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Synchronous climbing fiber activity enables 
instructive signaling for cerebellar learning 
through modulation of disinhibitory circuits

Changjoo Park    1,2,15,20, Zhen Yang3,20, Abdulraheem Nashef    3,20, 
Jawon Gim    2,4,20, Sangkyu Bahn2,5,20, Gyu Hyun Kim    4,6,20, Ke Zhang7,8,16,20, 
Laurence Cathala    3,20, Sungho Hong    9,20, Yoonseok Im    1,2,10,17, 
Sang-Hoon Lee    4,18, Kisuk Lee11,12,19, Min-Soo Kim    13, Don B. Arnold    14, 
Kea Joo Lee    4  , Jason M. Christie    3   & Jinseop S. Kim    1,2 

Motor learning relies on signals that instruct adaptive plasticity following 
errors. In the cerebellum, climbing fibers (CFs) provide these instructions 
to Purkinje cells (PCs). Yet CFs fire continuously, even without errors, 
requiring molecular layer interneuron (MLI) inhibition of PCs to counteract 
CF excitation and prevent maladaptive plasticity. Here, to identify how 
this regulatory inhibition is contextually suppressed to selectively permit 
error-driven learning in mice, we combined connectomics, functional 
recordings, computational modeling and behavioral manipulations. We 
discovered that CFs target not only PCs but also a specific MLI subtype 
that inhibits PC-targeting MLIs, creating serial disinhibition. These 
disinhibitory MLIs integrate multiple CFs, causing increased activation with 
CF synchrony. This stronger disinhibitory drive allows larger CF-evoked 
calcium responses in PCs. Disruption of MLI-to-MLI inhibition prevents 
CF-instructed motor learning, confirming the necessity of this disinhibitory 
pathway. Therefore, population synchrony selectively enables CF-driven 
plasticity through disinhibitory network interactions, demonstrating that 
instructive signaling is a product of circuit-level processing.

Adaptive motor control requires neural circuits that can modify their 
spiking output pattern in response to past performance errors. The 
cerebellum is a brain area central to this process1, relying on climb-
ing fiber (CF) input from the inferior olive to guide the acquisition of 
adaptation behavior2. Classic theories3–5 propose that CFs specifically 
signal motor errors to instruct corrective plasticity induction in post-
synaptic Purkinje cells (PCs). Yet it is well known that CFs discharge 
persistently across a diversity of motor behaviors, including those 
correctly performed6–8. This presents a fundamental paradox: if CFs 
are always active, what determines the efficacy of their input to drive 
corrective changes in response to motor errors? The answer may lie 
not in CF activity itself, but in how cerebellar circuits conditionally 

process these signals. Thus, understanding the circuit substrates that 
gate CF influence on PCs is essential for explaining how continuous CF 
activity can evoke distinct circuit responses to selectively drive learning 
depending on network state.

A potential solution lies in the dense inhibitory network surround-
ing PCs. Molecular layer interneurons (MLIs) provide powerful den-
dritic inhibition that opposes CF-triggered plasticity at PC synapses. 
Prior evidence shows that concurrent MLI-mediated inhibition sup-
presses CF-evoked calcium transients and blocks long-term depression 
induction at parallel fiber (PF) inputs9–11. The behavioral relevance 
of this inhibitory control has been demonstrated through studies 
showing that MLI-targeted manipulations can disrupt various forms 
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CF signaling. We demonstrate that CFs preferentially innervate disin-
hibitory MLIs, which integrate convergent inputs from multiple CFs, 
making their activation proportional to the level of CF synchrony. 
This specialized inhibitory connectivity creates a substrate through 
which population-level CF activity selectively gates plasticity at PC 
synapses through control of PC calcium signaling and is required for 
CF-mediated adaptive learning. Consequently, our findings shift the 
conceptual framework away from viewing CFs strictly as channels 
encoding motor errors toward understanding them as inputs whose 
instructive value emerges from their population activity and modula-
tion of inhibitory network dynamics.

Results
Molecular layer volume reconstruction
The molecular layer of the cerebellar cortex serves as the critical zone 
where CF inputs, MLI inhibition and PF excitation converge on PC den-
drites to generate conditional instructive signals. We reconstructed this 
circuit to identify the connectivity enabling such selective signal trans-
mission. Using serial block-face electron microscopy (EM)24, we imaged 
a volume of lobule IV/V from a mouse that captured the molecular 

of cerebellar learning12,13. This suggests a core principle of cerebellar 
function in the service of learning: whether CF signals potently instruct 
motor adaptation depends not necessarily on the information they 
carry, but on the inhibitory context in which they arrive. Such condi-
tional processing requires specialized inhibitory organization.

Recent studies have revealed that MLIs segregate into functionally 
distinct subtypes: one preferentially inhibits PCs (MLI1), while another 
targets PC-inhibiting MLIs (MLI2), establishing parallel pathways for 
direct inhibition and disinhibition14–16. This organization mirrors 
disinhibitory circuits in forebrain regions that conditionally relieve 
inhibitory constraints on learning-induced plasticity17,18. Beyond their 
structured connectivity, MLIs are responsive to CF activity19, creating 
dynamic engagement of the inhibitory network including feedforward 
PC disinhibition20,21. This responsiveness becomes particularly impor-
tant given that strong electrical coupling of olivary neurons produces 
synchronized CF spiking across their population during sensorimotor 
events22,23, raising the possibility that synchrony levels could differen-
tially engage these parallel inhibitory pathways.

Here, using complementary connectomics and physiological 
approaches, we uncover the circuit mechanisms underlying conditional 
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Fig. 1 | Dense reconstruction of cerebellar molecular layer circuits.  
a, A midsagittal section of lobule IV/V of an adult mouse at P56 was sampled  
(cyan box), which mainly includes the molecular layer and partially the PC layer.  
b, Aligned EM volume (175 × 122 × 50 μm3) with defined axes. Scale bar, 25 μm.  
c–f, Complete 3D reconstructions of major cell types: PCs (c), MLIs (or INs) 

(d), PFs (e) and CFs (f), with cell counts indicated. g, Representative synaptic 
connections between neuron types identified through semi-automated 
detection. The red arrowheads indicate synaptic contacts pointing from post- to 
presynaptic structures. The numbers indicate total synapses per connection 
type. Scale bar, 0.5 μm. ROI, region of interest.
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layer and a portion of the PC layer (Fig. 1a,b and Data availability). We 
analyzed the image volume using a semi-automated reconstruction 
pipeline25 comprising machine-learning segmentation followed by 
extensive manual proofreading. The reconstruction covered an esti-
mated 60.3% of the entire volume (Methods). Morphology-based clas-
sification of reconstructed segments identified canonical cell types 
including PCs, MLIs (or INs), PFs and CFs (Fig. 1c–f and Data availability).

Next, we mapped connectivity using automated synapse detec-
tion, which we previously showed to achieve >95% accuracy for a 
small sample of the dataset26. We extensively proofread the identi-
fied synapses, ensuring detection of all connection types (Methods). 
This yielded 219,774 synapses comprising connections between 
PCs, MLIs (or INs), CFs and PFs (Fig. 1g). For detailed connectivity 
analyses, we selected 10 PCs (Supplementary Fig. 1) and 26 MLIs 
(Supplementary Fig. 2) with intact somata or large reconstructed 
volumes (>5 × 108 and >6 × 107 voxels, respectively), along with 10 CFs 
(Supplementary Fig. 3) innervating these PCs and all 33,900 PFs. The 
remaining cell fragments were retained for supplementary analy-
ses. Unlike a recent study that sampled connectivity across a larger 
volume27, our reconstruction within this compact region enabled 
detection of complete local circuits, including rare but functionally 
critical connections.

CF–MLI synaptic communication
Our EM volume revealed principles of cellular organization. Notably, 
CFs predominantly formed planar arbors oriented along the faces 
of PC dendrites and only occasionally exhibiting the conventionally 
described helical winding pattern28–30 (Extended Data Fig. 1a,b). Since 
MLIs innervate the same dendritic domains of PCs, we tested whether 
this CF arrangement facilitates interactions with MLIs. Indeed, angu-
lar distributions confirmed both CF and MLI dendrites aligned with 
PC dendritic planes while PFs projected in an orthogonal orientation 
(Extended Data Fig. 1c–f). The extent of proximity suggested con-
tacts and functional interactions between CFs and MLIs warranting 
closer examination.

We therefore systematically cataloged all CF–MLI appositions 
within our volume, identifying 997 close membrane contacts includ-
ing 128 autodetected synapses. We manually inspected these 128 
sites for ultrastructural hallmarks of synapses, including presynap-
tic vesicle clusters and postsynaptic densities. We identified struc-
tural evidence of direct CF–MLI synapses at 53 locations (Fig. 2a and 
Supplementary Fig. 4). The remaining 75 contacts had presynaptic 
vesicle clusters but lacked overt postsynaptic specializations (Fig. 2b 
and Supplementary Fig. 5). Both contact types were distributed across 
MLI dendrites (Fig. 2c). Notably, CF–MLI synapses occupied larger 

e

0

PF–
PC

CF–
PC

CF–
IN

PF–
PC

PF–
IN

IN
–P

C
IN

–IN

PF–
IN
IN

–P
C

IN
–IN

CF–
PC

CF–
IN

PF–
PC
CF–

PC
IN

–P
C

PF–
IN
CF–

IN
IN

–IN

0.1

0.2

Sy
na

ps
e 

de
ns

ity
 (µ

m
–3

) ×10–4

2

0

20

CF–IN Syn no. 1 CF–IN Syn no. 2 CF–IN Syn no. 3

CF–IN App no. 3CF–IN App no. 2CF–IN App no. 1

c

PF–IN Syn

CF–IN Syn
CF–IN App

a

b

d

C
F–

IN
 c

on
ta

ct
ar

ea
 (µ

m
2 )

0

10

20

Syn App

*

N
um

be
r o

f P
F–

IN
 s

yn
ap

se
≤1

 µ
m

 C
F–

IN

Syn App Synr Appr

h

0

1

2

3

4

5

D
en

dr
iti

c 
sy

na
ps

e
de

ns
ity

 (µ
m

–1
)

0

1

2

3

f

0

0.1

0.2

0.3

g

Ax
on

 s
yn

ap
se

 d
en

si
ty

 (µ
m

–1
)

Fig. 2 | CF synapses with MLIs. a, Representative EM images and 3D 
reconstructions showing CF–MLI synapses with presynaptic vesicle clusters and 
postsynaptic densities. b, CF–MLI appositions containing vesicle clusters but 
lacking postsynaptic specializations. Color-coded arrowheads mark contact 
sites (orange, synapses; dark blue, nonsynaptic appositions). c, Reconstruction 
of an MLI showing both synaptic and nonsynaptic CF contacts alongside PF 
synapses. Scale bars, 0.5 µm (a,b) and 20 µm (c). d, CF–MLI synapses occupy 
larger membrane areas than nonsynaptic appositions (n = 53 synapses versus 
n = 75 appositions, P = 0.00055, unpaired two-sided t-test; box plots show 

median ± quartiles; *, P < 0.05). e, Synapse density per unit volume for all 
connection types. f,g, Synapse density along dendritic (f; n = 10 PCs, n = 26 INs) or 
axonal (g; n = 10 CFs, n = 7,367 PFs, n = 26 INs) processes for each connection type 
(no statistical comparisons performed; box plots show median ± quartiles).  
h, Distance distributions between CF–MLI contacts and nearest PF–MLI 
synapses. Observed synaptic (Syn) and nonsynaptic appositions (App) show 
no enrichment compared to randomized spatial distributions, which serve as a 
control (Synr, Appr; P = 0.233; n = 53 for Synr, n = 75 for Appr; one-way ANOVA test; 
box plots show median ± quartiles).
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membrane areas than nonsynaptic appositions (Fig. 2d) indicating that 
these may represent anatomically distinct contact types rather than 
a continuum of structural variation. Compared to all other synaptic 
connection types, CF–MLI synapses were the rarest in per-unit volume 
(5.5 × 10−5 synapses per μm3; Fig. 2e) and per-unit length of pre- and 
postsynaptic processes (Fig. 2f,g).

The presence of vesicle clusters at CF–MLI appositions lacking 
postsynaptic densities raises the possibility that these contacts could 
support spillover-mediated transmission, where glutamate released 
from CFs diffuses to activate nearby AMPA receptors, a mechanism pre-
viously described for CF–MLI communication19,21. Given that spillover 
diffusion is spatially limited (<1 μm)31–33, we examined whether CF–MLI 

contacts localize near PF–MLI synapses (Fig. 2c). While we found both 
CF–MLI synapses and nonsynaptic appositions within close proximity 
of PF inputs, this co-occurrence was not above chance levels. Unlike 
a prior study34, we found that CF–MLI contacts showed no type bias 
near PF–MLI synapses nor enrichment relative to randomly selected 
locations on MLI dendrites (Fig. 2h and Extended Data Fig. 2b,c). The 
absence of spatial enrichment near PF synapses neither supports nor 
definitively excludes spillover, suggesting that if these nonsynaptic 
contacts mediate spillover, it occurs without structural optimization 
relative to existing PF synapses.

To functionally validate these anatomically identified CF–MLI con-
tacts, we performed whole-cell recordings from MLIs in adult cerebellar 
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Fig. 3 | Functional identification of CF–MLI synaptic transmission. a, 
Configuration for whole-cell recordings from MLIs (Rec. MLI) in acute cerebellar 
slices with CF stimulation (Stim. CF). b, Population-averaged CF-evoked EPSCs 
recorded from MLIs (n = 8 from 7 mice, mean ± s.e.m.) using paired-pulse 
stimulation (20 Hz) in physiological and lowered external calcium (1.5 mM and 
0.5 mM, respectively). The insets compare normalized average EPSCs with 
different quantal contents (top, EPSC1 and EPSC2 in 1.5 mM Ca2+; bottom, EPSC1 
in 1.5 versus 0.5 mM Ca2+). c, Individual CF stimulation trials recorded from an 
MLI in low PR conditions (0.5 mM Ca2+) displaying failed (top) and successful 
(bottom) transmission events demonstrating quantal-like synaptic properties. d, 
Paired CF-evoked EPSCs exhibit strong paired-pulse depression in physiological 
calcium (left: 75.1% ± 1.6% decrease, P = 0.0001, n = 36 cells from 31 mice) while 
their durations remain similar (right, P = 0.0555, n = 29 cells from 23 mice; both 
two-sided Wilcoxon tests; *, P < 0.05). e, When external calcium is lowered, EPSC1 
amplitude decreases between 1.5 mM Ca2+ and 0.5 mM Ca2+ (left, 91.4% ± 1.6%, 
P = 0.001, n = 11 cells from 9 mice) without change to the duration of the 
responses (right, P = 0.09, both two-sided Wilcoxon tests, both mean ± s.e.m.). 
f, Population-averaged CF-evoked EPSCs recorded from MLIs (n = 8 from 8 mice, 
mean ± s.e.m.) in 1.5 mM Ca2+ and following glutamate uptake blockade (50 μM 

TBOA). The insets compare normalized average EPSCs (top, EPSC1; bottom, 
EPSC2) in both conditions. g,h, TBOA increases EPSC amplitudes of both EPSC1 
(P = 0.0078, n = 8 cells from 8 mice) and EPSC2 (P = 0.0078, n = 8 cells from 
8 mice, both two-sided Wilcoxon tests) in 1.5 mM Ca2+ (g) as well as EPSC1 in 
0.5 mM Ca2+ (not shown; P = 0.03, n = 7 cells from 6 mice, two-sided Wilcoxon 
tests) with similar fold changes between conditions (h; for EPSC1 versus EPSC2 
in 1.5 mM Ca2+, P = 0.46, two-sided Wilcoxon test and for EPSC1 in 1.5 mM Ca2+ 
versus 0.5 mM Ca2+, P = 0.435, two-sided Mann–Whitney U test; plot shows 
median ± quartiles). i,j, TBOA prolongs the duration of both EPSC1 (P = 0.0078, 
n = 8 cells from 8 mice) and EPSC2 (P = 0.0312, n = 6 cells from 6 mice; both 
two-sided Wilcoxon tests) in 1.5 mM Ca2+ (i) as well as EPSC1 in 1.5 mM Ca2+ versus 
0.5 mM Ca2+ (not shown; P = 0.0625, n = 5 cells from 4 mice; two-sided Wilcoxon 
tests) with similar fold changes despite different quantal contents (j; for EPSC1 
versus EPSC2 in 1.5 mM Ca2+, P = 0.2188; for EPSC1 0.5 mM Ca2+, P = 0.124, both 
two-sided Mann–Whitney U tests; plot shows median ± quartiles). In plots d–i, 
individual MLIs are represented by gray lines with mean ± s.e.m. (black circles). 
In plots h and j, individual cells (purple circles) are represented along with 
median ± quartiles. Cont., Control; ΔAmpl., change in amplitude; ΔFWHM, 
change in full width at half maximum.
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slices using minimal electrical stimulation to activate single CFs (Fig. 3a 
and Extended Data Fig. 3a,b; Methods). In most MLIs (37 of 54 cells), we 
observed excitatory postsynaptic currents (EPSCs) with a broad range 
of amplitudes, fast kinetics characteristic of AMPA-receptor-mediated 
synaptic transmission and a low paired-pulse ratio (PPR = 0.25 ± 0.02) 
characteristic of high release probability (PR) transmission (Fig. 3b,d 
and Extended Data Fig. 3c) consistent with previous reports19,21. Despite 
substantial amplitude reduction from EPSC1 to EPSC2 (75.1% ± 1.6% 

decrease), EPSC durations remained identical (Fig. 3b,d), indicating 
that kinetics are independent of quantal content, providing initial 
evidence against glutamate accumulation from multivesicular release 
or spillover activation of AMPA receptors in contrast to observations 
made at CF–PC synapses35. To confirm this interpretation, we reduced 
external calcium to lower PR, reasoning that decreased release should 
dramatically reduce glutamate pooling. This manipulation significantly 
decreased EPSC1 amplitude (91.42% ± 1.62% reduction; Fig. 3e). It also 

Outputs to PC Outputs to IN
a b

PC IN1 IN2

CF

IN2

IN1

Neurite

IN1

IN2

10 20 30
–1.0

–0.5

0

0.5

1.0

TP
I

c

d

e

IN1 IN2

0

0.2

0.4

0.6

0.8

1.0

Fr
ac

tio
n 

of
 o

ut
pu

t

Interneurons (ranked)

Pr
es

yn
ap

tic

Postsynaptic

IN1

IN2

 PC  IN1  IN2  INx

M
LI

–P
C

 s
yn

ap
se

di
st

. f
ro

m
 P

C
L

r = 0.8796

0

40

80

120

0 50 100 150

h

Ax
on

 c
om

pl
ex

ity

r = –0.5352

0 50 100 150

×10–4×10–3

20

30

40

g

20

29

Synapse count

j

D
en

dr
ite

 d
en

si
ty

Soma dist. from PCL (µm) Soma dist. from PCL (µm) Soma dist. from PCL (µm) Soma dist. from PCL (µm)

r = 0.6719

0 50 100 150
5

10

15

20

25
f

IN2
IN1

0 50 100 150

0.1

0.2

Sp
ic

ul
e 

de
ns

ity
 (µ

m
–1

)

i

0

10

20

30

N
um

be
r o

f c
on

ta
ct

s

IN1 IN2

Synapse
Apposition

l

0

10

20

C
F 

co
nt

ac
t a

re
a 

(µ
m

2 )

IN2IN1

k m*

0

1

2

3

4

5

IN1 IN2 IN1r IN2r

N
um

be
r o

f P
F–

IN
 s

yn
ap

se
s

≤1
 µ

m
 C

F–
IN

 s
yn

ap
se

s

PF
–I

N
 s

yn
ap

se
 d

en
si

ty
 (µ

m
–1

)

IN2IN1

0.2

0.4

0.6

0.8

1.0

0

Fig. 4 | MLI network organization reveals functionally specialized interneuron 
populations. a, A weighted adjacency matrix showing the synaptic connectivity 
between reconstructed neurons, with color intensity representing synapse 
number on log scale. b,c, Representative MLI reconstructions with synaptic 
outputs color-coded by target for PC synapses (red) and MLI synapses (blue), 
demonstrating that IN1 cells primarily target PCs (b) while IN2 cells preferentially 
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contacts, one-way ANOVA test; box plots show median ± quartiles).
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revealed transmission failures (Fig. 3c); failure rates in responsive MLIs 
(7 of 11) ranged from 0.03 to 0.58 (mean of 0.48 ± 0.12). Such quantal 
features are diagnostic of putative single-vesicle events, providing 
evidence for direct synaptic connections. Importantly, lowering cal-
cium did not alter EPSC kinetics (Fig. 3b,e), confirming that CF–MLI 
waveform kinetics are independent of quantal content and not shaped 
by glutamate pooling.

We then examined CF–MLI EPSCs in the presence of glutamate 
transporter blocker TBOA, reasoning that blocking clearance should 
exacerbate pooling for large quantal content as greater transmitter is 
available for spillover. However, TBOA (50 μM) enhanced both EPSC 
amplitude and decay in physiological and low calcium to identical 
extents (Fig. 3f–j), despite differences in PR and quantal content. To con-
clude, the stability of the EPSC time course, and the consistent effects 
of TBOA on amplitude and decay across different release conditions, 
argue against glutamate pooling in shaping the CF–MLI communica-
tion. These functional properties align with the distinct anatomical 
contact types we observed, suggesting specific point-to-point CF–MLI 
signaling, providing the first demonstration of rare but functional 
direct synapses between CFs and MLIs.

Disinhibitory MLI hierarchy
We next analyzed MLI network structure to determine how CFs engage 
specific components of the inhibitory circuitry. Complete connectivity 
matrices, weighted by the number of synapses between neuron pairs, 
were constructed from our dense EM volume to document synaptic 
connections among CFs, MLIs and PCs (Fig. 4a). This revealed that MLIs 
segregated into two distinct groups based on their postsynaptic targets: 
one group primarily targeted PCs (for example, Fig. 4b), while the other 
preferentially innervated MLIs (for example, Fig. 4c). To quantify this 
observation, we calculated a target preference index (TPI; Methods), 
allowing us to classify MLIs objectively based on their synaptic outputs. 
The resulting TPI values exhibited a clearly bimodal distribution, rather 
than a continuum, delineating two functionally specialized populations 
that we termed interneuron 1 (IN1) (TPI <0, PC preferring) and IN2 (TPI 
>0, MLI preferring) (Fig. 4d and Extended Data Fig. 4a). Among the 26 
MLIs analyzed, this classification yielded 20 IN1 and 6 IN2 cells. The 
same subtype ratio was observed when we analyzed an additional 137 
partial MLI fragments (~3.5:1; 109 IN1 versus 28 IN2), indicating a stable 
subtype distribution within the dataset (Extended Data Fig. 4b).

The functional specialization between IN1 and IN2 MLIs was pro-
nounced. IN1 cells directed the majority of their synaptic outputs 

(80.6%) toward PCs, and only a minority (19.4%) toward other MLIs. 
Conversely, IN2 cells displayed nearly exclusive targeting of other MLIs 
(97.4%), predominantly innervating IN1 cells (37.2% of total outputs), 
with very sparse direct PC innervation (2.6%) (Fig. 4e). This hierarchical 

Fig. 5 | Functional classification reveals disinhibitory MLI circuitry.  
a, Experimental approach combining Neuropixels recordings with MLI 
optotagging in the cerebellar flocculus. b, Histological image showing 
Neuropixels probe tract (dye labeled in red; MLIs expressing ChR2–YFP in 
green). Scale bar, 400 μm. c, STAs (mean ± s.e.m.) showing PC simple spike 
(SS) modulation by Cluster_1 (C1) and Cluster_2 (C 2)MLIs. Gray, all nearby PCs 
(Extended Data Fig. 5); black, significant interactions only (using two-sided paired 
t-test comparing firing rates during the response time to the baseline firing rate: 
40–50 ms before the trigger spike). d, Population analysis of MLI–PC interactions. 
Each dot represents one MLI–PC pair; significant interactions in black outline 
(median ± quartiles) and pairs with nonsignificant interactions in gray.  
e,f, Directional, inter-cluster MLI–MLI connectivity analyzed as in c and  
d, revealing preferential Cluster_2 to Cluster_1 synaptic inhibition. The box plot 
represents median ± quartiles in f. g,h, Intra-cluster MLI–MLI synchrony analyzed 
as in e and f. Cluster_1 pairs show strong correlation (reflecting presumptive gap 
junctional coupling) while Cluster_2 pairs exhibit weak synchrony. i,j, CF-triggered 
responses (mean ± s.e.m.) demonstrate selective excitation of Cluster_2 MLIs (i) 
and distributions of significant interactions (median ± quartiles) are shown in j.  
k, Response latency distributions. Top: CF-triggered Cluster_2 responses are 
delayed relative to Cluster_1, which are predominantly zero-aligned. Bottom: 
latencies for PC–Cluster_1 and Cluster_1–Cluster_2 interactions. l, Summary 
circuit diagram illustrating functional connectivity between identified cell types. 
Data in c–k were obtained from six mice.
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arrangement, in which IN2 cells inhibit IN1 cells that in turn inhibit 
PCs, establishes a clear disinhibitory motif within the molecular layer 
circuitry. Importantly, our results align with recent findings demon-
strating biased connectivity between transcriptionally defined MLI1 
and MLI2 subtypes14,15, indicating that our connectivity-based IN1/IN2 
classification identifies the same functional populations. By contrast, 
traditional morphological classifications (basket versus stellate cells) 
showed no relationship to our IN1/IN2 distinction. Morphological 
features such as soma position, dendrite density and axon complexity 
varied continuously between IN1 and IN2 (Fig. 4f–h) and failed to pre-
dict connectivity patterns. While dendritic and somatic spicule density 
showed some separation between IN1 and IN2 (Fig. 4i), overlapping 
distributions prevented unambiguous classification. This indicates 
that molecular identity and connectivity, rather than other anatomical 
features, define functionally relevant MLI subtypes.

CFs target disinhibitory MLIs to create parallel  
signaling pathways
To understand how CFs engage this inhibitory network, we examined 
CF connectivity with MLIs. While maintaining canonical one-to-one 
arrangements onto PCs, CFs displayed striking subtype selectivity in 
their direct connectivity with MLIs, forming synapses almost exclu-
sively onto IN2 cells (Fig. 4a,j). Specifically, substantial CF innervation 
was identified in 5 out of 6 IN2 cells (9.6 ± 6.2 synapses per IN2), whereas 
minimal CF innervation was detected in only 3 of 20 IN1 cells (1–3 syn-
apses each, totaling just 15% of IN1s). Beyond established synapses, IN2 
cells also received more nonsynaptic, vesicle-containing CF apposi-
tions than IN1 cells, with approximately half (55%) of all IN2 contacts 
constituting synapses compared to the rare (12%) synaptic contacts 
on IN1 cells (Fig. 4j), even though the spatial relation of IN1 and IN2 to 
CF are essentially the same (Extended Data Fig. 4c,d). CF contact types 
together on IN2 cells occupied larger membrane areas than those on 
IN1 cells (Fig. 4k), though this difference was absent when synaptic and 
nonsynaptic contacts were analyzed separately (Extended Data Fig. 2a), 
indicating that the larger average contact size of IN2 reflects its higher 
proportion of synaptic contacts rather than intrinsic size differences.

Both MLI subtypes received similar densities of conventional PF 
synapses (Fig. 4l) and neither showed enrichment of CF contacts near 
PF–MLI synapses compared to the other type or random dendritic 
locations (Fig. 4m and Extended Data Fig. 2d,e), confirming that the 
spatial independence between CF and PF inputs applies regardless of 
MLI subtype. We conclude that selective CF–IN2 connectivity estab-
lishes a parallel signaling pathway: direct CF-mediated excitation of 
PCs coincides with CF-driven suppression of IN1-mediated inhibition 
through activation of IN2 cells. Such circuit organization provides a 
structural mechanism by which CF activity could dynamically relieve 
inhibitory constraints on PC excitability, potentially gating the induc-
tion of plasticity and learning.

CFs and MLIs form divergent and convergent pathways to PCs
To test the functional implications of this inhibitory circuit architecture, 
we obtained high-density extracellular recordings in the floccular com-
plex (Fig. 5a,b) while mice performed the vestibulo-ocular reflex (VOR).
The VOR is well-defined sensorimotor behavior that drives stabilizing 
eye movements in response to head motion that reliably engages the 
floccular region. Using Neuropixels probes in Nos1ChR2 mice, which 
express ChR2 exclusively in MLIs11,36, we unambiguously identified MLI 
units (n = 136) through optotagging (Extended Data Fig. 5a). We further 
distinguished PC units in these same recordings by their characteristic 
complex spikes (rate, 1.68 ± 0.05 Hz; n = 166) and CF activity was inferred 
from these responses. Simple spiking was definitively identified in a 
subset of these PCs (n = 101) that showed characteristic postcomplex 
spike pauses. As expected from MLI–PC connectivity, optogenetic 
MLI activation significantly reduced simple spike firing in these 
cells (77.5% ± 0.1% reduction, P < 0.05; Extended Data Fig. 5b,c). This 

approach yielded simultaneous recordings from 10.5 ± 1.9 MLIs, 7.8 ± 1.3 
PCs (simple spiking) and 12.8 ± 2 CFs per session (Extended Data Fig. 5d), 
enabling analysis of their network interactions during motor behavior.

We analyzed MLI functional connectivity patterns using 
spike-triggered averaging (STA)37. Most MLI–PC pairs showed strong, 
short-latency (<3 ms) suppression of simple spiking in nearby PCs 
(mean decrease: 1.55 ± 0.09 s.d.; Extended Data Fig. 6a–c), while a sub-
set lacked PC inhibition despite similar proximity. MLI–MLI interactions 
exhibited two patterns: infrequent inhibitory interactions between 
MLI pairs (Extended Data Fig. 6d–f) and prevalent short-timescale 
synchronous activity (Extended Data Fig. 6g–i). To determine whether 
the structural heterogeneity identified by TPI in our connectome 
analysis corresponded to functional differences, we tested whether 
inhibitory connectivity patterns could distinguish MLI subtypes. Unsu-
pervised clustering using MLI–PC and MLI–MLI inhibition patterns 
alone yielded concordance with a previously established supervised 
classification scheme for the subset of MLIs that could be classified by 
that method14 (Extended Data Fig. 7a,b). Incorporating rapid-timescale 
MLI–MLI interactions as a third feature substantially improved clas-
sification, producing two distinct clusters with strong alignment 
to the predefined MLI functional categories (concordance, 94.8%; 
P < 0.001; randomly assigned clusters concordance of 78.1% ± 2.2%; 
Extended Data Fig. 7b,c). Notably, our unsupervised approach classi-
fied all opto-tagged MLIs into Cluster_1 (n = 121) and Cluster_2 (n = 15) 
(Extended Data Fig. 7d), resulting in a biased ratio reminiscent of the 
IN1:IN2 distribution observed in our connectome analysis.

MLIs in the two clusters displayed distinct interaction patterns that 
helped define their circuit functions. Cluster_1 MLIs provided the pri-
mary inhibitory drive to PCs (suppression of −2.04 ± 0.11 spikes s−1) and 
that Cluster_2 showed negligible PC inhibition (Fig. 5c,d). Directional 
analysis of MLI–MLI pairs revealed asymmetric connectivity. Cluster_2 
MLIs preferentially inhibited those in Cluster_1 (28.2% of pairs; mean 
latency, 1.97 ms) (Fig. 5e,f) with connectivity in the opposite direction 
masked by cross-correlation artifacts or correlated circuit interac-
tions. Asymmetric MLI–MLI connectivity was further distinguished 
by strong within-Cluster_1 synchrony (3.8 ± 0.25 spikes s−1), which was 
absent among Cluster_2 MLIs (−0.37 ± 0.29 spikes s−1; Fig. 5g,h), imply-
ing gap junctional coupling exclusively among Cluster_1 MLIs. These 
collective properties identify Cluster_1 as IN1 (PC-inhibiting cells) and 
Cluster_2 as IN2 (MLI-inhibiting cells), designations that align with 
the connectivity patterns of transcriptionally defined MLI1 and MLI2 
subtypes14,15, respectively.

CF inputs drive responses in disinhibitory MLIs through 
convergent integration
We next examined how CF inputs differentially engage these MLI 
populations. Our connectome analysis revealed selective CF target-
ing of IN2 (MLI2). Functional recordings confirmed this structural 
prediction. Cluster_2 (MLI2) cells showed increased firing following 
CF activation (Fig. 5i,j) with latencies consistent with monosynap-
tic transmission (3 ± 0.91 ms; Fig. 5k). By contrast, Cluster_1 (MLI1) 
cells rarely responded to CFs (Fig. 5i,j) and when they did, generally 
showed near-instantaneous responses indicative of indirect circuit 
effects (latency of 0.92 ± 0.25 ms; Fig. 5k). Thus, both structural and 
functional evidence establishes a disinhibitory hierarchy where CFs 
simultaneously excite PCs and MLI2 cells, the latter suppressing elec-
trically coupled MLI1 cells that inhibit PCs (Fig. 5l).

Using slice recordings, prior reports have shown that MLIs can inte-
grate input from multiple CFs19,21. Such convergence was evident in our 
IN2 reconstructions: nearly all cells received innervation from multiple 
CF branches, with each branch forming several synaptic connections 
(Fig. 6a,b). Our functional recordings corroborated this anatomical 
observation, with individual Cluster_2 (MLI2) cells responding to more 
than one CF on average (Fig. 6c,d). Since CFs originate from electrically 
coupled olivary neurons23,38–40, we examined whether converging CF 

http://www.nature.com/natureneuroscience


Nature Neuroscience

Article https://doi.org/10.1038/s41593-026-02268-2

inputs fire synchronously. Indeed, CF pairs targeting the same Cluster_2 
(MLI2) cell frequently fired within several milliseconds of each other 
(90% of tested pairs; Fig. 6e,g). However, the level of coordinated 
firing was comparable to that of randomly selected neighboring CF 
pairs (84.6%, P = 0.84.; Fig. 6f,g) indicating that synchrony between 
MLI2-targeting CFs simply reflects the inherent olivary coupling.

The functional impact of this convergence was clear: coactivation 
of multiple CFs produced larger increases in the firing of Cluster_2 
(MLI2) cells compared to individual CFs alone, with responses summing 
linearly (P < 0.002; Fig. 6d,h). This enhanced excitation increased the 
reliability of Cluster_2 MLI responses to CF input (P < 0.006; Fig. 6i). 
Moreover, synchronous CF input moderately increased the probability 
of Cluster_2 MLI burst firing by 2.1-fold (P < 0.05, paired t-test; Fig. 6j). 
Thus, MLI2s act as coincidence detectors that translate population CF 
activity into scaled output; the more CFs fire together, the stronger 
the MLI2 response.

CF synchrony controls PC dendritic calcium signaling through 
disinhibitory gating
CF-evoked calcium influx in PC dendrites triggers motor learning plas-
ticity, but this process is normally suppressed by MLI inhibition9–11,41. 
We used computational modeling constrained by our anatomical data 
to examine how CF synchrony overcomes this constraint through 
MLI2-mediated disinhibition amid plausible PF activity (Fig. 7a; Meth-
ods). These simulations revealed that increased CF synchrony propor-
tionally enhanced MLI2 spiking activity, which suppressed MLI1 output 
through their direct inhibitory connectivity (Fig. 7b,c). By incorporating 
a compartmental PC model with biophysically constrained calcium 
dynamics42,43, we found that this CF synchrony-driven reduction in 

MLI1 activity released PCs from inhibition, allowing enhanced calcium 
responses to CF input: when a single CF activated a PC, the resulting den-
dritic calcium signal scaled with the number of simultaneously active 
CFs elsewhere in the network (Fig. 7b–e). This synchrony-dependent 
enhancement occurred in both spiny and aspiny dendritic compart-
ments (Fig. 7f).

To experimentally test whether CF synchrony recruits disinhi-
bition to enhance PC dendritic calcium signals, we reanalyzed data 
from our prior study using in vivo two-photon microscopy to image 
GCaMP6f-expressing PC dendrites in lobule Crus II during cued lick-
ing behavior (Fig. 7g; Methods)9. Since PC dendritic calcium events 
are CF driven44,45, we identified isolated calcium events in individual 
PCs during licking and quantified CF population synchrony for those 
events as the number of simultaneous events in the remaining popu-
lation (Fig. 7h). Dendritic calcium events increased in amplitude with 
greater CF synchrony (Fig. 7i–m), consistent with synchrony-driven 
relief of MLI inhibition.

Next, to causally determine whether the synchrony effect requires 
modulation of active MLI circuits, we leveraged the fact that MLIs in 
these KitCre mice (a driver line providing genetic access to all MLIs46) 
expressed the chemogenetic inhibitor hM4D (Fig. 7g). By suppress-
ing MLI activity uniformly regardless of CF synchrony levels, clozap-
ine N-oxide (CNO) administration increased the mean amplitude of 
all CF-evoked calcium events during licking (ΔF/F 0.237 ± 0.002 and 
0.363 ± 0.032, control and CNO, respectively; P = 0.0197, paired t-test) 
(Fig. 7i,j), confirming the suppressive role of MLI inhibition in this con-
text9. Importantly, linear regression revealed that CNO significantly 
reduced the slope relating CF synchrony to calcium event amplitude 
(Fig. 7i–l,n), demonstrating that functional MLI circuitry is required 
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Fig. 6 | Population CF activity drives MLI2 responses through convergent 
innervation. a, EM reconstruction of an IN2 with synapse (orange dots) 
from multiple CF fragments. b, Left: adjacency matrix showing CF fragments 
contacting each IN2 (modified from Fig. 4a). Right: quantification of CF fragment 
counts per IN2 (n = 6 cells) and apposition counts per CF (n = 10 processes; both 
median ± quartile). c, The number of distinct CFs that activate each Cluster_2 
MLI, determined from Neuropixels recordings (n = 12 cells; median ± quartiles). 
d, The change in firing rate of Cluster_2 MLIs to CF input (mean ± s.e.m.). Gray, 
individual CF responses; black, synchronous CF activation. e, Circuit diagram 
illustrating convergent CF–MLI connectivity. f, CF synchrony analysis with CCGs 
comparing synchrony between CFs converging on the same Cluster_2 MLI, 

neighboring CF pairs and all CF pairs (mean ± s.e.m.). g, Cumulative distribution 
of spike timing differences for the same conditions. h, Cluster_2 MLI responses 
to individual CFs and their synchronous activation. Gray lines, each CF–MLI 
pair tested (n = 16); solid dots, population mean ± s.e.m.; open dot, predicted 
linear sum (P = 0.001 for both, two-sided paired t-tests; *, P < 0.05). i, Response 
reliability increases with convergent CF activation (P = 0.006 and P = 0.002 for 
CF 1 versus Sync’d and CF 2 versus Sync’d, respectively, two-sided paired t-tests, 
n = 16 pairs, mean ± s.e.m.). j, Burst probability analysis showing enhanced 
bursting with synchronous CF input (P = 0.03 for CF 1 versus Sync’d and P = 0.02 
for CF 2 versus Sync’d, two-sided paired t-tests, n = 16 pairs, mean ± s.e.m.). Data 
in c–j were obtained from six mice. Sync’d, synchronized; corr., correlation.
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events in the remaining PC population (four example PCs shown for simplicity). 
For each mouse (n = 5), events were obtained from 74 and 104 PCs in control 
and CNO, respectively. i,j, Representative PC showing mean CF-evoked calcium 
events (±s.e.m.) sorted by CF synchrony level in control and CNO conditions (i) 
with corresponding linear regression fits to the data (j). k,l, Population data (n = 5 
mice) showing the averaged calcium events (range, 440–3,460 and 1,049–4,204 
in control and CNO per condition, respectively; mean ± s.e.m.) normalized to the 
amplitude of asynchronous events (k) and linear regression fits (shading: 95% 
confidence interval) to the normalized (norm.) amplitude-synchrony relationship 
for all PCs in control and CNO conditions (l). m, Peak amplitude of all PCs across 
animals with increasing numbers of synchronous CFs (dots, individual PCs from 
5 mice; median ± quartiles). Larger events correlate with increased synchrony 
(0 versus 2, 0 versus 4, 0 versus 6, 0 versus 8, 2 versus 6, 2 versus 8, all P < 0.05, 
ANOVA with two-sided Dunnett’s post-tests. Significance not illustrated on plot). 
n, Quantification of slope changes (mean ± s.e.m.; n = 5 mice) between control 
(cont.) and CNO conditions, measured in separate sessions, during licking and 
nonlicking epochs (P = 0.004 and P = 0.70, respectively, two-sided paired t-tests; 
*, P < 0.05). Images in d and e adapted from ref. 43 under a Creative Commons 
license CC BY 4.0. Image in g reproduced from ref. 9 under a Creative Commons 
license CC BY 4.0.
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for CF synchrony to enhance PC dendritic calcium signaling. Dur-
ing nonlicking periods when Crus II MLIs are relatively inactive9,47,48, 
the synchrony–amplitude relationship remained unchanged in CNO 
compared to control (Fig. 7n), confirming minimal effect when MLIs 
are not strongly inhibiting PCs. Notably, even with MLI activity chemo-
genetically suppressed, calcium event amplitude still increased with 
CF synchrony across all behavioral contexts, pointing to an additional 
enhancing effect probably reflecting direct summation of presyn-
aptic CF activity at PC dendrites45 (Fig. 7i–l,n), independent of the 
disinhibitory pathway. Together, these findings establish that cerebel-
lar circuitry implements a biological coincidence detector where CF 
synchrony determines the magnitude of plasticity-inducing dendritic 
calcium signals through recruitment of MLI2-mediated disinhibition.

Learning deficits in the absence of MLI-mediated  
disinhibition of PCs
To determine whether this PC disinhibitory pathway is required for 
cerebellar learning, we used a molecular-genetic approach to eliminate 
inhibitory signaling between MLIs. We injected adeno-associated virus 
(AAV)-containing Cre-dependent, gephyrin-targeted E3 ligase GFE3 (ref. 
49) into the flocculi of KitCre mice (Fig. 8a and Extended Data Fig. 8a; 
Methods). A subset of mice additionally received Cre-dependent 
eNpHR3.0 for later rescue experiments (Fig. 8a; see below). Whole-cell 
recordings from acute slices confirmed that GFE3-expressing MLIs had 
greatly reduced spontaneous inhibitory postsynaptic currents (sIPSCs; 
Extended Data Fig. 8b,c), consistent with disrupted MLI–MLI inhibition. 
PCs from GFE3-expressing regions displayed sIPSC rates comparable 

to controls (Extended Data Fig. 8b,d), demonstrating intact MLI-to-PC 
inhibition. Thus, GFE3 specifically eliminated MLI-to-MLI inhibition, 
which is predominantly mediated by MLI2 cells, functionally removing 
the CF-driven disinhibitory pathway.

The flocculus is required to adaptively recalibrate the VOR when 
image motion is encountered during head rotations as this signals a per-
formance error. We next assessed VOR learning in all GFE3-expressing 
mice using gain-increase training, where sinusoidal head turns are 
repeatedly paired with opposite-direction visual motion (Fig. 8b), a 
form of learning that depends on CF-induced PC calcium signaling and 
plasticity50–54. Control-injected mice exhibited normal gain-increase 
learning, while GFE3-expressing mice (with or without eNpHR3.0) failed 
to adapt to the pairing stimulus (Fig. 8c–e and Extended Data Fig. 9c). 
Importantly, baseline VOR performance was identical between groups 
(1 Hz VOR gain of 0.82 ± 0.02 and 0.83 ± 0.02, RandE3 and GFE3, respec-
tively, P = 0.44; Mann–Whitney test) confirming that the observed 
deficits were not due to impaired basic motor function. These results 
suggest that PC disinhibition is essential for CF-induced learning as 
its elimination prevents relief of PC inhibitory constraints despite the 
animals experiencing sensory feedback of an underperforming VOR. 
Notably, GFE3-expressing mice acquired normal gain-decrease learning 
in response to same-direction visual–vestibular pairings (Fig. 8f and 
Extended Data Fig. 9a,b), highlighting the specificity of the deficit to 
CF-dependent learning mechanisms50–53.

To directly examine whether the learning deficit resulted specifi-
cally from the loss of PC disinhibition, we tested whether optogenetic 
MLI suppression could bypass the GFE3-induced loss of MLI–MLI 
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Fig. 8 | Elimination of MLI-mediated disinhibition prevents CF-instructed 
adaptive learning. a, The experimental approach. b, A schematic of gain-
increase training involving pairing sinusoidal head turns with opposite-direction 
visual motion (60 min sessions). c, Representative VOR-evoked eye movements 
recorded from either a control (left) or GFE3-expressing (right) mouse before 
and after gain-increase training. d, VOR gain measurements in control and 
GFE3-expressing mice during gain-increase training (left and right, P = 0.0141 
and P > 0.99, respectively, ANOVA with two-sided Bonferroni’s post-tests; 
mean ± s.e.m.). e, Change in VOR gain relative to baseline for each mouse shown 
in d (P = 0.0188, two-sided unpaired t-test; median ± quartiles). f, VOR gain 

measurements during gain-decrease training in control and GFE3-expressing 
mice (left and right, P < 0.0001 and P < 0.0001, respectively, two-way ANOVA 
with two-sided Bonferroni’s post-tests; mean ± s.e.m.). g, Circuit diagram 
illustrating GFE3-mediated elimination of MLI-to-MLI inhibition and optogenetic 
rescue through eNpHR3.0-mediated MLI suppression. h, Representative VOR 
eye movements from a GFE3-expressing mouse before and after gain-increase 
training without (left) and with (right) optogenetic MLI suppression during 
ipsiversive head turns in separate sessions. i, Optogenetic MLI suppression 
during training rescued VOR gain-increase learning in GFE3-expressing mice 
(P = 0.0004, two-sided paired t-test; mean ± s.e.m.).
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inhibition and restore gain-increase VOR adaptation in GFE3 and 
eNpHR3.0 co-expressing mice. To activate inhibitory eNpHR3.0, light 
pulses were delivered to both flocculi through bilaterally implanted 
optical fibers, timed to the ipsiversive phase of peak head velocity 
(Fig. 8b,g and Extended Data Fig. 9d,e), when CF activity normally 
drives learning11,51,55. Under these pairing conditions, the mice normally 
adapted their VOR by increasing the gain (Fig. 8h,i). These results dem-
onstrate that CF-dependent cerebellar learning critically requires the 
MLI2-mediated disinhibition of PCs.

Discussion
Our findings demonstrate that inhibitory microcircuits gate cerebellar 
instructive signals through a mechanism dependent on CF synchrony. 
By selectively innervating disinhibitory MLI2 cells that integrate con-
vergent CF inputs, the circuit ensures that only synchronous CF activity 
can overcome inhibitory constraints on plasticity induction. When CFs 
fire synchronously, MLI2 cells are strongly activated, suppressing the 
activity of PC-targeting MLI1 cells and promoting large dendritic cal-
cium transients in PCs to initiate synaptic plasticity. This arrangement 
resolves the longstanding paradox of continuous CF firing: individual 
CFs discharge during both correct and incorrect movements, but only 
their synchronized population activity triggers adaptive learning. 
Thus, instructive signals emerge not from the informational content 
carried by individual CFs, but from the structured inhibitory network 
dynamics that conditionally gate their effectiveness.

Disinhibitory MLI circuits
Our identification of logic of MLI network organization reveals how 
these circuits are involved in conditional control over CF-driven plas-
ticity. The inhibitory pathway from MLI2 cells onto PC-targeting MLI1 
cells provides a mechanism for selectively relieving PC inhibition during 
motor errors9,11. This disinhibitory motif parallels circuit architectures 
observed across multiple brain regions56, most notably, forebrain VIP 
interneurons, which similarly target other inhibitory populations to 
gate plasticity at principal neurons17,18,57,58. Like disinhibitory cortical VIP 
cells59–61, our data show that cerebellar MLI2s receive long-range evalu-
ative inputs, in this case from olivary CFs corroborating recent work 
of other groups34,62, enabling context-dependent circuit modulation.

Our connectivity-based classification of MLIs, confirmed by 
functional recording, aligns closely with recently defined MLI1/MLI2 
populations14,15, supporting the notion that functional connectivity, 
rather than morphological criteria alone16, best defines interneuron 
subtypes in the cerebellar molecular layer. Despite clearly distinguish-
ing IN1 and IN2 subtypes based on connectivity, finer-scale functional 
or anatomical distinctions, especially within the IN1 (MLI1) population, 
may yet be identified (for example, unique connectivity features of 
MLI1.1 basket cells)15. Future work will be required to determine how 
interaction patterns between MLI subtypes change in response to 
adaptive stimuli and how their connectivity through multisynaptic 
pathways influences net PC disinhibition in these contexts, fully elu-
cidating how differential MLI recruitment shapes conditional circuit 
operations during behavior.

CF–MLI communication
Our connectomic analysis challenges the traditional view that CFs 
exclusively innervate PCs by revealing direct CF–MLI synapses, with 
pronounced selectivity toward MLI2 cells. Although these direct con-
nections were rare within our volume, their clear subtype specificity 
argues against random connectivity, suggesting instead specialized 
developmental mechanisms. This rarity probably explains their limited 
anatomical description in ultrastructural examinations30. Notably, 
our identification of direct CF–MLI2 synapses contrasts with a recent 
study concluding that CF–MLI2 signaling occurs primarily through 
glutamate spillover34, possibly reflecting methodological differences 
in our approaches. The convergence of multiple CFs onto individual 

MLI2 cells, each forming multiple synaptic contacts, suggests these 
connections are optimized for reliable, synchronous signal transmis-
sion rather than merely serving modulatory roles.

Our functional recordings confirmed point-to-point synaptic 
transmission between CFs and MLIs, characterized by a broad range 
of amplitudes, fast kinetics and quantal properties. Our finding that 
EPSC kinetics were invariant across different levels of quantal content 
excludes spillover mechanisms involving release-dependent gluta-
mate pooling from multiple release sites. Interestingly, we identified 
nonsynaptic CF–MLI appositions containing vesicle clusters but lack-
ing postsynaptic specializations. The pronounced TBOA sensitivity 
of CF–MLI EPSCs suggests our recordings may capture composite 
responses from both direct synapses and these appositions. This inter-
pretation is consistent with prior observations of nonsynaptic CF–MLI 
communication19,21,63 while extending them to reveal a possible dual 
transmission mode. Our anatomical findings show that IN2 (MLI2) cells 
receive both contact types support this model. Such a dual mechanism 
could ensure robust CF–MLI2 activation while maintaining the tempo-
ral precision needed for coincidence detection.

CF-mediated instructive signaling and learning
CFs instruct cerebellar learning, including VOR adaptation, by triggering 
calcium-dependent plasticity, with calcium levels in PCs determining 
the magnitude and direction (that is, a continuum spanning long-term 
depression to long-term potentiation) at PF synapses41,54,64. However, 
continuous firing across diverse motor behaviors creates a regulatory 
challenge. Without additional gating65, persistent CF activity could drive 
maladaptive plasticity during accurately performed movements, though 
distributed plasticity mechanisms throughout the cerebellar cortex may 
provide additional safeguards in conjunction with CF-mediated pro-
cesses66. While MLI inhibition curtails PC excitation, including CF-evoked 
activity and calcium signaling67–70, the mechanisms permitting con-
ditional release from this inhibition were unclear, despite behavioral 
evidence—most notably in the flocculus during the VOR—that identical 
CF activation induces learning in some contexts but not others11,51,71.

We posit that CF synchrony is a critical variable controlling 
instructive signaling efficacy. Although synchronous CF discharges 
have previously been associated with movement initiation and mus-
cle coordination22,72, their mechanistic contribution to behaviorally 
relevant computation remained unclear. Our findings demonstrate a 
previously unrecognized role for CF synchrony: selective engagement of 
disinhibitory circuits that gate cerebellar plasticity. Our results showed 
that increasing CF synchrony proportionally enhances PC calcium 
responses by recruiting the MLI2-mediated disinhibitory pathway, 
whereas asynchronous CF firing fails to overcome inhibitory constraints 
imposed by MLI1 cells. Notably, even with complete MLI suppression, we 
observed a residual synchrony-dependent enhancement of PC calcium 
signals, establishing an additional CF synchrony mechanism independ-
ent of disinhibition. This may reflect summation of presynaptic CF 
activity at PC dendrites that varies with the population activity of olivary 
neurons45,73, though the precise mechanism and its interaction with the 
disinhibitory pathway require further investigation.

Collectively, our findings indicate that instructive CF signal-
ing is determined by circuit computations decoding CF population 
synchrony rather than individual CF firing patterns. More broadly, 
these results suggest that CF synchrony itself, regulated by intrinsic 
or extrinsic inputs such as nucleo-olivary inhibition that suppresses 
olivary gap junctional coupling40,74,75, may serve as part of a hierarchical 
gating mechanism by which subcortical circuits contribute to dynamic 
control of cerebellar learning.
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Methods
Animals
Animal experiments were conducted in accordance with the National 
Institutes of Health Guidelines for the Care and Use of Laboratory Ani-
mals and were approved by the Institutional Animal Care and Use Com-
mittees of the Korea Brain Research Institute, the Max Planck Florida 
Institute for Neuroscience and the University of Colorado School of 
Medicine. C57BL/6J (wild type), Nos1ChR2 and KitCre mice were maintained 
on a 12-h light–dark cycle at with ad libitum access to food and water.

Sample preparation, EM imaging and reconstruction
Cerebellar tissue from a 56-day-old male wild-type mouse was pro-
cessed for serial block-face EM following standard protocols76. The 
tissue was infiltrated with epoxy resin with carbon powder77 and sec-
tioned along the sagittal axis. Imaging was performed using a Merlin 
VP field emission scanning electron microscope (Carl Zeiss) equipped 
with 3View2 in-chamber ultramicrotome and backscattered electron 
detector (Gatan). Images were acquired at 12 nm XY resolution with 
50-nm section thickness. Each block face was captured in 2 × 3 tiles 
(5,000 × 5,000 pixels each) with 10–20% overlap between tiles. A total 
of 1,000 consecutive sections were imaged, resulting in six image stacks 
of 1,000 images each (one stack per tile position).

Each of the six tile stacks was aligned separately using ImageJ with 
TrakEM2 plugin78 and custom MATLAB scripts, then merged into a sin-
gle volume. Rotational drift from TrakEM2 alignment was corrected, 
and tiles were welded by selecting inner pixels. The final registered 
volume comprised 14,600 × 10,200 × 1,000 voxels, corresponding to 
a physical volume of approximately 175 × 122 × 50 μm3.

To automate reconstruction, we employed a modified 
three-dimensional (3D) U-Net79,80 to segment neurons using cellular 
membranes as boundaries. Eight subvolumes from various locations 
served as training data, annotated by experts using VAST software81. 
The trained network segmented the entire volume to generate puta-
tive neuronal fragments. The artificial intelligence-aided segmenta-
tion was proofread using custom software with interactive GUI and 
background process management systems25. Proofreading proceeded 
progressively, with each neuronal fragment represented by one seg-
ment after completion.

Cell type classification
For this report, we classified reconstructed neurons into four general 
types (PC, CF, PF and MLI) based on morphology. We further distin-
guished three MLI subtypes (termed IN1, IN2, INx to avoid confusion 
with transcriptional MLI1/MLI2 designations) based on connectivity. 
Not all reconstructed neurons were classified, cells severely truncated 
by image borders were designated as undecidable owing to insufficient 
morphological features. While the cerebellar cortex contains addi-
tional rare inhibitory neuron types (for example, Lugaro cells and Can-
delabrum cells), their presence in our dataset is uncertain. Given their 
sparse distribution, any such cells present would be classified as MLIs.

Since it was difficult to find the exact number of missing cells that 
are not reconstructed, we estimated the reconstruction completeness 
based on a probabilistic analysis of cell types at various locations from 
the EM volume. Considering the fact that we reconstructed PF starting 
at the center of the EM volume and progressed outward, we sampled 
five equal-sized subvolumes (6.14 × 6.14 × 6.4 μm3), which were sam-
pled at various distances from center. From each subvolume, 100 
background and 100 foreground voxels were randomly sampled. Cell 
type identity of unsegmented voxels was determined by examining 
EM morphology. Reconstruction (recon) completeness was calculated 
using equation (1), where x is the sampled unsegmented voxels, y is the 
sampled segmented voxels, m = 0.3975 (total unsegmented fraction) 
and n = 0.6025 (total segmented fraction)

recon% = ny
mx + ny

. (1)

Reconstruction completeness, estimated from volumetric sam-
pling, was near total for PCs (99.6%), MLIs (97.7%) and CFs (100%), 
with partial coverage of PFs (76.9%; rarely including granule cell 
somata or ascending axon) due to their high density and volume 
boundary truncation.

Morphological and spatial analysis
Neuronal segments required separation into soma, dendrite, dendritic 
spine and axon components for independent analysis. PC somata 
and dendrites were separated based on the subvolumes used for 
proofreading. PC axons were not captured in our imaging volume. 
Smaller MLI compartments were isolated using manually defined 
bounding boxes, with multiple boxes sometimes required to exclude 
dendritic processes.

Erosion sufficient to remove spine necks was applied to PC den-
drites, eliminating spines while preserving shaft-derived components. 
The skeletonization of PC dendrites required prior spine removal as 
the TEASAR82 algorithm yields accurate centerline representations 
only when applied to spine-free shafts. The presence of spines and 
spine–spine contacts would otherwise generate artifactual branches. 
The TEASAR algorithm was applied directly to spine-containing MLI 
dendrites, where spines appeared as characteristically short branches 
on the resulting skeleton. These spine-originated branches were iden-
tified and removed through length-based thresholding, yielding the 
dendritic shaft skeleton.

Spatial organization within the molecular layer was quanti-
fied through multiple measures. To establish MLI positions, we first 
defined the PC layer (PCL) boundary. The PCL plane was computed 
using least-squares fitting through the centroids of PC soma–dendrite 
transitions. While cerebellar foliar curvature can create nonplanar PCL 
boundaries, the boundary appeared approximately planar within our 
imaging volume. MLI soma positions were quantified as perpendicular 
distances from this reference plane.

Angular distributions of surrounding elements were analyzed 
within 2-μm shells around PC dendrites, created by dilating shaft vol-
umes and subtracting the original shaft. For each voxel within these 
shells, we computed displacement vectors from the nearest skeleton 
point. To standardize measurements across the complex dendritic 
geometry, we established local coordinate systems at each skeleton 
point comprising (1) the tangential direction along the skeleton, (2) 
a horizontal direction perpendicular to the tangent and parallel to 
average PC dendritic plane and (3) a vertical direction orthogonal to 
both. Displacement vectors were projected onto planes perpendicular 
to the local tangent and binned by the angle relative to horizontal and 
vertical axes. Cell type-specific angular distributions were computed 
independently for each PC and averaged across the population.

Semi-automated synapse detection
We identified synapses using an automated method26 followed by 
manual proofreading for specific connection types. Contacts between 
neuron segments were first extracted by detecting segment ID changes 
across six-neighborhood voxels. Six connection types were analyzed: 
PF–PC, PF–MLI, CF–PC, CF–MLI, MLI–PC and MLI–MLI.

Given the large number of contacts, we employed artificial intel-
ligence for classification. Two 3D U-Nets separately predicted synaptic 
contact and vesicle cloud probabilities. The large serial block-face EM 
volume was divided into subvolumes for parallel processing. Vesicle 
clouds were segmented using a watershed algorithm variant, with can-
didates identified from synaptic contact probabilities. Size thresholds 
of 200 voxels (contacts) and 1,000 voxels (vesicle clouds) eliminated 
noise. A support vector machine classified candidates based on prob-
ability distributions, using a −0.2 decision boundary to minimize false 
negatives. Contacts were confirmed as synapses when vesicle clouds 
were detected within 5 voxels. Synapse direction was determined from 
vesicle cloud position.
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The system achieved an F1 score of 0.955 on a test volume 
(11.9 × 11.9 × 12.4 μm3, 508 ground-truth labels). Despite the high accu-
racy, all MLI–MLI and MLI–PC synapses underwent manual verification 
owing to uncertainty about inhibitory synapse variability in the training 
set. Synapses from MLI dendrites or onto MLI axons were discarded 
as false positives. CF–MLI synapses required special attention as they 
were not included in training sets, being previously considered non-
existent. Of 128 artificial intelligence-detected CF–MLI contacts, 61 
were false by prompt expert consensus. The remaining 67 underwent 
expert evaluation by 4 reviewers using standard criteria: membrane 
darkening and proximal presynaptic vesicles. Each reviewer scored 
contacts from 0 to 3 (false positive, probably false, probably true or true 
positive). Synapses (n = 53) were confirmed when cumulative scores 
reached ≥6. The rest were determined as nonsynaptic appositions 
(n = 75). Contact size was calculated accounting for voxel anisotropy 
(12 × 12 × 50 nm3). Contact faces in X/Y directions contributed 600 nm2 
each, while Z-direction faces contributed 144 nm2. Total contact size 
equaled the sum of all contact face areas.

MLI subtype classification and connectivity analysis
MLI subtypes (IN1, IN2 and INx) were classified based on the TPI, a meas-
ure of whether a given neuron preferentially targets PCs or other MLIs. 
TPI was calculated using equation (2) where a is the number of output 
synapses onto MLIs and b is the number of output synapses onto PCs. 
TPI values range from +1 (exclusively targeting MLIs) to −1 (exclusively 
targeting PCs). TPI values were calculated for MLIs having at least 30 
output synapses. Cells with TPI <0 were classified as IN1, those with TPI 
>0 as IN2. MLIs with insufficient synapses for reliable TPI calculation 
were classified as INx.

TPI = a − b

a + b
. (2)

Surgery
For surgical procedures, mice (6–23 weeks old, both sexes) were anes-
thetized with isoflurane (3–5% for induction, <1.5% for maintenance in 
O2) and placed in a stereotaxic frame (Kopf). Pre-emptive analgesia was 
administered subcutaneously: buprenorphine (0.35 mg kg−1), carpro-
fen (5 mg kg−1) and dexamethasone (3 mg kg−1). Anesthesia depth was 
monitored by toe-pinch reflex and body temperature was maintained 
at 37 °C using a heating pad. A stainless-steel head post was secured 
to the exposed skull using dental cement (Metabond, Parkell). Small 
craniotomies (<0.5 mm) were then made for stereotactic injections 
and/or optical fiber implants. Larger craniotomies were used for imag-
ing windows as described previously9. Mice were monitored daily for 
signs of distress after the surgeries. Experiments generally commenced 
≥14 days postsurgery to ensure full recovery.

For viral injections targeting the flocculi of KitCre mice, the 
microinjection coordinates (in mm from Bregma) were medial/
lateral (M/L) = ±2.33, anterior/posterior (A/P) = −5.68 and dorsal/
ventral (D/V) = 2.7–2.8 mm (angle of 5°). AAVs included among the 
following: AAV9-EF1α-Flex(loxP)rev-GFE3-eGFP, AAV1-EF1α-Flex(loxP)
rev- R a n d E 3 -2 A- G F P,  A AV 1 - E F 1 α- F l ex ( l o x P ) rev- EG F P  a n d 
AAV5-EF1α-Flex(loxP)rev-eNphr3.0-HA. For two-photon imaging 
experiments, viral injections included AAV1-CAG-Flex(loxP)-ChR2-HA-
2A-hM4D for MLI manipulation, combined with AAV1-Pcp2.4-FLPo 
and AAV1-CAG-Flex(FRT)-GCaMP6f for PC-specific calcium imaging 
as previously described9. Virus solution was injected at a slow rate 
(~0.05–0.1 μl min−1) by pressure, for a total volume of 0.2–0.5 μl per 
site. For eNphr3.0-expressing animals, optical fibers (200 µm, NA 
0.22 with Ø 1.25 mm ferrules; Thorlabs) were bilaterally implanted in 
each side of the cerebellum to deliver light to the virally transduced 
region of flocculus with the following coordinates: M/L = ±3.35 mm, 
A/P = 5.65 mm, D/V = 1.9 ± 0.1 mm (angle of −16°).

For Neuropixels recordings in Nos1ChR2 mice, a unilateral optical 
was implanted at the following coordinates to target the left flocculus: 

M/L = ±2.315 mm, A/P = 5.60 mm, D/V = 3.1 mm (angle −8°), with the 
fiber tip resting on the floccular surface. A silver ground wire was 
also cemented to the skull. In these mice, a second surgery was per-
formed before the first recording in which a small craniotomy was made 
through the left temporal bone overlying the paraflocculus, taking care 
to preserve the semicircular canals. The dura was left intact, and the 
opening was sealed with silicone elastomer (Kwik-Cast, WPI) until use.

In vivo Neuropixels recording and analysis
On recording days, the mice were lightly anesthetized (<1.5% isoflu-
rane) and the silicone plug removed. After a brief recovery, the mice 
were then head-fixed in the recording apparatus. A Neuropixels 1.0 
probe (IMEC) was advanced into the floccular complex (compris-
ing either or both the flocculus and paraflocculus) with a motorized 
micromanipulator (MPM, New Scale Technologies). Electrophysi-
ological signals were digitized at 30 kHz and recorded using OpenEphys 
software, referenced to the ground wire. For optotagging, light from 
a DPSS 473-nm laser (MBL-F-473-200 mW, CNI) was routed through an 
acousto-optic modulator (OptoElectronics Tech), fiber port and patch 
cable (Thorlabs) to the implanted optical fiber. Square pulses (10 ms, 
50 Hz, 3–5 mW) were generated by custom LabVIEW software that com-
municated with NI DAQ boards. The resulting commands were logged 
alongside electrophysiology using bar-coded synchronization pulses 
from a microcontroller (Arduino Mega). Light pulses for optotagging 
were delivered during stationary periods after VOR trials.

All units were sorted offline with Kilosort83 and then manually 
curated in Phy2 (https://github.com/cortex-lab/phy). Opto-tagged 
units were identified manually by the experimenter. For better visuali-
zation, we removed 2 ms after light delivery and at the end of the light 
pulse to avoid photoelectric artifacts. To classify opto-tagged MLIs 
into functional subtypes, we employed unsupervised hierarchical 
clustering. For each MLI unit, we first computed spike-triggered aver-
ages (STAs) to characterize its functional connectivity with PCs and 
other MLIs. Three feature vectors were extracted: (1) the mean of the 
two strongest PC responses (1–10 ms postspike), accounting for both 
direct inhibition and potential disinhibition; (2) the mean of the two 
largest MLI–MLI effects (trough STA values at 1–5 ms postspike), usually 
representing synaptic inhibition; and (3) the mean of the two strongest 
MLI–MLI synchrony values (peak STA values within ±3 ms of the trigger 
spike), capturing gap junctional coupling. These three feature vectors 
were concatenated for each unit, and pairwise correlation coefficients 
were computed using MATLAB’s corrcoef function, yielding an n × n 
correlation matrix. We then applied hierarchical clustering using MAT-
LAB’s linkage function to construct a linkage tree values (Z ∈ Rnx3) and 
partitioned the resulting dendrogram into two clusters using the 
cluster function.

To analyze the temporal relationships between CF pairs, we com-
puted cross-correlograms (CCGs) by aligning spike times between 
units which accounts for firing rate modulations. To distinguish true 
synchrony from coincident firing due to local rate fluctuations, we 
calculated the expected chance cofiring using a spike triplet method84. 
For each observed spike triplet (T1, T2 and T3), we estimated the tem-
poral uncertainty of spike T2 by defining a window from halfway 
between T1 and T2 to halfway between T2 and T3. This created a prob-
ability distribution for spike occurrence (equation (3)). The 
rate-corrected CCG was then calculated by subtracting the null CCG 
from the raw CCG (equation (4)) where Pr represents the probability 
of a complex spike (CS) occurring at time t, Δt is the time bin used for 
synchrony calculation and the likelihood quantifies the probability 
that CS1 (or ĈS1 under the null hypothesis) fires in temporal proximity 
to a CS2 spike. This correction isolated significant temporal relation-
ships beyond those expected from firing rate covariations.

ĈS1 (t) =
2Δt

Ti+1 − Ti−1
. (3)
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CCG (t) =
Pr (CS1 (t) , |,CS2 (0) = 1) − Pr (ĈS1 (t) , |,CS2 (0) = 1)

Δt . (4)

We identified burst events triggered between CFs and MLIs using 
a previously established criteria85. For each spike in our MLI record-
ings, we counted spikes occurring within a 15 ms window. If ≥3 spikes 
were detected with mean interspike intervals, less than half the overall 
mean interspike interval, this constituted a burst. Burst significance 
was determined by comparing spike counts within equivalent windows 
to Poisson-distributed spike trains (1,000 iterations) matched for 
firing rate. To calculate burst probability following CF input, we cre-
ated a binary time series marking burst occurrences and computed 
the complex spike-triggered average of these events. Similarly, we 
quantified MLI response reliability to single or coincident CF inputs 
using established methods86. The STA of MLI activity within 1–10 ms of 
CF occurrence was convolved with a 7-ms Gaussian window. Response 
reliability was calculated as the mean pairwise correlation coefficient 
of these convolved firing patterns across trials, providing a measure 
of response consistency to CF activation.

Two-photon calcium imaging and CF synchrony analysis 
during licking behavior
Two-photon, in vivo calcium imaging data were obtained from a previ-
ously published dataset and the details are described therein9. Briefly, 
GCaMP6f87 fluorescence was imaged from PC dendrites in lobule Crus 
II at 30 Hz using a resonant scanning two-photon microscope while 
expert, head-fixed mice licked for water rewards in response to audi-
tory cues. MLIs in these KitCre mice expressed hM4D for chemogenetic 
suppression, with imaging conducted in separate sessions either in 
control or after intraperitoneal CNO (the cognate agonist of hM4D) 
administration (5 mg kg−1).

Raw fluorescence traces were motion corrected and PC dendrites 
segmented as previously described9. We removed two mice owing to 
the small numbers of identified PCs, leaving five mice. For this current 
analysis we identified CF-evoked calcium transients using the OASIS 
algorithm88, which performed denoising and inference. Calcium signals 
were referenced to, and divided by, baseline as they were converted to 
ΔF/F. To ensure analysis of isolated events, we selected calcium transients 
that met two criteria: (1) no CF event in the same PC during the preced-
ing 300 ms and (2) no subsequent event within 66 ms. These temporal 
constraints excluded overlapping or clustered responses that could 
confound amplitude measurements. For each isolated event in a given 
PC, we quantified CF population synchrony by counting all simultaneous 
events in the remaining PCs (including overlapping or clustered events), 
as we were interested in the total level of network activity during that 
moment. Events were considered ‘synchronous’ if their peaks occurred 
within the same imaging frame (33 ms window at 30 Hz acquisition). 
Given the slow frame rate of image acquisition, this quantification could 
not delineate millisecond precision. Thus, we defined CF synchrony 
level as the number of coactive PCs during each event, ranging from 0 
(isolated event) to N−1 (where N is the total PCs monitored). Events were 
categorized by behavioral state (licking versus nonlicking periods) and 
pharmacological condition (control versus CNO). We performed linear 
regression analysis on the relationship between calcium event amplitude 
and synchrony level for each experimental condition, fitting slopes 
to quantify how synchrony influenced calcium signal magnitude. To 
account for differences in the numbers of imaged PCs between mice and 
conditions, these fits limited to one-half the total number of cells in each 
field of view. For population analyses of calcium amplitudes (Fig. 7m), 
outliers were identified and removed using the ‘rmoutliers’ function in 
MATLAB based on the distribution of ΔF/F values across all PCs.

VOR behavior and analysis
The VOR was elicited using a custom-built apparatus inside a light-tight 
enclosure, as previously described11. For learning experiments, baseline 

VOR performance was assessed in darkness-induced isolation. Pilocar-
pine (2% ophthalmic solution; Patterson Veterinary Supply) was applied 
briefly (<1 min) to limit pupil dilation ensuring accurate tracking in 
darkness. During the training period (60 min), visual–vestibular pairing 
was achieved by moving the grating either out-of-phase (gain-increase 
training) or in-phase (gain-decrease training) with the vestibular stimu-
lus. VOR performance was measured before training and immediately 
afterward. For photo-suppressing eNphr3.0-expressing MLIs in these 
behaving mice, we used light from a 589-nm DPSS laser (MGL-F-589-
200mW; CNI) which was routed through acousto-optic modulator 
and fiber port to the patch cable. Light pulses were triggered by stage 
position to synchronize optogenetic suppression with head move-
ments. In these experiments, angular eye position was calculated using 
a previously published method89.

During Neuropixels recordings, visual–vestibular contexts were 
presented in pseudo-randomized 2-min epochs: darkness, stationary 
grating or gratings moving in phase or out of phase with head rotation 
(that is, gain-up or gain-down stimuli). For these experiments, pilocar-
pine was omitted and eye movement tracking was unused. Custom 
LabVIEW software (National Instruments) synchronized stage motion, 
visual stimuli and electrophysiological data acquisition via DAQ boards 
(National Instruments). Neural activity recorded during these stimuli 
and periods of behavioral quiescence was pooled for analysis.

Acute slice preparation and electrophysiological recording
For whole-cell patch-clamp recording of CF–MLI EPSCs, cerebellar par-
asagittal slices (200-μm thick) were prepared from adult mice (P39–129) 
as described previously90. Briefly, mice were killed by decapitation and 
their brains were rapidly removed and placed in ice-cold solution con-
taining (in mM) 230 sucrose, 2.5 KCl, 0.5 CaCl2, 4 MgCl2, 1.25 NaH2PO4, 
26 NaHCO3 and 25 glucose. Slices were cut from the dissected cerebellar 
vermis using a vibratome (VT1200S, Leica Biosystems), incubated at 32 °C 
for 30 min in recovery solution containing (in mM) 85 NaCl, 75 sucrose, 
2.5 KCl, 0.5 CaCl2, 4 MgCl2, 1.25 NaH2PO4, 26 NaHCO3 and 25 glucose, 
then maintained at room temperature for up to 8 h in recording solution 
containing (in mM) 125 NaCl, 2.5 KCl, 1.5 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 
NaHCO3 and 25 glucose. During recordings, 10 μM SR-95531 and 0.3 μM 
strychnine were added to block GABAA and glycine receptors, respec-
tively. All solutions contained 0.5 mM ascorbic acid and were continu-
ously bubbled with carbogen (95% O2/5% CO2). In experiments where the 
external calcium concentration was lowered (that is, 1.5 to 0.5 mM), the 
magnesium concentration was correspondingly increased (1 to 2 mM).

Whole-cell voltage-clamp recordings were made from MLIs 
located in the inner two-thirds of the molecular layer at 31–33 °C using a 
Multiclamp 700 amplifier (Molecular Devices) with fire-polished boro-
silicate glass patch electrodes (6–8 MΩ resistance) filled with internal 
solution containing (in mM) 115 K-MeSO4, 40 HEPES, 6 NaOH, 1 EGTA, 
0.035 CaCl2, 4.6 MgCl2, 0.3 NaGTP, 4 NaATP, 5 phosphocreatine and 
0.03 Alexa 488 (pH 7.3; ~305 mOsm). EPSCs were recorded at −70 mV 
holding potential (uncorrected for liquid junction potential ~+6 mV), 
filtered at 10 kHz and digitized at 100 kHz using a Digidata 1440 A con-
verter with pClamp 10 software (Molecular Devices). Series resistance 
averaged 19 MΩ (uncompensated) and was monitored throughout 
experiments. CFs were stimulated at 0.1 Hz using a glass electrode filled 
with recording solution placed in the granule cell layer or molecular 
layer, delivering 50-μs pulses (5–88 V; Digitimer Ltd).

Data analysis was performed using Neuromatic91 within Igor Pro 
(WaveMetrics). EPSC peak amplitudes were measured as the difference 
between baseline and mean amplitude over a 100-μs window centered 
on the response peak. Rise time was measured from 10% to 90% of peak 
amplitude, and decay kinetics were assessed by response duration, 
quantified as full-width at half-maximum (FWHM) amplitude.

For sIPSC recordings in MLIs and PCs, mice were anesthetized with 
ketamine/xylazine (100/10 mg kg−1) and transcardially perfused with 
ice-cold slicing solution containing (in mM) 87 NaCl, 75 sucrose, 25 
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NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 7 MgCl2, 0.5 CaCl2 and 10 glucose. Slices 
were cut and incubated at 34 °C in recording solution containing (in 
mM) 128 NaCl, 26.2 NaHCO3, 2.5 KCl, 1 NaH2PO4, 1.5 CaCl2, 1.5 MgCl2 and 
11 glucose, then maintained at room temperature. During recordings, 
20 μM NBQX and 20 μM (R)-CPP were added to block AMPA and NMDA 
receptors, respectively. Whole-cell recordings from PCs (identified by 
morphology) or MLIs (identified by location or GFP expression in virally 
transduced cells) with borosilicate pipettes (2–4 MΩ for PCs; 3–5 MΩ 
for MLIs) filled with internal solution containing (in mM) 150 CsCl, 10 
HEPES, 1 EGTA, 0.1 CaCl2, 4.6 MgCl2, 2 MgATP and 0.3 NaGTP (pH 7.3; 
~300 mOsm). Spontaneous IPSCs were recorded at −70 mV with liquid 
junction potentials corrected offline.

Computational modeling
We constructed a cerebellar network model comprising 1 PC, 208 MLI1 
cells, 59 MLI2 cells, with inputs from 73,580 PFs and 22 CFs. Cell num-
bers, properties and connectivity parameters were derived from our 
connectome data including the proportions of PFs following those of 
the 8 possible connectivity patterns to PC, IN1 and IN2. Gap junctions 
were restricted to MLI1–MLI1 pairs, with each MLI1 randomly connected 
to approximately 4.5 other MLI1s via gap junctions on distal dendrites14.

All simulations were implemented in the NEURON simulation 
environment92,93. Models were adapted from published works and 
tuned to match the electrophysiological properties42,43 of the network. 
The PC model retained its original parameters43, except for PF and CF 
synaptic conductances, which were adjusted to achieve physiological 
firing rates. For MLI models, we retained the original active mechanisms 
and parameters42 but implemented simplified morphologies based on 
our reconstructions. MLI models were simplified and consisted of a 
cylindrical soma (diameter, 5.3 μm; length, 17 μm) connected to four 
proximal dendrites (diameter, 0.57 μm; length, 20 μm), each branch-
ing into two distal dendrites (diameter, 0.325 μm; length, 180 μm for 
MLI1 and 100 μm for MLI2).

PF firing was modeled as independent Poisson processes at 4 Hz, 
corresponding to active movement conditions. CF firing was correlated 
within groups: eight additional CFs (including the PC-projecting CF) fired 
with variable synchrony levels and Gaussian jitter of 2 ms. Complete 
synchrony of the CFs approximated observed correlation coefficients 
(~0.15) in our experiments. Additional CF groups of two to four cells fired 
synchronously but independently, with intergroup intervals of ~100 ms. 
Control networks were constructed with alternative CF–MLI connectiv-
ity patterns. Simulations were repeated 20 times for random PF inputs. 
More details on the network model, compartment model of neurons and 
other simulation parameters can be found in the shared code repository.

Statistics and reproducibility
All statistical tests used, whether they are one- or two-sided, the exact P 
values and sample sizes, and measures of variance are indicated in the 
figure legends. Data distributions are shown using violin plots with indi-
vidual data points. Parametric tests were applied after normality and 
homogeneity of variance were assessed. Nonparametric tests were used 
where appropriate. No statistical method was used to predetermine 
sample size. For connectomic analyses, all available reconstructed neu-
rons and synapses were included. For electrophysiological and behav-
ioral experiments, sample sizes were selected based on established 
standards in the field and are consistent with previous studies9,11–13. 
No data were excluded from the analyses. During electrophysiological 
and behavioral experiments, conditions were tested in random order 
and investigators were blinded to animal or sample allocation when 
feasible. Animals were assigned to groups based on genotype or viral 
manipulation and stimuli followed predefined protocols.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The 3D EM images, proofread segmentation, neuronal 3D rendering 
dataset and cell type and synapse information used in this study are 
freely available without restriction via the BossDB (https://bossdb.
org) repository at https://bossdb.org/project/park2023. Source data 
are provided with this paper.

Code availability
The analysis codes, simulation parameters and codes and software 
used for this study are freely available without restriction via GitHub 
at https://github.com/cns-kim-lab/park_cerebellar_disinhibition.
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Extended Data Fig. 2 | CF-MLI synapses are large and independent of PF-
MLI synapses. a, Comparison of contact areas of synapses and non-synaptic 
appositions between CFs and MLIs (gray) with further differentiation based on 
IN type (red and blue). Each dot represents an individual contact site (n = 5 IN1 
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box plots: median ± quartiles). b, Spatial relationship between CF contacts and 
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averages (STAs) show contrasting MLI-PC functional interactions from a single 
recording session. Top: an MLI inhibiting multiple PCs; bottom: a neighboring 
MLI with negligible influence on the same nearby PCs. b, Left: Connectivity 
matrix from the recording session with all MLI-PC pairs color-coded by change 
in simple spike firing to each MLI (z-scored). Right: summary showing each MLI’s 
mean inhibitory strength, calculated from interactions with its two strongest PC 
targets, sorted by the strength of MLI-MLI synchrony. c, Relationship between 
MLI-PC distance, inferred from Neuropixels electrode positions, and inhibitory 
strength. Each dot represents one MLI-PC pair; significant interactions (for each 
pair, P < 0.05; two-sided paired t-test of response time against baseline firing) in 

black and non-significant interactions (for each pair, P > 0.05; two-sided paired 
t-test; no adjustments for multiple comparisons for both) in gray. Red dotted line 
indicates the distance threshold encompassing 75% of significant interactions, 
approximating the effective range of MLI-PC connectivity. d-f, MLI-MLI 
inhibitory interactions analyzed as in (a-c): example STAs from a single session 
(d), connectivity matrices from the same session showing all pairs and average 
interaction strength per MLI (e), and population distance-strength relationship 
(f). g-i, MLI-MLI synchronous interactions analyzed as in (d-f): example STA 
with zero-lag peaks (g), synchrony matrix with average synchrony strength per 
MLI (h), and population distance-synchrony relationship (i). Data (a,b,d,e,g,h) 
obtained from the same mouse; data (c,f,i) obtained from 6 mice.
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Extended Data Fig. 7 | Unsupervised clustering of MLI subtypes. a, Decision 
tree for supervised classification method based on14. b, Confusion matrices 
comparing unsupervised hierarchical clustering (UHC) to supervised 
classification for the subset of classifiable MLI units (n = 96 units). Top: using 
two features (2F; MLI-PC and MLI-MLI inhibition). Bottom: using three features 

(3F; adding MLI-MLI synchrony). c, Dendrogram showing hierarchical clustering 
and final assignments for MLIs that met supervised classification criteria. d, 
Confusion matrix extending the analysis to all 136 optotagged MLIs, revealing 
how units not captured by supervised classification distribute between Cluster_1 
(n = 121) and Cluster_2 (n = 15). Data (b-d) obtained from 6 mice.
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Extended Data Fig. 8 | GFE3-mediated elimination of MLI-to-MLI inhibitory 
transmission. a, Fluorescence image from cerebellum of a KitCre mouse injected 
with AAV containing Cre-dependent GFE3-eGFP, showing MLI transduction 
in the molecular layer. Scale bar: 25 μm. b, Representative traces of sIPSCs 
recorded from MLIs expressing either control construct (top) or GFE3 (bottom). 
c, Quantification of sIPSC rates in floccular MLIs transduced with Cre-dependent 
AAVs containing control constructs (GFP or RandE3) versus GFE3 (P < 0.0001; 

two-sided unpaired t-test; >2 mice in each condition). d, sIPSC rates in floccular 
PCs remain unchanged following GFE3-mediated elimination of inhibitory 
transmission onto MLIs (P = 0.9284; two-sided unpaired t-test; data obtained 
from n = 7 and 6 mice, RandE3 and GFE3, respectively), demonstrating 
preservation of MLI-to-PC inhibition while selectively disrupting MLI-to-MLI 
inhibitory signaling. Individual cells shown as gray circles with median ± quartiles 
in black.
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Extended Data Fig. 9 | Preserved gain-decrease learning in GFE3-expressing 
mice and optogenetic rescue paradigm. a, Gain-decrease VOR training was 
accomplished by in-phase visual-vestibular pairing (60 min sessions). b, VOR gain 
measurements showing GFE3-expressing mice acquire gain-decrease adaptation 
comparable to control (RandE3) mice (P = 0.1732; two-sided unpaired t-test). 
c, Comparison of learning deficits in mice expressing GFE3 alone versus GFE3 

with eNpHR3.0, demonstrating equivalent impairment of gain-increase learning 
(P = 0.2936; two-sided unpaired t-test). In plots, dots represent individual animal 
with median ± quartiles in black. d,e, Optogenetic rescue during gain-increase 
training. Schematic showing opposite-direction visual-vestibular pairing with 
bilateral light delivery (d) timed to the peak velocity phase of ipsiversive head 
motion for MLI suppression (e).
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