low-threshold activity, several protocols for IP

are available. Of note, the identical protocol of the Pf-LTP (1 Hz, 5 min Pf stimulation) works for the IP induction therefore suggestive in the

same direction of the excitability increase between PC Pf-LTP and IP. (B) Ca2+ requirement, involved enzymes, and a conceptual model of

the polarity shift of bidirectionality of Pf-synaptic plasticity by IP and climbing fiber (Cf)-LTD [45,53,54]. After the induction of Cf-LTD

accompanied by a reduction in Ca2+ signaling, the polarity of synaptic LTD induction is inverted to LTP [54]. In the opposite way, IP

facilitates the postsynaptic influx of Ca2+ and thus the following signaling. (C) Cartoons of LTD of complex spike (associated with Cf-LTD)

and IP on soma and dendrite. Ca2+ requirement and involved enzymes for LTD of complex spike, LTD of intrinsic excitability [48], IP, and

LTP of intrinsic excitability of PC dendrites, as back-propagated action potential and complex spike [45], are shown. Please note the

direction of the bidirectional synaptic and nonsynaptic plasticity in the viewpoint of the required Ca2+ and enzymes.
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Table 2. Intrinsic excitability changes after behavioral conditioning

Conditioning Brain region Cell type

Recording

methods

Polarity of

the IE

change Species and sex References

Conditioning with

food pellet (US)

and tone (CS), 2-

day training

sessions

Dentate gyrus, CA3,

CA1, and subiculum

of the hippocampus

Unidentified Extracellular

single-unit,

awake

Firing:

Dentate

gyrus ↑, CA3
↑, CA1 ↑

Holtzman rats 12–

15 weeks of age

Segal and Olds

[66]

Eyeblink

conditioning (EBC),

3-day training

sessions

Motor and

sensorimotor cortex

Unidentified Intracellular

and

extracellular

unit, awake

Excitability ↑
(reduction of

spike

threshold

current)

Cats Woody and

Black-

Cleworth [67],

Brons and

Woody [68]

Classical

conditioning of the

nictitating

membrane/eyelid

response (NMR)

CA1 and CA3 regions

of the dorsal

hippocampus

CA1 and CA3

pyramidal

neurons

Extracellular

single-unit,

awake

Firing ↑ Male, New Zealand

white rabbits

Berger et al.

[69]

Classical

conditioning of the

nictitating

membrane/eyelid

response (NMR)

Cerebellar dentate-

interpositus nuclei

Unidentified Extracellular

single-unit,

awake

Firing ↑ Male, New Zealand

white rabbits

McCormick

and

Thompson

[71]

Classical

conditioning of the

nictitating

membrane/eyelid

response (NMR)

Hippocampus CA1

pyramidal

neurons

Ex vivo,

intracellular

recordings

Firing ↑, AHP
↓

Young adult male New

Zealand white albino

rabbits, Oryctolagus

cuniculus, 6–8 weeks

old

Disterhoft

et al. [72,73],

Moyer et al.

[74]

Classical

conditioning of the

nictitating

membrane/eyelid

response (NMR)

Cerebellar lobule HVI

(lobulus simplex)

Purkinje-cell

dendrites

Ex vivo,

intracellular

recordings

Firing ↑, AHP
↓, transient
hyp ↓

Adult male, albino

rabbits

Schreurs et al.

[49,50]

Olfactory

discrimination (OD)

training, 7 days of

training

Piriform cortex, layer II Layer II

pyramidal

neurons

Ex vivo,

intracellular

recordings

Firing ↑, AHP
↓

Young (2 months) adult

male Sprague Dawley

rats

Saar et al. [75]

Fear conditioning, 3-

day session

Lateral amygdala

(dorsal division, LAd)

LAd auditory-

responsive

neurons

Extracellular

single-unit,

awake

Firing ↑ Male Long Evans rats Maren [76]

Water maze

training, 3-day

session

Dorsal hippocampus CA1

pyramidal

neurons

Ex vivo,

whole cell

AHP ↓ Young (4–6 months)

male F344xBN rats

Oh et al. [77]

Olfactory

discrimination (OD)

training, 7 or

8 days of training

Dorsal hippocampus CA1

pyramidal

neurons

Ex vivo,

intracellular

recordings

AHP ↓, ISI ↓ Male Sprague Dawley

rats

Zelcer et al.

[78]

Fear conditioning, 3-

day session

Layers II/III and V of

the infralimbic (IL)

cortex of the medial

prefrontal cortex

(mPFC)

mPFC

pyramidal

neurons

Ex vivo,

whole cell

Firing ↓,
Rinput ↓,
sAHP ↑, ISI
↑, Vsag no

change

Male Sprague Dawley

rats [postnatal day 25

(P25) to P30]

Santini et al.

[79]

Fear conditioning, 3-

day session, weak-

learner

Hippocampus CA1

pyramidal

neurons

Ex vivo,

whole cell

Firing no

change,

AHP no

change

Middle-aged (8 months),

male C57/SJL F1 hybrid

mice

Kaczorowski

and Disterhoft

[80]
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collected the ratios of EPSC amplitudes from each

location. The distribution of the D/S ratio (the ratio

of the amplitude of EPSC recorded on dendrite to that

on soma) showed a discrete pattern, indicating that

the distribution of active synaptic inputs was not uni-

form. In PC dendrites, the existence of two to seven

clusters of active synapses was estimated in the neu-

ronal membrane. This result provided evidence for

heterogeneity of electroconductivity in dendrites. In

line with this, a previous study with a high temporal

resolution of voltage imaging might have reflected

excitable fields in PC dendrites [146]. Spontaneously

evoked synaptic activity on PC dendrites may occur in

specific regions within dendritic branches. One single

Pf does not form multiple synapses on PC arbors of a

PC [154,155]; therefore, it could be speculated that, if

the activity of a group of granule cells correlate within

each other, certain dendritic fields which share the

beam of Pf projections may efficiently conduct their

shared synaptic inputs (Fig. 3B). Given this granule

cell – PC dendritic branch – cerebellar nuclei neuron

as a functional unit, this would be advantageous to

multiplying the computational power of the circuit. In

addition, Ohtsuki [127] suggested that after global IP

induction and under SK-channel blockade, the electro-

conductivity along the dendritic paths was increased.

As a result, the number of clustering of synaptic input

was reduced because the heterogeneous branch

excitability shifted to the homogeneously excitable

state. This supports that there is a suppression of local

electrical conductivity through SK2 channels. Further,

the local downregulation of SK2 channels indicated

that an activity-dependent suppression of ion channels

in the certain regions compartmentalizes active fields

on dendrites (Fig. 3A; [127]). To date, IP has not been

found to propagate to other neurons or presynaptic

terminals; therefore, it may not modulate the activity

in the Pf terminals of granule cells.

To summarize, SK-channel gating plasticity is direc-

ted by activity-dependent and branch-specific factors

Table 2. (Continued).

Conditioning Brain region Cell type

Recording

methods

Polarity of

the IE

change Species and sex References

Fear conditioning, 3-

day session)

Hippocampus CA1

pyramidal

neurons

Ex vivo,

whole cell

Firing ↑,
Rinput ↓,
AHP ↓

2- to 3-month-old males

of the F1 generation of

Fisher 344 X Brown

Norway rats

McKay et al.

[81], cf. Song

et al. [82]

Contralateral

whisker

stimulation with

air-puff

Barrel cortex Layer V

pyramidal

neurons

In vivo,

whole cell,

long-term

Firing ↑/↓,
Rinput no

change,

Threshold

↓/↑

2- to 3-month-old male

Sprague Dawley rats

Mahon and

Charpier [93]

Olfactory

discrimination (OD)

training, 9 days of

training

Basolateral amygdala Pyramidal

neurons

Ex vivo,

intracellular

recordings

Firing ↑, AHP
↓

Young (2 months) adult

male Sprague Dawley

rats

Motanis et al.

[83]

Fear conditioning Basolateral amygdala Pyramidal

neurons

Ex vivo,

intracellular

recordings

Firing ↓, AHP
no change

Mating imprinting,

estrus-induced

female mice

Accessory olfactory

bulb (AOB)

Granule cells Ex vivo,

whole cell

Firing ↑ Mature adult female

C57BI/6J background

mice 8–14 weeks of

age

Gao et al. [84]

Accessory olfactory

bulb (AOB)

Mitral cells Ex vivo,

whole cell

Firing ↓

Eyeblink

conditioning (EBC),

2-day training

sessions

Deep cerebellar nuclei

(DCN)

DCN neurons Ex vivo,

whole cell

Firing ↑,
Rinput ↑,
AHP ↓

P25-26 Long–Evans rats Wang et al.

[86]

Delay eyeblink

conditioning (EBC),

3-day training

sessions

Cerebellar lobule HVI

(lobulus simplex)

Purkinje cells

(PCs),within

~ 48 h of

the final

EBC

Ex vivo,

whole cell

Firing no

change,

AHP↓

5- to 8-week-old male

C57BL/6J mice

Titley et al.

(2018) [241]
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and forms compartmentalization of the electrical con-

duction of synaptic activity on the PC dendritic field.

In addition, the global modulation of intrinsic

excitability, which manifests as IP, can unleash local

restriction of the passage of synaptic activity via SK

channels. This influences PC firing to a greater extent

than synaptic plasticity due to the passive property of

‘silent’-dendrites (as dendritic arbors with SK-channel

expression in Fig. 3A). Furthermore, as shown in

Fig. 3B, the activity in the Pf-bundle is shared by PCs

in the same abscissa; therefore, the sensory informa-

tion diverges at the mossy fiber–granule cell synapses

and may converge selectively via PC branches

deployed in co-abscissa. Thus, the cerebellar system

would enable the magnification and concentration of

sensory information, allowing finer tuning of ample

inputs.

Somato-dendritic recording studies have shown that

there is facilitation of the action potential initiation

and reduction of AHP on dendrites through IP

induction and SK-channel blockade [45,125,127,159].

This indicates that the IP on PC dendrites modulates

spike-firing patterns and functionality of active fields

on PC dendrites. While the physiological function of

the modulation of the clustering of spontaneous synap-

tic activity in living animals is yet to be elucidated, it

is plausible that the receptive field on PC dendritic

arbors becomes larger in response to tactile or sensory

stimulation (see also Thach, 1967 [160]), which is pro-

vided by population activity of Pf terminals [161]. On

the other hand, Shim et al. [48] have recently shown

the induction of LTD of the intrinsic excitability of

PCs (Fig. 2C), independent of SK channels. This is the

decreased form of the firing frequency changes that

are induced by a protocol identical to that for Pf-LTD

induction, indicating that PC IP is bidirectional. In

contrast, another study has shown that a Pf-LTD

induction protocol induces a firing increase [47]. The

authors argue that this increase is accompanied by an

increase in the input resistance and a decrease in the

Conductive connection
Non-conductive connection

Naive state

Intrinsic 
Plasticity

Sensory 
activity

Locally excitable Globally excitable

SK channels
Excitable branch areas

Divergence
Convergence

Segregation
by Pf beam and 
PC branch excitability

A

B

Fig. 3. Synaptic input cluster and branch

field plasticity. (A) A transition of the

activity-dependent clustering of synaptic

inputs in the Purkinje cell (PC) branch fields

relied on the branch-specific induction of

the excitability increases plasticity through

downregulation of SK channels. PCs in the

na€ıve state are less conductive due to the

basal expression of Ca2+-activated K+

channels in the entire branch fields. After

some extents of sensory activity and local

downregulation of Ca2+-activated K+

channels, PC dendrites show heterogeneity

in the excitability among branches. When

afferent activity goes too far, local

heterogeneity and the dendritic clusters of

active synapses collapse, and PC-branch

fields become uniformly active and highly

conductive [127]. (B) The activity of parallel

fiber (Pf) bundles as a beam is considered

to be shared by PCs in the same abscissa.

The sensory information sent from

precerebellar nuclei would diverge at the

mossy fiber-granule cell synapses. They

provide active information selectively

through the PC branches deployed in the

co-abscissa. And those inhibit nuclei

neurons exclusively. Please note that, in

reality, neither the morphology of dendrites

of PCs is not identical nor necessarily

located in the same axis longitudinal to Pfs.
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amplitude of the HCN channel, mediated by a hyper-

polarization-activated current. However, they used a

K+-based internal solution and induction protocol that

consists of Pf stimulation at 1 Hz with PC depolariza-

tion from patch pipettes, substituted for the Cf activa-

tion for 3 min at room temperature. In such a

situation, it is questionable whether the entire PC

membrane was efficiently depolarized and the Ca2+

influx was sufficient to activate protein kinase C

(PKC) for Pf-LTD, particularly in the distal dendrites

due to space-clamp failure. Plasticity has been deter-

mined based on the experimental design for electro-

physiological recording, which includes the following

factors: the internal solution of the patch-clamp (K+

or Cs+-based solution), Ca2+ chelator type and concen-

tration, experimental temperature, variation of afferent

stimulation, holding potential, recording regions in the

cerebellum, in vivo or in vitro, anesthetized or awake,

animal developmental age, species, etc. Therefore, it is

important to consider these conditions when designing

experiments and attempting to recreate near physiolog-

ical conditions. In addition, Maiz et al. [162] have

shown that an SK-channel agonist and an Ih blocker

facilitate associative learning of eyelid conditioning;

therefore, the direction of PC plasticity, ion-channel

modulation, and learning remain inconsistent. In PCs,

SK and HCN channels presumably work in opposite

directions. To date, one study using HCN1-deficient

mice has shown profound deficits in motor learning

and memory (swimming and rotarod tasks), indicating

a deterioration in the accurate decoding of input pat-

terns of PCs and, thereby, an impairment in synaptic

plasticity [163]. In addition, another study reported

that Ih currents control PC bistability of membrane

excitability [164]. Taken together, whereas some regu-

lation of PC excitability by the HCN channel is related

to the motor performance or memory, there are multi-

ple ways to modulate the intrinsic excitability of PCs,

including ion channels such as SK, BK, A-type K+

channels, and HCN channels – at least, depending on

the induction protocol and learning.

Pf-LTP, IP (long-lasting increase in the firing fre-

quency), and excitability plasticity of dendrites are

positively correlated; their induction protocols are

associated with a minor Ca2+ influx to the local PC

regions (Fig. 2C). In contrast, Pf-LTD and LTD of

the intrinsic excitability are associated with Cf activity

that leads to an abundant influx of Ca2+ in the broad

PC subcellular region. Nonetheless, all of these plastic-

ity inductions can be prevented by intracellular Ca2+

chelators. It is important to emphasize that the polar-

ity of functional excitement of PC neuronal activity

typically follows the same direction; however, the

threshold and the localization are dependent on the

plasticity type. Therefore, in synapses, bidirectional

polarity of synaptic plasticity can be inverted in cer-

tain situations. The duration of synaptic activity, local-

ization of the Ca2+ influx at synapses, and molecule

density beneath the postsynaptic membrane can deter-

mine receptor expression. Subcellular synaptic Ca2+

directly addresses the specific enzyme activation, and

the LTD/LTP polarity of Pf-synaptic plasticity is con-

trolled mainly by the following molecules: PP1/PP2A/

2B for LTP and PKC/a-CaMKII (Ca2+-calmodulin-de-

pendent protein kinase II) for LTD [42,56,57,165,166]

(Fig. 2B). Those enzymes determine the polarity of the

synaptic plasticity in a Ca2+ concentration-dependent

manner, and it is partially observed to exhibit a similar

directionality in the intrinsic plasticity as that in neu-

ronal excitability.

The modulation of firing rate and plasticity of

intrinsic excitability on dendrites are distinguished

from synaptic plasticity; however, it can influence the

induction of synaptic plasticity based on the temporal

resolution and resultant Ca2+ influx. Synaptic plasticity

involves the modulation of exo- and endocytosis of

ionotropic glutamate receptors and channel functions

to alter the membrane permeability of cations. Mean-

while, intrinsic excitability is associated with voltage-

dependent and Ca2+-activated ion channels. Therefore,

there may be a synergistic expression of both types of

plasticity during induction that is associated with volt-

age- or Ca2+-activated ion channels, which is the first

step of synergy. Another determinant is the compart-

mentalized branch-specific activity of dendrites. The

increase in excitability of PC dendrites may influence

the direction of synaptic plasticity [59]. Based on these

findings and assumptions, it is no wonder that SK-

channel downregulation and its unleashing from local

suppression are not the sole mechanisms underlying

the modulation of dendritic excitability through vari-

ous ion channels. In PCs, such modulation has been

found as multiple forms of the long- and short-term

plasticity of intrinsic excitability (BK-types, Rancz &

H€ausser [143]; A-type, Otsu et al. [144]; HCN (Ih),

Nolan et al. [163]). Thus, it is necessary to elucidate

the correlation between ion-channel localization in the

PC and afferent projections, as well as their synergy

between synaptic and nonsynaptic excitability plastic-

ity. Excitability plasticity in the fine dendritic branches

may enable animals to do multiple tasks. It is because

that, if certain activities responsible for different events

occurred with temporal proximity at a single cell, the

different internal models may compete with each

other, especially in learning [167–169]. Rather, the

plasticity at the dendritic branch level should reduce
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the load of information processing even in the single

neurons, despite hypothesized multiple internal models

[170].

Immunity-induced neuronal excitability plasticity

and behavioral modulation

Recent studies have shown evidence of microglial

modulation of intrinsic excitability in the cerebellum.

Yamamoto et al. [126] have shown that microglial

activity triggers the induction of IP and an increase in

excitatory synaptic transmission in PCs (Fig. 4). Nota-

bly, microglia activation by exposure to an endotoxin

increased firing frequency and enhanced dendritic

excitability of PCs via the downregulation of SK chan-

nels (Fig. 4A). Activated microglia secrete several

inflammatory mediators. Among them, tumor necrosis

factor-a (TNF-a) is secreted at the earliest phase of

microglial activation. The authors showed that TNF-a
activated phosphatases intracellularly and downregu-

lated the function of SK channels in PCs in a protein

synthesis-independent manner. These results were sup-

ported by experiments using pharmacological elimina-

tion of microglia in vivo and inhibition of their

secretion. Furthermore, acute inflammation in the

cerebellum modulates animal behavior, including

social, exploratory, and repetitive behaviors. These

behavioral changes were correlated to overconnectivity

between the cerebellum and frontal cortex according

to resting-state functional magnetic resonance imaging

(fMRI) [126] (Fig. 4B,C). Related behavioral pheno-

types had been observed in other groups [171,172],

suggesting the control of animals’ mood or sociability

by cerebellar anterior lobes (paleocerebellum, i.e., old

or ancient cerebellum, Berntson & Torello [36]) and

related regions receiving their neural projection. On

the other hand, Shim et al. [173] have reported an

increase in PC excitability via Bergman glial activity,

which was accompanied by a decrease in Ih current.

This plasticity resembles the previously reported Ih-

downregulation-dependent IP in PCs [47]. While both

Yamamoto et al. [126] and Shim et al. [173] showed

that exposure to TNF-a increased the firing frequency

of PCs, Shim et al. [173] have investigated PC

excitability following 1-h of incubation with TNF-a.
The time spam would possibly provoke another down-

stream cascade after the activation of TNF receptors

or boosting cytokine releases. These data imply that

the downregulation of HCN channels follows that of

SK channels in a different time course. In any case,

hyperexcitability after microglia activation could col-

lapse the heterogeneity of excitability among PC den-

dritic branches. Therefore, because of the

hyperexcitability, neurons are considered to start

showing simple and monotonous input–output behav-

iors against sensory inputs during inflammation within

a narrow modulatory range and to cause the behav-

ioral anomaly. We will discuss why excessive immune

response and hyperexcitability in the distinct cerebellar

regions result in the mental illness-like phenotype later,

in Relevance of cerebellar IP to higher-order animal

behaviors postulated the internal model.

By the way, invasion of bacterial and viral products

into the brain disturbs its function through excessive

immune responses [174]. Yamamoto et al. [126] just

showed the modulation of cerebellar neuronal

excitability by microglia and the effect of aberrant

neuronal excitability on animal behavior and func-

tional connectivity. It is quite important to reveal the

immune-neuro interactions under pathological condi-

tions because various bacterial and viral infections

(e.g., influenza virus, herpesvirus, cytomegalovirus,

and Borna disease virus) are associated with a range

of depressive symptoms [174]. It should be possible

that COVID-19, the most infected RNA virus in dec-

ades, causes mental illness and even dementia, and

such studies are required immediately.

Intrinsic plasticity in other cell types
in the cerebellum

Intrinsic plasticity has been shown in different types of

neurons in the cerebellar cortex and nuclei (Fig. 1).

Here, we compare different induction protocols and

assess common rules or differences. In addition, we

seek to emphasize the coexistence of IP and synaptic

plasticity in every cell type, which underlies the syn-

ergy of excitability plasticity.

Granule cells

Following the discovery of LTP at mossy fiber (Mf)–
granule cell (GrC) synapses [175], D’Angelo and col-

leagues revealed LTP of intrinsic excitability of GrCs

[30]. It was particularly interesting because no theories

regarding the cerebellum at that time had predicted

the existence of Mf-GrC synaptic plasticity. In general,

the incoming sensory information is amplified at the

Mf-GrC synapses. GrCs receive sensory inputs from

Mf terminals through their short dendrites, the num-

ber of which is limited to only four. Mf-GrC synaptic

LTP is induced through the stimulation of Mf axons

at 100 Hz (every 250 ms for 2 s) with GrC depolariza-

tion. This LTP is dependent on NMDA receptors,

Ca2+ influx, and PKC activation in the rat cerebellum

[175]. In addition, it shows an increase in action
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potential firing coupled with synaptic LTP, through

theta-burst stimulation (at 100 Hz, every 250 ms for

1 s) or continuous stimulation (100 Hz burst for 1 s)

of Mf, which was abolished by NMDA receptor inhi-

bition [30]. In addition, results of in vivo tactile stimu-

lation and regional imaging with a voltage-sensitive

dye suggested LTP and LTD of synaptic efficacy or

excitability changes [176–178], albeit the experiments

have not fully identified if they are synaptic or/and

nonsynaptic changes due to the methodology.

Golgi cells

The local network of Golgi cells (GoCs) receives

inputs from excitatory afferents from Mf, Pf, and inhi-

bitory projections from other GoCs [179,180]. GoCs

provide inhibitory synapses to GrCs. In GoCs, Pf

stimuli elicit hyperpolarization through the metabotro-

pic glutamate receptor 2 (mGluR2) and G protein-cou-

pled inwardly rectifying K+ channels [179]. At Pf-GoC

synapses, LTD is dependent on group II mGluRs and

PKA [181]. Hull et al. [180] reported LTP of the firing

rate, defined as the spontaneous firing rate potentia-

tion (FRP). PC IP and GoC FRP are thought to be

different because the latter is expressed through modi-

fication of spontaneous firing without altering the gain

of evoked spiking, which is suited for selective regula-

tion of the tonic output of GoCs. GoC FRP is

induced by the transient administration of an agonist

of GoC mGluR2 or GoC hyperpolarization. Hyperpo-

larization-induced FRP involves CaMKII and BK-type

K+ channels, but not SK-type. Thus, both the induc-

tion process and cellular physiological expression are

different from each other. The FRP of GoCs suggests

that electrical coupling between GoCs controls the

temporal precision and degree of both spontaneous

and sensory-evoked correlated activities of GoCs, via

cooperative effects of shared synaptic depolarization,

spikelet transmission, and plasticity [182]. Meanwhile,

whether the FRP is associated with the excitability of

GoC dendrites is unsolved.

Cerebellar nuclei

Purkinje cells are inhibitory projection neurons that

are the sole output from the cerebellar cortex [6,183].

In cerebellar nuclei (CbN), neurons receive GABAergic

terminals of PC axons. Note that rebound depolariza-

tion (RD) is a characteristic cellular physiological fea-

ture of action potential firing that is evoked following

hyperpolarization [184–186]. Long-term plasticity at

inhibitory and excitatory synapses has been shown in

a number of previous studies (PC-inhibitory synapses

[187–189]; Mf-excitatory synapses [190,191]). Further,

LTP of intrinsic excitability has been reported [29].

Therefore, CbN is considered an alternative or addi-

tional site for cerebellum-dependent learning [192,193].

CbN neurons with large cell bodies are excitatory

and spontaneously active, with a basal firing rate of

10–20 Hz. Classically, their electrophysiological prop-

erties are similar to those of PCs, GrCs, and inhibitory

interneurons (Chapter X, [6]). Largely, two subpopula-

tions have been identified electrophysiologically and

morphologically as types I and II [194]. Type I is more

prevalent and generates long plateau potentials in

response to depolarizing currents and RD afterhyper-

polarization. In contrast, type II neurons do not pos-

sess these features, and among this smaller subgroup,

GABAergic and glycinergic neurons are identified

[195–197]. The distribution of these neurons in the

CbN is distinct: Type I neurons have large somata (di-

ameter: > 15 lm) and project to premotor areas; there-

fore, they directly influence motor control. In contrast,

type II neurons are smaller and project inhibitory

synapses to the inferior olive; therefore, they provide

negative feedback to the inferior olive which may cor-

rect movement errors [198–201].
Again, in CbN, the activation of PC-afferent fibers

evokes RD with associated action potentials via a

transient hyperpolarization. The plateau depolarization

and postinhibitory RD of CbN neurons are attenuated

under the blockade of Ca2+ channels (BAPTA and

Co2+), suggesting the involvement of low-threshold T-

type Ca2+ channels [185,186,202]. In addition, activa-

tion of SK- and BK-type K+ channels suppresses CbN

activity. Further, Ih [186] and different voltage-depen-

dent Ca2+ channels, such as L-type, N-, P/Q-type,

mibefradil-sensitive R-type, blocker-resistant R-type,

and T-type currents [203], have been shown to con-

tribute to RD generation. Of note, PC projections pro-

vide strong GABAergic inhibitory terminals to the

CbN neurons (cf., Ito & Yoshida [183]); however, PC

and CbN neuronal activity is not always inversely cor-

related with each other in vivo [40,204–209]. While the

existence of rebound firing in the CbN had been ques-

tioned once [205], it appeared to be due to the anesthe-

sia, and researchers have proved the characteristic

firing regulated by both projections from inferior oli-

vary nucleus and PCs [206,207]. Typically, the syn-

chrony of tonic inhibition permits time-locked spiking

in CbN neurons during a transient reduction in inhibi-

tion following the overlap of inhibitory postsynaptic

currents with at least two PC afferents to synchronize

[207].

Synaptic plasticity was first reported in PC-CbN

inhibitory synapses by Morishita and Sastry in 1996
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[187]. They showed that a 10-Hz stimulation lasting

5 min induced LTD of CbN inhibitory postsynaptic

currents, and this effect was dependent on internal

Ca2+, NMDA receptors, L-type Ca2+ channels, and

protein phosphatases. A following study investigated

the mechanism of LTP induction [189]. Interestingly, it

was found that the polarity of PC-CbN synaptic plas-

ticity was correlated with the size of the RD-evoked

spike [188]. LTP was elicited by short, high-frequency

trains (of 100 Hz, 10 pulses applied at 2 Hz) of

inhibitory postsynaptic potentials (IPSPs), which reli-

ably evoked an RD with multiple spikes. LTD could

be induced using the same protocol with a reduced

amount of postsynaptic excitation.

The LTP of excitatory Mf-afferents was induced by

quasi-physiological protocols consisting of high-fre-

quency Mf stimulation (133 Hz train) and CbN hyper-

polarization [190,191]. Another study reported that

LTD at Mf-CbN synapses was dependent on group I

mGluR signaling [210]. In contrast, LTP induction
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was mediated by NMDA receptors and intracellular

Ca2+ signaling, which was disrupted by inhibitors of

calcineurin (PP2B) and a-CaMKII, but not PKC. Fur-

ther, the authors revealed that the extent of LTP var-

ied with the relative timing of synaptic excitation and

hyperpolarization. Potentiation was most effective

when the Mf-synaptic stimuli (150–250 ms duration)

preceded the postinhibitory RD by approximately

400 ms. Conversely, longer intervals or the reverse

sequence depressed the EPSCs. In addition, potentia-

tion was synapse-specific; however, RD produced a

global Ca2+ influx and 100 Hz synaptic stimulation

evoked local influx (with 20–50 lm region) [191].

Therefore, precisely timed PC inhibition supports the

strengthening of excitatory Mf-synaptic efficacy in the

CbN. A combination of high-frequency trains of

presynaptic activity and postsynaptic CbN hyperpolar-

ization, in patterns similar to Mf-mediated excitation

and PC-mediated inhibition, is predicted to occur dur-

ing delay eyelid conditioning as previously reviewed

[199]. Additionally, one study showed that Mf-LTP

develops following the combination of a PP2B/cal-

cineurin priming signal and an a-CaMKII triggering

signal, if the L-type Ca2+ current is reduced [211]. The

suppressive effect of the L-type Ca2+ current is reduced

through the hyperpolarization-driven closure of these

channels.

Compared with PC excitatory synaptic plasticity,

CbN LTP of the excitatory synapse is dependent on

phosphatase activity, including PP2B, which is also

associated with the LTP of Pf-PC synapses [44,191]. a-
CaMKII is linked to Pf-PC LTD, but not LTP; how-

ever, LTP of the Mf-CbN synapses is dependent on a-
CaMKII [166,191]. Thus, the molecular mechanism

underlying CbN LTP induction is partially inconsistent

with the cerebellar Pf-PC synaptic plasticity model

[56,57]. In vitro whole-cell recordings of CbN neurons

are not commonly reported in adult animals because

there are difficulties in obtaining healthy CbN slices

and, thus, patch-clamp recording. This may be due to

the extensive perineuronal net surrounding mature

CbN neurons. Nevertheless, some recent studies have

succeeded in performing such recordings [86,212,213].

Intrinsic plasticity in the CbN neurons has been

reported in previous studies [29]. The induction proto-

cols for CbN IP were as follows: tetanization of excita-

tory synapses (100-Hz bursts at 4 Hz) and intracellular

conditioning stimulus (depolarization pulse at 4 Hz).

These induction protocols led to a threefold increase

in the firing frequency of CbN neurons when com-

pared with controls. Considering that the bidirectional

PC-CbN synaptic plasticity is dependent on the extent

of RD and timing of afferent activity, CbN IP may

possibly shift the polarity of synaptic plasticity. In

addition, a recent study suggested the involvement of

late-phase enhancement of intrinsic excitability of CbN

neurons in cerebellum-related learning of eyeblink con-

ditioning [86]. Although it is not clear how long this

IP persists in vivo especially after learning, certain

mechanisms for IP maintenance and extinction may

exist. The feedback loops from CbN to GrCs and

GoCs are also identified, and these nucleocortical feed-

backs can amplify conditioned eyeblink responses

[214]. The inferior olivary nucleus (IO) neurons receive

excitatory afferents from both the accessory optic sys-

tem and trigeminal nerves and GABAergic inhibitory

terminals from the CbN small neurons at the inter-

posed and dentate nuclei [200,215,216]. Therefore, IP

in CbN neurons could alter the activity of IO, which

provides characteristic afferent axons as Cfs that con-

vey instructive or error signals for motor coordination

and learning (Fig. 1). In addition, recent studies have

suggested long- and short-term plasticity of the electri-

cal couplings induced by afferent activation [217–219].

Vestibular nuclei

The flocculonodular lobe includes the flocculus and a

part of the uvula, called the vestibulocerebellum. It is

a lobular region that connects with neurons of the

medial vestibular nucleus (MVN), a brainstem nucleus,

which is indispensable for motor learning of the vesti-

bulo-ocular reflex (VOR). Electrophysiological, mor-

phological, biochemical, and genetic identification of

neuronal subtypes have classified neurons from this

nucleus largely into three populations [220–223]. Simi-

lar to CbN neurons, postinhibitory firing is associated

with RD in MVN neurons. Slice recordings have

shown that GABAergic (GAD-67+) neurons display

lower maximum firing rates (250 Hz) than the glycin-

ergic (GLYT2+) and glutamatergic neurons (up to

500 Hz). The firing rate of postinhibitory rebound is

higher in the glutamatergic neurons (at ~ 42 Hz) than

in GABAergic neurons (at ~ 12 Hz) [222]. Half of

these neurons have been identified as projecting from

the oculomotor nucleus by retrograde labeling [221].

Single-cell transcript analysis of MVN neurons enabled

a detailed classification into six functionally distinct

cell types and associated marker genes. The regional

distribution and projection targets of these types of

MVN neurons are distinct [222,223].

In MVN neurons, stimulation of inhibitory axons at

40–80 Hz induces plasticity of their intrinsic excitabil-

ity [43]. In Nelson et al. [43], the authors performed a

long-term recording of spontaneous firing, and they

classified this increase in firing rate as FRP. This form
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of IP is closer to the FRP in GoCs [46]. An increase in

spontaneous firing and firing gain range was revealed,

which was accompanied by a reduction in AHP ampli-

tude. A different induction protocol for MVN FRP is

a continuous hyperpolarization for 5 min or adminis-

tration of the external solution without Ca2+ [43]. A

subsequent study showed that the reduction in CaM-

KII activity can trigger FRP [224]. Further, basal

CaMKII activity was near maximum in spontaneously

firing MVN neurons, and a blockade of CaMKII

increased excitability by reducing BK-type K+ cur-

rents. The modulation of MVN neuron firing rate is

bidirectional and dependent on Ca2+ influx [225]. In

line with this, a subsequent study showed the bidirec-

tional modulation of BK channel activity [226]. There,

a-CaMKII and PKC increased and decreased the fir-

ing rate, respectively. Phosphorylation-driven recipro-

cal modulation of BK channel function and firing

frequency of MVN neurons would relate to motor

learning in eye movements [227,228].

McElvain et al. [229] have revealed the bidirectional

plasticity of vestibular synapses in glutamatergic and

GABAergic neurons. They reported that the vestibular

nerve synapse was the site of behavioral modification

of VOR [227,230]. Both forms of plasticity uniformly

scaled synaptic currents, and these changes were trans-

lated into linear increases or decreases in postsynaptic

firing responses. In glutamatergic and glycinergic neu-

rons labeled by YFP, whereas LTD relied on postsy-

naptic depolarization and NMDA receptors, LTP

relied on Ca2+-permeable AMPA receptors and hyper-

polarization by stimulation of vestibular nerves at

100 Hz. Interestingly, in experiments with GABAergic

neurons, the same induction protocols induced LTD,

but not LTP [229]. Ca2+-permeable AMPA receptors

and rebound currents are differentially expressed

according to circuit function in the MVN such that

both are minimized in local inhibitory GABAergic

neurons. Therefore, the characteristic induction proto-

cols, which mimicked in vivo conditions, revealed

mechanisms of bidirectional synaptic plasticity in the

brain stem. Through hyperpolarization, MVN neurons

also showed an increase in firing frequency due to the

decrease of a-CaMKII activity from the basal satura-

tion level [43,224,226]. Of note, in these MVN neu-

rons, the polarity of vestibular synaptic LTP and

nonsynaptic FRP was not in the same direction. While

FRP required hyperpolarization through inhibitory

afferents, MVN synaptic LTP was induced by a com-

bination of activation of excitatory afferents and

hyperpolarization.

Finally, some questions remain regarding whether

the MVN FRP is analogous to PCs, CbN neurons,

and GoCs. The FRP in the MVN and GoCs are

induced by hyperpolarization and are BK channel

dependent, but this has not been shown in CbN neu-

rons or PCs (Table 1). For the induction of CbN IP

or FRP in the MVN and GoCs, the stimulated affer-

ent fibers are different: excitatory or inhibitory, respec-

tively. Additionally, inducible cell types and regional

differences are not fully characterized in the CbN neu-

rons, while at least three types of CbN neurons with

distinct distributions were identified. In addition, for

complete interpretation, both IP and FRP studies are

required to address whether they are bidirectional and

reversible [231]. These issues might be explained by dif-

ferences in the ion-channel modulation.

Functional significance of PC IP in CbN

regulation

Several studies have sought to address the question of

how PC IP regulates nuclear activity and motor perfor-

mance [44,45,125,127,159]. At present, it is difficult to

believe that a single form of plasticity is dominant in

learning processes, as previously hypothesized [15].

Other studies assessing the modulation of PC firing

have shown the induction of LTD of intrinsic excitabil-

ity (i.e., LTD-IE) using a Pf-LTD protocol [48,232].

Therefore, a combination of multiple forms of synaptic

and nonsynaptic plasticity are likely to be involved in

learning and other functions. In this review, we discuss

the functionality of PC IP to CbN regulation.

Purkinje cell IP may encode the temporal precision

of activity, the extent of synchrony, and plasticity

induction in the nuclei. First, following the induction

of IP in PCs, there is a reduction of AHP, which facili-

tates a PC burst in response to the series of Pf stimula-

tion (Fig. 5A) [45,125]. This can induce a larger

hyperpolarization and RD in CbN. Belmeguenai et al.

[44] suggested that CbN firing is not affected by a

change in the frequency of PC axon stimulation for

IP. This indicates that there is a steady-state temporal

attenuation of IPSPs in nuclei neurons at a wide firing

range [233–235]. Repetitive stimulation of the inhibi-

tory afferent neurons reduces tonic inhibition for a few

hundred milliseconds, and it remains stable during the

following period. The magnitude of RD depends on

instant tonic inhibition and repetition at approximately

100 ms in the CbN and MVN neurons; therefore, a

change in PC axonal firing frequency may not influ-

ence nuclear activity from several hundred milliseconds

to a few seconds. Taken together, these data suggest

that PC IP during constant firing is not influential to

the nuclear activity, but it may be effective during

burst firing or the transition state.
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Second, the synchrony of PC activity enables pre-

cise time-locking through RD in CbN neurons [207];

therefore, a set of cortical PCs that show synchronous

firing may impact nuclear activity. Adjacent PCs are

assumed to converge on a common CbN neuron,

whereas PCs in different cerebellar lobules do not

(Fig. 3B; [236]). A recent study using mature mice by

Han et al. [237] showed precise (less than sub-millisec-

ond) synchronous firing of nearby PCs in the absence

of chemical and electrical signals between synapses,

which is defined as ephaptic coupling. PCs fire spon-

taneously and are often polarized to a near-threshold

range in which their Na+ channels can be activated

by small depolarizations. Therefore, such ephaptic

coupling is considered to work efficiently for generat-

ing action potentials. This ephaptic coupling of PCs

results in a very fast signal oscillation in the cerebellar

cortex. Then, neighboring PCs may synchronize more

easily at the CbN level when the initial segments of

PC axons are closely positioned [237]. Provided that

the PCs-CbN system detects synchrony and generates

time-locked activity among PC units (Chapter XII,

[6]), it is assumed that PC IP can influence the degree

of synchrony. PC populations with the same activity

patterns, partially caused by ephaptic signaling, are

expected to generate synchronous CbN inputs. In

contrast, neurons with excessively excitable firing pat-

terns caused by sporadic IP may desynchronize popu-

lation outputs. In addition, PC IP restricts the

dynamic range of PC firing in response to the Pf-af-

ferent activity. Therefore, an increase in PC firing via

IP of a single or small number of neurons may desyn-

chronize inputs to the CbN and suppress their activ-

ity. In contrast, simultaneously occurring IP in a

group of PCs may potentially induce a time-locked

CbN oscillation or prolong the period of subthreshold

polarization.

Third, an increase in the firing frequency of PC

axons via PC IP may enhance the nuclei hyperpolar-

ization and may simply facilitate the FRP induction in

MVN neurons. Then, the extent of IP of PCs can

influence the polarity of bidirectional plasticity of

synaptic efficacy changes. As previously described,

pairing repetitive stimulation of excitatory synapses

with postsynaptic hyperpolarization or stimulation of

inhibitory afferents of PCs is the key factor for induc-

ing synaptic potentiation in the nuclei

[190,191,211,229]. Together, it is expected that PC IP

facilitates the induction of synaptic plasticity heterosy-

naptically (Fig. 5A) by enhancing hyperpolarization

via the magnification of RD associated with a Ca2+

influx. On the other hand, at the circuit level, the PC

IP characteristic per se lowers the net increase in spike

firing of PCs by PF stimulation [44] (Belmeguenai

et al., 2010, Figure 8). This result suggests that PC IP

makes an upper limit of the change in firing frequency

for detecting the synaptic potential and, therefore, may

decrease in the extent of their information processing.

We expect that it is at an intermediate frequency of

PC firing when the prompt and accurate coincident

detection occurs in the CbN between the efference

copy of the Mf-collaterals to the PC output. Or, this

would be a reason for the existence of the best range

in the learning curve of the sensory-afferent firing.

Inferior olivary neurons feed each PC with a single

excitatory Cf, whose discharge emerges as a complex

spike in a characteristic waveform: an initial Na+

spike, followed by a large depolarization of Ca2+ pla-

teau (for several tens of ms), and then, an abundant

Ca2+ influx [238,239] (Figs 2C and 5B). Following the

evoked complex spike, PCs show a pause in simple

spike firing for a duration of approximately 100 ms.

This type of cessation of spontaneous firing is

observed as the postcomplex spike (post-C-spike)

pause of simple spikes [162]. When IP is induced, the

duration of the post-C-spike pause is reduced by a

reduction in the AHP period (Fig. 5B; [159]). Maiz

et al. [162] have shown that an SK-channel agonist

and an Ih blocker promoted associative learning in an

eyelid conditioning paradigm. This study suggests that

a form of motor learning (eyeblink conditioning learn-

ing) was hastened by an elongation of the post-C-spike

pause. In addition, trial-over-trial depression in pursuit

of eye movements was also negative as a result of the

post-C-spike pause reduction [240]. Therefore, PC IP

was not yet shown to correlate with this type of learn-

ing, despite opposing the Pf-LTD and PC LTD of

intrinsic excitability in the modulation of neuronal

excitability. One recent study has provided evidence of

IP occlusion and AHP reduction after delay eyeblink

conditioning [241]. It should be noted that Schreurs

et al. [50] showed clear evidence of eyeblink condition-

ing-specific reduction in both a transient and afterhy-

perpolarization. However, it is elusive if these

modulations are specified as the learning correlate or

the process of homeostatic modulation. Taken

together, these results suggest the presence of both PC

IP-dependent and independent learning mechanisms in

the cerebellum.

Further, studies have shown the excitation of sub-

populations of receptive field sensitive neurons as the

somatotopic representation based on neurons’ specific

responses [160]. Intriguingly, the author had already

noticed the fact that, even in a few instances, simple

spike discharge was gradually increased by gentle pas-

sive movement and gentle handling of the limb, from
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contrast through the conceptual Mexican hat function. Sensory afferents provide population activity of the Pf terminals [161], which possibly

induce LTP at the branch fields with a low threshold and emboss signals. Among them, synapses with co-activation of Cf deboss the
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fiber; RD, rebound depolarization.
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the extracellular recording of PCs in the culmen and

central lobule (the portions of the anterior vermis). PC

IP presumably contributes to changes of this receptive

field in cats in vivo [56,242–244]. Extracellular record-

ing and cutaneous electrical stimulation of Pfs revealed

small receptive fields of PCs, which were located out-

side the local Cf receptive field in the cerebellar C3

zone responsive to the forelimb [242]. J€orntell and

Ekerot [243] applied a Pf-burst protocol in the C3

zone comprising 15 pulses at 100 Hz repeated every

3 s for 5 min, with or without pairing Cf stimulation,

which resulted in changes of cutaneous receptive field

size; unpaired Pf stimulation induced long-lasting,

large increases in the receptive field sizes of PCs. In

contrast, Pf stimulation paired with Cf activity-induced

long-lasting decreases in the cutaneous receptive fields

of PCs, while the Mf receptive fields remained

unchanged. These studies had indicated an alteration

of the receptive field depending on bidirectional Pf-sy-

naptic or nonsynaptic plasticity in PCs. Sensory affer-

ents of Pfs provide population activity at terminals

[161]. This activity possibly induces postsynaptic LTP

at the branch fields of PC dendrites. Co-activated Pf-

synapses with the Cf reduce the synaptic efficacy

through Pf-LTD. Therefore, LTP/LTD mechanism

enables the enhancement of contrast as in previous

theories. Pf-synaptic activity that induces Pf-LTP also

enhances the dendrite excitability and facilitates Ca2+

influx [44,45]. The highly excitable dendritic arbors

enhance the contrast of synaptic responsiveness via

both synaptic plasticity within the branch field and

heterogeneous excitability [127]. Therefore, sensory-af-

ferent activity enlarges the receptive field through Pf-

LTP/IP, which may enhance the contrast among the

spatio-temporal Pf inputs in the conductive dendrites

or may facilitate the discrimination of Cf-co-activated

Pf signals (Fig. 5C).

A significant aspect of multiple cellular and synaptic

plasticity mechanisms in cerebellar learning is that they

are progressive [245]. The time courses of learning

range from several seconds (short-term) to days (far

long-term), with multiple components that rely on dif-

ferent plasticity mechanisms [228,246,247]. First, sen-

sory experience may enhance excitability through PC

IP and the dendritic excitability plasticity for better

convergence and selection. Pf-LTD, induced in con-

junction with Cf discharges, and other forms of plas-

ticity are assumed to occur earlier than the plasticity

in the CbN from the study of long-term VOR adapta-

tion. During memory consolidation, PC IP (or rather

in the extinction) may also contribute to the transfer

of memory that had been acquired at the Pf-PC

synapses. The synergy of plasticity between PC IP and

CbN synaptic plasticity would affect the process of

memory transfer [192,193,248].

Overall, in the many types of cerebellar neurons,

synaptic plasticity and intrinsic excitability plasticity

are coupled. The synergy, or the chemistry, would gen-

erate the complexity and the flexibility in the circuit

for adaptive modulations. And, the induction tends to

be easier for plasticity of intrinsic excitability. It is

probably due to the finer access of voltage, Ca2+, and

distribution of modulator proteins to the effector

molecules in the bulk of intracellular space, which is

necessary for the expression of plasticity, than in tiny

restricted compartments, that is, postsynaptic spines.

Otherwise, precisely determined synaptic plasticity gen-

erates the selective engram solely at the synaptic level,

which is distinctive from the cellular level [42,249].

Probably, models relying solely on synaptic plasticity

could not explain the memory transfer mechanism, as

described in the following section. IP induction in a

subpopulation of PCs may contribute to the enhance-

ment of nuclei neuronal activity [207], and its branch-

specific expression in a PC enhances the contrast

among dendritic arbors (Fig. 3; [45,59,95]). The syn-

ergy should be attributed to the directional correspon-

dence of excitement or suppression between the

plasticity of synapses and nonsynaptic excitability.

Branch-specific plasticity of intrinsic excitability

enables modulation of the excitability and electrocon-

ductivity at individual branches. Therefore, it elabo-

rates tuning of input–output computation

multidimensionally, although it has only been studied

in PCs in the cerebellar circuit until now. Such branch

specificity might not be practical as a unit in neurons

with small size and short branches (e.g., GrCs). On the

other hand, neurons with relatively long branches,

such as CbN type I large neurons or GoCs, might be

potential candidates. Considering the time course of

activation, SK-type K+ currents seem optimal for con-

fined modulation. Otherwise, we speculate that there is

a mechanism to fix the excitability of individual den-

drites molecularly through experience, development, or

transcriptional products. While multiple variations of

plasticity have been identified in the cerebellum, the

PC-CbN pathway with associations seems to be the

axial stem for the cerebellar computation of motor

learning and its memory transfer; thereby, PC IP may

reflect implicit memory [250,251].

IP involvement in cerebellar motor
learning

As mentioned above, the expression of intrinsic

excitability plasticity and synaptic plasticity is
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indispensable but plausibly mutually replaceable for

learning. The relationship between a form of plasticity

and learning is not always one-to-one. Disruption of a

form of plasticity does not necessarily impair learning

but often makes compensated phenotypes emerge.

Here, we discuss the relevance of cerebellar IP in two

types of representative cerebellum-dependent learning.

OKR and VOR adaptation

Optokinetic response (OKR) is the involuntary reflex

of the eye movements to stabilize images and to main-

tain posture. OKR is a reflex to fix blurring in

response to the visual scene jitter during animal move-

ments. VOR is another eye movement in which the

vestibular organ provides information regarding head

rotation through the primary vestibular afferent

[227,252,253]. There are horizontal and vertical planes

to stabilize the tension and relaxation of six extraocu-

lar muscles. It is known that the vestibular cerebellum

is indispensable for VOR. In experiments of OKR,

animals are fixed in front of a periodically rotating

screen with a black-and-white stripe or grid, whereas

in VOR experiments, the animals are rotated in-phase

and out-of-phase with the visual screen movement.

Both eye movements show a type of motor coordina-

tion, and the gain and phase are the variables to moni-

tor. After repetition of the trials, the gain and phase

show the adaptation as a form of learning

[14,17,249,254]. Due to the high baseline of gain values

during VOR in the light and its saturation, the VOR

experiment is often done in the dark condition. Here,

we selected two related studies in terms of changes in

intrinsic excitability.

In Schonewille et al. [52], PC-specific PP2B knock-

out mice show a deficiency of both Pf-LTP and IP in

PCs. In the VOR dark paradigm, the basal gain is

high at low frequency. The degree of VOR gain-down

adaptation in response to an in-phase visual and

vestibular stimulation is relatively low, compared to

that of the control. The VOR gain-up adaptation in

response to a reversal-phase stimulation was signifi-

cantly disrupted and even showed decreases. When the

L7-PP2B mice were subjected to a mismatch training

paradigm during four consecutive days for reversing

the phase of their VOR, they learned substantially

nothing, while the controls showed more than 120

degrees of phase reversal. Therefore, learning and

memory consolidation were impaired in the IP- and

Pf-LTP-deficient mice.

Interestingly, Lefort et al. [255] showed an impair-

ment of spatial map orientation in this mutant animal.

PP2B-dependent PC synaptic and nonsynaptic

potentiation played substantial roles in the stability of

hippocampal spatial map representation and spatial

navigation, presumably via cerebello-hippocampal

pathways.

In Nelson et al. [228], global BK channel null mice

(Kcnma1�/�) show MVN FRP deficiency. There was

no obvious impairment in the basal motor coordina-

tion of eye movement (VOR light, VOR dark, and

OKR) in BK channel null mice. Inner ear dysfunction

by unilateral vestibular deafferentation decreased the

gain of VOR light/dark and OKR for a week, trig-

gered transient increases in postsynaptic excitability,

led to the occlusion of FRP ex vivo for several days,

and caused reductions in BK currents in MVN neu-

rons. In contrast, the vestibular deafferentation dis-

rupted OKR adaptation but not VOR adaptation in

BK channel nulls. Thus, BK-dependent FRP in MVN

neurons may contribute at least to adaptation of

OKR. The authors had pharmacologically shown BK-

dependent FRP [43], albeit they did not show FRP

impairment in BK-null mice. Further, in this study,

there is concern about changes in neuronal activity in

the oculomotor circuit. Both global and PC-specific

BK-null mice exhibited ataxia, motor performance def-

icits [256–258], and a periodic PC activity with abnor-

mal complex spike discharges [258], which is similar to

that of LTD-deficient mice [259]. Therefore, more

specific investigations in cell types and temporality are

required for the validation of BK plasticity in motor

learning.

Eyeblink conditioning

Classical conditioning of the nictitating membrane

response or eyeblink response in restrained animals

has been studied in rabbit, monkey, mouse, rat, guinea

pig among others. Responses to the unconditioned

stimulus (US, a puff of air to the cornea or an electri-

cal shock) provide an independent measure of perfor-

mance that is compared against effects of the

nictitating membrane or eyeblink in response to the

auditory or visual conditioned stimulus (CS); the

behavioral conditioned response is robust, reliable,

and discrete, and the exact amplitude–time course of

the response is measurable [70,71,213,260–264]. Con-

tinuous trials of the US and CS pairings with a certain

interval optimize the timing of response eventually,

even following the cessation of US. In this paradigm,

the timing of eyelid response is ultimately determined

by the interstimulus interval between the onset of CS

and the onset of US. The exact timing of conditioned

responses depends on the plasticity in the cerebellar

cortex (lobulus simplex in the hemisphere and lobule
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VI in the vermis), which underlies eyeblink learning

and memory. Delay and trace procedures of the condi-

tioning are also investigated, depending on the timing

of US-CS exposure (cessation and onset), although we

will not describe this further here.

In PC-specific PP2B knockout mice [52], whereas

the basal unconditioned responses of the eyelid are

comparable to the control, the conditioned eyeblink

response did not increase after the training sessions for

four days. The PC-specific PP2B mice had an impair-

ment in their conditioned responses rather than a gen-

eral deficit in the motor kinetics of their eyeblink

responses (i.e., onset, peak amplitude, and velocity of

the US response).

In Wang et al. [86], the authors did an ex vivo study

of delay eyeblink conditioning-related alteration. They

revealed that a delay eyeblink conditioning induced

significant changes in the membrane properties evok-

ing action potentials with a reduced AHP amplitude

and shortened latency in the CbN neurons (spanning

from interpositus to dentate nuclei), which project to

the eyelid muscle. The authors used a GFP-labeled ret-

rograde trans-synaptic tracer injected into two sites in

the orbicularis oculi muscle of the left upper eyelid.

Thus, such learning-induced intrinsic excitability

changes in CbN were evinced within the circuit directly

related to the eyeblink [213].

Titley et al. [241] also presented another ex vivo

result of delay eyeblink conditioning-related alteration.

This study showed that a delay eyeblink conditioning

induced no substantial changes in the firing frequency

in the broad range, though it induced a significant

AHP reduction of PCs ex vivo, which was obtained

after 48 h of the conditioning. Moreover, in the PCs

in the conditioned mice, SK-dependent IP was

occluded. These results suggest the different time

courses of expression of the forms of IP in the cerebel-

lum, related to this learning.

Associated with the establishment of eyeblink condi-

tioning, suppression of the simple spike is acquired

[265,266], which has been thought to be in good agree-

ment with the classical Pf-LTD hypothesis at the

synaptic level of cerebellar learning theory [7–9]. The
LTD mechanism was considered to constitute learning

by reducing Pf-synaptic inputs corresponding to the Cf

discharges; the PCs, in turn, disinhibit the CbN,

increasing the cerebellar output temporally. A series of

recent studies by ten Brinke and colleagues had shown

the involvement of inhibitory feedforward inhibition to

PCs, as well as Pf-LTD [265,266]. In response to the

conditioning stimulation, they proved the correlation

between an increase in eyelid movements to complex

spike increase, simple spike decrease, and CbN spike

increase, in this order. In terms of the PC spikes, pre-

vious results regarding the increases in the intrinsic

excitability and dendrite excitability after the eyeblink

conditioning are seemingly controversial [49,50]. How-

ever, this discrepancy might be due to the ease of IP

induction.

Mice with PC-specific loss-of-function mutation in

the postsynaptic scaffolding protein SHANK2 showed

impairments in both VOR gain increase and condi-

tioned responses [267]. Synaptic LTP and nonsynaptic

IP in PCs are abolished in these mice and higher irreg-

ularity in simple spike firing was observed in vivo.

Notably, this L7-Shank2�/� showed less sociability

and task-specific obsessive behavior, as autistic-like.

Nevertheless, it is unclear how these behavioral pheno-

types emerged, and whether through the disruption of

postsynaptic scaffolding protein or through impair-

ments in plasticity remains unclarified. Indirect mecha-

nisms may contribute to the abnormality in the

behavioral phenotypes, especially in developmental

stages or homeostatic mechanisms in the cerebellar cir-

cuit. Currently, there exist only a few studies of IP on

cerebellar learning. However, studies using IP-deficient

mice let us suppose that the IP of cerebellar PCs is

related to memory transfer to the CbN. In any case,

there seems to be a problem in approaches using trans-

genic mice which conventionally lack molecules

throughout maturation. For instance, it is expected

that the deletion of certain K+ channels through the

maturation process upregulates neuronal excitability,

which eventually causes abnormalities in the circuit

refinement, on the ground of homeostatic counterbal-

ance. In addition, homeostatic plasticity interbalances

synaptic efficacy and neuronal excitability [90–92].
Homeostatic plasticity is a concept studied in depth by

Drs Gina Turrigiano and Sacha Nelson. Hence, it is

noteworthy that work solely using conventional

knock-in/out mice may not have achieved the complete

interpretation of excitability plasticity in vivo.

Relevance of cerebellar IP to higher-
order animal behaviors postulated the
internal model

In vertebrates, including humans, animals can accu-

rately predict what will happen in the external world

based on past experiences. They also adaptively

increase the efficiency of information processing and

make appropriate responses against changes in their

surroundings. It could be hypothesized that animals

can predict the future because a ‘model’ that reflects

the mechanism of the outside world is already

acquired in the neural circuit through learning. The
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neural mechanism which mimics and emulates the out-

side in the brain is called the internal model. By esti-

mating the future states of the body and those of the

outside world, we can perceive changes in the outside

world with high accuracy and optimize movement tra-

jectory [268,269]. A repeated question is whether PCs

have a role to express or contribute to the internal

model. Broadly, neuroscientists in this field agree that

the internal model can explain our adaptation of

movements [168,170]. The internal model consists of

two elements: the forward model and the inverse

model [167]. In a recent study by Brook et al. [270],

they carried out a trial-by-trial recording of cerebellar

neuronal responses in primates during the execution

and adaptation of voluntary head movements using a

resistive torque. They found that neuronal sensitivities

dynamically tracked the comparison of predictive and

actual feedback signals. Thus, via learning, the internal

model reflecting a forward model prediction is consid-

ered constantly updated, at least in the circuit medi-

ated by the rostral fastigial nucleus [270]. The input

from the climbing fiber to the Purkinje cell is the feed-

back calculated from the estimated and actual motion

trajectory. Using the input as a teacher signal, the

model may learn by altering the firing frequency of

Purkinje cells with LTD and LTP (without Cf inputs)

at synapses between Pfs and PCs [192]. However, as

observed with fMRI, these assumptions based on

synaptic plasticity do not completely explain the

increase in brain activity (i.e., blood flow related to

energy use) of the cerebellum in the late stage of learn-

ing, which the authors argued was the trace of the

internal model [271]. Instead, we argue that previously

proposed theories lack the following hypotheses basi-

cally concerning the finding of the IP:

1 In cerebellar PCs, synaptic currents generated in the

distal dendrite do not reach the soma efficiently due

to the membrane property. The theoretical models

hardly consider the three-dimensional electroconduc-

tion of PCs and its modulation.

2 PCs induce plasticity of the firing frequency in bidi-

rectional ways (i.e., LTP and LTD of the intrinsic

excitability, as IP and LTD-IE, respectively). We

suspect that the reduction in the neural activity of

PCs is not necessarily due to decreases in the synap-

tic activity, but rather because of the changes in the

firing frequency or presumably in the excitability of

dendrites of neurons per se.

3 PC dendrites induce plasticity of intrinsic excitability

which makes the electroconductivity through the

dendritic branches heterogeneous. Further, compar-

ing the thickness of the molecular layer of the

cerebellum and the length of PC dendrite arbors,

there might be distinct differences in the electrocon-

ductivity in the PC dendrites between species (e.g.,

rodents vs. carnivores vs. primates, depending on

the size of cerebellum or the thickness of the molec-

ular layer). It is because the compartmentalization

of the dendritic branches in rat PCs necessitates the

separation of more than 80 lm [127]. Larger den-

drites might contain more regions that are locally

excitable.

Therefore, given that plasticity of the intrinsic

excitability of PCs and its synergy are involved in the

cerebellar functionality, disruption of IP and synaptic

plasticity are considered to impair the cerebellum-re-

lated behaviors including higher-order brain functions.

In fact, the cerebellum is broadly recognized to con-

nect many brain regions. Finally, in this review, we

would like to close with the consideration of the rele-

vance to cognitive impairments, possibly inherited

from such connections.

Efferent projections of the cerebellum and

related behavioral function

As aforementioned, the primary function of the cerebel-

lum was considered to be the coordination of muscular

activity [39–41], with an emphasis on afferent connec-

tions with proprioceptor endings [272]. By the middle

of the 20th century, researchers had succeeded in char-

acterizing tactile, auditory, and visual areas in the cere-

bellum. Visceral responses have also been elucidated.

Yet, cerebellar responses to gustatory and olfactory

stimulations remain unrevealed to date. Regarding the

efferent projections, we summarized the projections

from the cerebellar regions with related functions in

Table S1 and Fig. 6. As for the cerebellar efferent

fibers, we review the cerebellar peduncles, which are dis-

tinguished into three: superior, middle, and inferior

peduncles, following Voogd and Ruigrok [273].

The superior cerebellar peduncle contains a fiber

bundle, called the brachium conjunctivum, which con-

sists of fibers to the thalamus and the midbrain. The

superior cerebellar peduncle includes the uncinate fas-

ciculus (bundle) and ventral spinocerebellar tracts. It

originates from the lateral fastigial, posterior inter-

posed, and lateral anterior interposed nucleus. The

ascending branch enters and surrounds the red nucleus

(as cerebellorubral tract). Beyond the red nucleus, the

brachium traverses the subthalamus and enters the

thalamus (as cerebellothalamic tract).

The middle cerebellar peduncle enters the cerebellum

laterally. The middle peduncle is purely afferent. Its
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origin is the contralateral pontine nuclei. Pontocerebel-

lar fibers terminate as mossy fibers. The reticular com-

ponent of the peduncle also emits collaterals that

terminate in the cerebellar nuclei.

The inferior peduncle consists of internal and exter-

nal divisions: the juxtarestiform body and the resti-

form body, respectively. The juxtarestiform body

coordinates balance and eye movements by communi-

cation between the vestibular apparatus and the cere-

bellum, via fiber bundles to the lateral and spinal

vestibular nuclei. The efferent pathways are uncrossed

and from the fastigial nucleus (FN) in CbN and Purk-

inje-cell axons from the flocculus and the vermis. The

restiform body consists of afferent fibers from the

brain stem and the spinal cord, which pass lateral to

the spinal tract of the trigeminal nerve to enter the

cerebellum.

In Yamamoto et al. [126], it is not well understood

why the acute inflammation specifically induced in the

anterior lobule of the cerebellum resulted in the

expression of depression-like phenotypes (i.e., reduc-

tion of behaviors of sociability, exploratory, forced

swimming, sniffing, marble burying). The question is if

the cerebellar anterior lobes (paleocerebellum) are the

regulator of mood or not just the mood. Here, we

would like to introduce a past review paper briefly

focusing on the paleocerebellar projection by Berntson

and Torello [36]. Based on the review and series of

studies, the rostral FN and its input pathways from

the anterior vermis and output pathways through the

superior cerebellar peduncle are one of the most effec-

tive areas in the cerebellum for the complex behaviors

[36]. FN in CbN has ascending projections via the

superior cerebellar peduncle, to the diencephalon, lim-

bic system, and basal forebrain. FN also establishes

ascending connections with a wide variety of limbic

areas, including the basolateral amygdala, hippocam-

pal field CA III, hypothalamus, medial and dorsal-an-

terior septal nuclei, and nucleus accumbens [274; see

36]. Functionality through these pathways has been

addressed in recent experimental studies (Fig. 6). For

instance, long-range circuits from the cerebellar cortex

and nuclei including FN to ventral medial thalamus

and anterior lateral motor (ALM) cortex of prefrontal

cortex (PFC) are shown to govern tactile discrimina-

tion task of motor preparation [275]. The pathway

from CbN to thalamic parafascicular nucleus and dor-

sal striatum is seemingly related to the forced alterna-

tion task [276]. On the other hand, CbN to ventral

tegmental area (VTA) pathway modulates reward and

sociability [277]. Optogenetic and chemogenetic

approaches work well to identify the pathways for dis-

tinct behavioral tasks and electrophysiological

characteristics [275–279]. Yamamoto et al. [126] also

suggested functional connectivity from the cerebellar

anterior lobes to the medial PFC using fMRI. There-

fore, we can consider that the cerebellum has various

efferent pathways, which underlies the variety of func-

tionality of higher-order cognitions.

In Fig. 6, we summarized the recent findings regard-

ing functionality with the identified cerebellar projec-

tions and brain regions in mammals, including

humans. An additional route of ascending cerebellar

projection influencing higher-order functions is known

from the paleocerebellum to the locus coeruleus.

Hereby, we stress that this recent attention to the cere-

bello-cortical circuits stem from the solid studies in

histology and anatomy across species that have taken

place over decades [32,36,272,273,280,281].

Toward elucidation of cognitive dysfunctions of

the cerebellum

Clinical and basic research has indicated the signifi-

cance of cerebellar impairments in cognitive dysfunc-

tion and psychiatric disorders. These symptoms could

be considered as the dysmetria of thought, represented

by autism spectrum disorders (ASD), depressive

behaviors, attention-deficit/hyperactivity disorder

(ADHD), and schizophrenia [32,33,35–38,126,282–
289]. Lastly, we would like to highlight briefly several

findings that associate cerebellar malfunction and cog-

nitive dysfunctions.

First, cerebellar cognitive dysfunction is manifested

in the impairment of the ability to measure in both

timing and space. It is revealed that the human cere-

bellum is crucial in perceiving absolute timing

[37,41,290,291]. Patients with specific degeneration of

the cerebellum suffer from impairments in perceptual

timing. For the diagnosis of patients with cerebellar

dysfunctions, dysmetria and dysdiadochokinesia are

generally used. Interestingly, continued simple motor

training is known to be effective in mitigating psychi-

atric symptoms stated above, at least in some cases.

Relatedly, early detection and early investigation will

lead to more successful recoveries of patients. This is

partially because the cerebellum is quite vulnerable in

early developmental stages, including between in

uterus to neonates, while the behavioral abnormalities

are diagnosed only after the accumulation of symp-

toms surpasses the threshold.

Second, cerebellar cognitive dysfunction is some-

times related to cerebellar atrophy: degeneration of

neurons, oligodendrocytes, astrocytes, or other cells.

Damage during development is destructive for this

organ, probably caused by microbial and viral
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infection, malnutrition, hypoxia, mental stress, smok-

ing, alcohol- and drug- intake, and so on. For

instance, both present and past studies have reported

that patients with schizophrenia show atrophy of the

vermis of the cerebellum and gray matter [35,292].

Akinetic mutism or abulia is another serious symptom

known to be associated with cerebellar deterioration.

It is frequently observed after cerebellar surgery to

remove glioma [293], suggesting that there is a disrup-

tion of connections between the regions responsible for

speech or motivation and the cerebellar vermis during

the period of postoperative inflammation. In addition,

patients often show intellectual disabilities without

motor disturbance after cerebellar inflammation.

Moreover, recent human studies have pointed out that

not only the ASD but also dyslexia, dyscalculia,

stuttering, and ADHD are attributed to the cerebellum

or developmental cerebellar damage as the diagnostic

phenotypes of developmental disorders [294–299].
Third, the genetic background is a prominent factor

for psychiatric symptoms, although it is not decisive.

Many studies of cognitive diseases have indicated rele-

vant genes which are possibly responsible. However, it

is not easy to determine which genes or what combina-

tions are critical. The symptoms would emerge after

accumulation of multiple factors via gene–environmen-

tal interactions. Because of that, it is worth noting that

this type of study is certainly supported by the recent

improvement of the across-sample reproducibility,

regional distribution, associations with cerebello-corti-

cal morphology and genetic architecture analysis

[292,300].
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Bohne et al. (2019) [304]
Houck & Person (2015) [303]

Gornati et al. (2018) [278]
Low et al. (2018) [279]

Watson et al. (2019) [305]

Guo et al. (2017) [275]
Xiao et al. (2018) [276]
Carta et al. (2019) [277]
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Fig. 6. Summary of the efferent cerebellar projections with distinct functions. We drew a summary figure from eight rodents’ studies from

references: [275–279,303–305], in which the efferent projections are considered responsible for the higher-order functions. A related

summary table is shown in Table S1. The left part of this figure shows the projections from each subcompartment of deep cerebellar nuclei

(CbN) to the different parts of contralateral thalamic nuclei, their major target. Colors of projecting arrows correspond to those of references

in the upright corner. The targeted area of a projection from the cerebellum is dependent on which part of CbN the projection originates

from. While ventroanterior and ventrolateral nuclei in the thalamus make a complex (VA-VL), we separated them to follow the results of

Gornati et al. [278], Low et al. [279], and Guo et al. [275]. As shown on the right side, the thalamus projects to ipsilateral striatum and

anterior lateral motor cortex. There is also a route to the hippocampus via ipsi/contralateral subiculum, rhinal cortex, and retrosplenial cortex.

Others are the paths from CbN directly projecting to contralateral red nuclei and the ventral tegmental area. ALM, anterior lateral motor

cortex; AV, anteroventral thalamic nuclei; CbN, cerebellar nuclei; CL, centrolateral thalamic nuclei; DN(Lat), dentate nuclei (lateral cerebellar

nuclei); FN(Med), fastigial nuclei (medial cerebellar nuclei); HPC, hippocampus; IntA, anterior interposed nuclei; IntP, posterior interposed

nuclei; LDDM, laterodorsal dorsomedial thalamic nuclei; LDVL, laterodorsal ventrolateral thalamic nuclei; PF, parafascicular thalamic nuclei;

RC, rhinal cortex; RN, red nuclei; RSC, retrosplenial cortex; S, subiculum; ST, striatum; Th, thalamus; VA, ventroanterior thalamic nuclei; VL,

ventrolateral thalamic nuclei; VM, ventromedial thalamic nuclei; VN, vestibular nuclei; VTA, ventral tegmental area.
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In terms of roles of the cerebellum for higher-order

functions, there is an anatomical connection between

the cerebellum and premotor and prefrontal cortices in

various mammalian species (Fig. 6 and Table S1)

[272,301,302]. These connections are associated with

sensorimotor, cognitive, and emotional processing, and

they are well known to contribute to a wide range of

cognitive functions [126,172,275–279,291,300,301,303–
328]. In humans, though cerebellar functional net-

works are topographically individual-specific, cerebel-

lar resting-state BOLD (blood oxygen level-dependent)

signals showed a temporal lag behind those in the

cerebral cortex by 125–380 ms [327]. Authors argue

that this observation supports a hypothesis: The cere-

bellum functionally engages in adaptive control of all

cortical processes. Furthermore, the frontoparietal net-

work, considered to support adaptive control of task

initiation and task switching, was overrepresented in

the cerebellum compared to the other regions [327]. In

rodents, key research by Yamamoto et al. [126] has

suggested that acute inflammation in the cerebellum

induces PC hyperexcitability via IP and overconnectiv-

ity of the BOLD signals between the cerebello-pre-

frontal functional network (Fig. 4B). This microglia-

triggered cerebellar inflammation in the acute phase

causes depressive and autistic behaviors in a region-

specific manner of inflammation in rodent experiments.

According to Schmahmann [32], the cerebellar cogni-

tive affective syndrome in humans occurs when the lat-

eral hemisphere of the posterior cerebellum is

disrupted; however, the resultant changes in neuronal

excitability and metabolism in the organ remain

unclear. Future basic studies using noninvasive and

invasive in vivo imaging or electrical recording of cere-

bellar activity should advance researches in this field

[329–333]. Moreover, genome drug discovery, antibody

drug, stem cell technology, and nanostructured mate-

rial should help to pave the future directionality for

the next-generation recovery of mental illness under

the complete understanding of relevant mechanisms.

Conclusion

The studies reviewed here have established the differ-

ential roles of cerebellar plasticity, particularly on IP

and its synergy with the induction of synaptic plastic-

ity, which are associated with cerebellar learning and

cognition models. First, we introduced multiple forms

of synaptic and nonsynaptic plasticity identified in the

cerebellar cortical and nuclei circuits, and we com-

pared them from the view of different induction condi-

tions. Next, we reviewed previous studies which

indicate a polarity shift in bidirectional Pf-synaptic

plasticity through CF-LTD and IP. Nonsynaptic forms

of intrinsic excitability plasticity in PCs are mediated

by SK, BK, HCN, and A-type K+ channels, which

modulate the firing frequency and active-dendritic

excitability; they, therefore, synergistically influence the

induction of synaptic plasticity. Moreover, these mech-

anisms enhance the computational power of neurons

by the synaptic contrast specification of Pf-LTP/IP vs.

Pf-LTD or heterogeneous branch-specific excitability.

This enables the segregation of the conductive synaptic

inputs. Immune activation may also drive PC hyperex-

citability through IP in neurons, which is modulated

by cerebellum-related psychomotor behaviors. In addi-

tion, PC IP provides a characteristic PC response to

the series-Pf activity and Cf discharges, contributing to

the precise control of the nuclei neuronal activity and

plasticity. IP and FRP induction has been observed in

a broad range of neurons, such as PCs, GrCs, GoCs,

CbN, and MVN neurons; however, their modulation

is associated with the different types of ion channels.

Further, we discussed the involvement of cerebellar IP

into representative cerebellum-dependent learning

models, such as OKR and VOR adaptation, and eye-

blink conditioning. Finally, modulation of cerebellar

excitation may be associated with higher-order brain

functions through the cerebellar afferent, which

includes projections from distinct cerebellar nuclei to

thalamic nuclei, ventral tegmental area, red nuclei, hip-

pocampus, striatum, and prefrontal cortex. Thus, we

gave just an overview of the possible synergy of plas-

ticity in the cerebellar circuit and our perspectives on

the learning, perceptual, and cognitive processes. Yet

questions remain regarding the functional meaning of

the modulation of sensory-driven or internal model-re-

lated neuronal activity in the cerebellum, particularly

in the cognitive disease state.
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