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Cerebellar Golgi cells (GoCs), segregate parallel fiber (pf), and mossy fiber (mf) inputs on apical and
basal dendrites. Computational modeling predicted that this anatomical arrangement, coupled with a
specific ionic channel localization, could be instrumental to drive STDP at mf-GoC synapses. Here, we
test this hypothesis with GoC patch-clamp recordings in acute mouse cerebellar slices. Repeated mf-
pf pairing on the theta-band within a = 50 ms time window induces anti-symmetric Hebbian-STDP,
with spike-timing long-term potentiation or depression (st-LTP or st-LTD) occurring when action
potentials (APs) elicited by pf stimulation follow or precede the activation of mf synapses, respectively.
Mf-GoC STDP induction requires AP backpropagation from apical to basal dendrites, NMDA receptor
activation at mf-GoC synapses, and intracellular calcium changes. Importantly, STDP is inverted by
inhibitory control. Thus, experimental evidence confirms and extends model predictions suggesting
that GoC STDP can bind molecular layer to granular layer activity, regulating cerebellar computation

and learning.

Several forms of long-term synaptic plasticity have been considered the
major cellular substrate for learning and memory in brain circuits' . In the
cerebellum, the concept of synaptic plasticity was initially associated with
sensorimotor learning through the motor learning theory, which identified
parallel fiber (pf)—Purkinje cell synapses as the plastic site™”. Recently the
role of the cerebellum was extended to emotional and cognitive control®™".
Moreover, long-term synaptic plasticity was shown to occur in more than 15
different forms both in the granular layer, molecular layer, and deep cere-
bellar nuclei’”””. The mechanisms and role of these forms of plasticity
remain largely unsolved in most cases. In the granular layer, which repre-
sents the cerebellum input stage, bidirectional long-term synaptic plasticity
elicited by patterned mossy fiber (mf) stimulation has been shown in
granule cells'* and Golgi cells (GoCs)*. GoCs are the main inhibitory
interneurons of the granular layer***° and are supposed to exert a significant
control over the spatio-temporal transformation of incoming inputs® .
GoCs are interconnected by gap junctions and chemical synapses™, and
form both feedforward and feedback inhibitory loops onto granule cells™.
GoCs receive excitatory inputs from mfs and granule cell ascending axons
on the basolateral dendrites and from pfs on the apical dendrites™**. This
double input enables GoCs to correlate different cerebellar modules along
the pf axis*>’. Fundamental issues that remain unexplored are whether and
how temporal correlated synaptic inputs impinging onto separate dendritic

domains of GoCs could provide the basis for spike-timing dependent
plasticity (STDP). Interestingly, NMDA receptors, which are crucial med-
iators of synaptic plasticity, have been observed at the mf-GoC synapses™.
Moreover, a variety of voltage-gated Na*, Ca**, and K* channels, have been
found in GoC dendrites® and could have a profound impact on dendritic
processing. All these aspects have recently been integrated into a realistic
computational model of the GoC, which predicted the existence of STDP at
mf-GoC synapses under control of action potential (AP) backpropagation
from apical to basal dendrites”. In this work, using GoC whole-cell patch-
clamp recordings in cerebellar slices, we show, for the first time, the existence
of anti-symmetric Hebbian STDP at the mf-GoC synapse induced by
temporal correlated mf-pf inputs. The induction of this STDP is Hebbian,
NMDA receptor-dependent, ms-precise, and related to repeated pairing
cycles on the theta-band. Importantly this STDP is fine-tuned by the inhi-
bitory granular layer circuit. These results support the concept that mf-GoC
STDP could play a crucial role in regulating information flow through the
granular layer under pf control with high temporal precision.

Methods

All animal manipulations and experimental procedures were approved by
the Ethical Committee of the University of Pavia (Italy) and by the Italian
Health Office (authorization n. 628/2017-PR and authorization following
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art. 1, comma 4 of the D. Lgs. N. 26/2014 approved on 09/09/2022) in
accordance with the international guidelines of the European Union
Directive 2010/63/EU.

Animals

Animals were grouped-housed on a 12 h light/dark cycle with constantly
monitored temperature and humidity, and free access to food and water.
Experiments were performed on 16- to 21-day-old (PO =day of birth)
GlyT2-eGFP mice (of either sex) heterozygous for the bacterial artificial
chromosome insertion of eGFP under the control of the glycine transporter
type 2 gene”. GlyT2-eGFP mice were bred on the C57BL/6 genetic back-
ground and maintained as heterozygotes.

Slices preparation and maintenance

GlyT2-eGFP mice were sacrificed by rapid decapitation under deep anes-
thesia with halothane (Sigma-Aldrich) to isolate the cerebellum using a well-
established procedure’™". The dissected cerebellum was then fixed on the
vibroslicer’s stage (Leica VT1200S; Leica Biosystems) with cyano-acrylic
glue and acute slices (220 pm) were cut in the coronal plane in ice-cold
(2-3°C) cutting-solution containing the following (in mM): potassium
gluconate 130, KCI 15, ethylene glycol-bis (-aminoethyl ether) N,N,N’N’-
tetraacetic acid (EGTA) 0.2, N-2-hydroxyethyl piperazine-N-2-ethanesul-
phonicacid (Hepes) 20, glucose 10, pH 7.4 with NaOH* After cutting, slices
were immediately transferred into oxygenated bicarbonate-buffered
(Krebs) solution, containing the following (in mM): NaCl 120, KCl 2,
MgSO, 1.2, NaHCO; 26, KH,PO, 1.2, CaCl, 2, glucose 11 (pH 7.4 when
equilibrated with 95% O,-5% CO,) and incubated in a submerged chamber
at32 °Cfor atleast 1 h. In the recording chamber mounted on the stage of an
upright microscope (Olympus), slices were continuously perfused with
oxygenated Krebs’ solution (1.5 ml/min) maintained at 32 °C through a
Peltier feedback device (TC-324B, Warner Instrument Corp.).

Pharmacology

Unless stated otherwise, inhibitory synaptic transmission was continuously
blocked by bath-applying 1M strychnine hydrochloride (strychnine;
Sigma-Aldrich) and 10 pM SR 95531 (6-imino-3-(4-methoxyphenyl)-
1(6H)-pyridazinebutanoic acid hydrobromide, gabazine; Abcam), a glyci-
nergic receptor antagonist and GABA 4 receptor antagonist, respectively. In
some experiments, 100 uM D-2-amino-5-phosphonovalerate (D-APV;
Abcam) and 50 uM 7-chlorokynurenic acid sodium salt (7-Cl Kyn; Abcam)
were added to the Krebs’ solution to block NMDA receptors. All drugs were
prepared in water and stored at —20 °C, then diluted (1:1000) in external
bath solution when being used.

Whole-cell recordings

Slices were visualized under an upright epifluorescence microscope
(Olympus) equipped with a 40x (numerical aperture NA =0.8) water-
immersion objective (Olympus). Whole-cell patch-clamp recordings were
performed from the soma of visually identified GoCs in lobules VII and
VIIL Patch pipettes (3—-5 MQ) were produced from standard borosilicate
glass capillaries (Sutter Instruments) using a Sutter P-1000 horizontal puller
(Sutter Instrument) and filled with an intracellular solution containing the
following (in mM): potassium gluconate 145, KCl 5, HEPES 10, EGTA 0.2,
MgCl, 4.6, ATP-Na, 4, and GTP-Na, 0.4, adjusted at pH 7.3 with KOH.
Whole-cell patch-clamp recordings were obtained using a Multiclamp 700B
amplifier and pClamp data acquisition software and were sampled at
50 kHz using a Digidata 1440 A interface (Molecular Devices, USA). In a
different series of recordings, EGTA was increased to 10 mM. Signals were
analyzed off-line with pClampl0.7 software (Molecular Devices, USA).
Excitatory post-synaptic currents (EPSCs) were low-pass filtered at
f.=10kHz (—3 dB). Recordings were discarded when the basal current
measured at —70 mV was negative to —150 pA, consistent with previous
works™"’. Series resistance (R,) was constantly monitored throughout the
recording (3.4+0.1 MQ, n=151) and compensated by 10-60%. Only
recordings with stable Ry were accepted (changes <20%). The liquid

junction potential between the bath and pipette solutions was measured
according to*” and was 10 mV. Membrane potential values were stated
without adjustment for liquid junction potentials.

Golgi cell identification

Fluorescent GoCs, which represent 86% of the entire GoC population, were
visually identified"****. It should be noted that other glycinergic inter-
neurons of the granular layer also exhibit GFP-positivity, specifically Lugaro
cells and globular cells™*. To distinguish GoCs from Lugaro cells (globular
cells are considered a subtype of Lugaro cells”****’, a combination of mor-
phological and electrophysiological criteria was used: (1) we targeted GFP-
positive neurons located in the middle of the granular layer (see Supple-
mentary Fig. 1B), as Lugaro cells are typically positioned just beneath
Purkinje cells™"; (2) we selected neurons with rounded and large (>15 um
diameter) soma (see Supplementary Fig. 1B), since Lugaro cells have smaller
soma and exhibit an elongated shape; (3) recorded neurons revealed the
typical membrane capacitance (C,,=49.4+ 1.1 pF, n=151) and input
resistance (R;, = 127.9 = 4.9 MQ), n = 151) of GoCs, which are characterized
by the largest soma, axonal plexus, and dendritic tree among granular
layer neurons™**; (4) recorded neurons showed spontaneous firing
(6.2 £ 0.9 Hz, n = 32, N = 27) and sagging inward rectification in response to
hyperpolarizing current steps (see Supplementary Fig. 1C), typical of
GoCs". Finally, several neurons were filled with 50 uM Alexa Fluor 594 and
morphologically identified revealing the typical GoC morphology (see
Supplementary Fig. 1B).

Stimulation
Mfs and pfs were stimulated using two glass monopolar electrodes
(1-2 MQ, 3-10 pm diameter) filled with Krebs’ solution and positioned in
the white matter and molecular layer, respectively (see Supplemen-
tary Fig. 1A).

EPSCs were evoked at —70 mV before and after inducing STDP, sti-
mulating for either ten (control condition) or 30 min (post- STDP induction
condition) the mf bundle with 200 ps-square voltage steps applied at 0.1 Hz
(test frequency) using a stimulus isolator system. Based on previous
works™", GoC evoked EPSCs can show either a short latency response (one
peak per stimulus) or a mix of short- and long-latency responses (multiple
peaks per stimulus). Indeed, a pipette positioned in the mf bundle, not only
activates GoC basal dendrites through a monosynaptic pathway (mf —
GoC) but also granule cell dendrites inside the glomerulus. Granule cell
dendrites, in turn, make synaptic contacts with GoC apical dendrites via
their axonal projections, thereby generating a disynaptic pathway (mf —
granule cell — GoC). Here, 76 out of 151 recorded GoCs show purely short-
latency responses (time to peak = 1.8 + 0.03 ms), while 75 out of 151 show a
mix of short- and long-latency responses (59 out of 75: time to second
peak=4.2+0.08 ms; 16 out of 75: time to third peak=6.5+ 0.5 ms).
Interestingly, a higher occurrence of purely short-latency responses was
observed in the coronal plane (50.3%) compared to our previous work
(17.6%) conducted in the sagittal orientation”. This could potentially be
attributed to the observation that GoC apical dendrites appear to be con-
strained within a specific cerebellar stripe in the coronal plane™, in contrast
to the sagittal plane, where they extend longitudinally for up to 300 um™.

In a set of experiments, to evaluate the mechanism of STDP expression,
EPSCs were evoked through paired-pulse stimulation of the mf bundle.
Precisely, two stimuli were delivered 20 ms apart and repeated every 5s
(0.2Hz) for either 10 min (control condition) or 30 min (post-STDP
induction condition).

STDP induction protocol

STDP was induced from a holding potential (V},iq) of about —60 mV by
pairing mf-pf stimulations 60 times at 1, 4, 6, or 10 Hz with a fixed time
difference (At = +10, £25, 50 or +100 ms; see Supplementary Table 1). At
was defined as the time difference between the onset of the mf-EPSP
(excitatory postsynaptic potential evoked stimulating mfs) and the peak of
the pf-AP (action potential evoked stimulating pfs). According to canonical
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pair-based STDP rules, a negative spike-timing interval was considered
when mf-EPSP arrived after pf-AP (pf-AP — mf-EPSP), while a positive
spike-timing interval was considered when mf-EPSP arrived before pf-AP
(mf-EPSP — pf-AP).

To determine whether STDP depends on the APs elicited by pf sti-
mulation, three distinct sets of experiments were conducted in which pf
activation was replaced by alternative conditions. First, the pf stimulus was
replaced with a mf stimulus to induce STDP while selectively activating
basal dendrites. To ensure appropriate pairing during STDP induction, two
spatially distinct stimuli were applied to the mfs: one designed to elicit APs
(mf-AP) and the other to evoke only EPSP (mf-EPSP). Second, somatic AP
generation was mimicked by injecting a depolarizing current into the soma
of GoCs either before or after mf stimulation (GoC-AP — mf-EPSP or mf-
EPSP — GoC-AP). Lastly, a subthreshold pf stimulation was delivered both
before and after mf activation (pf-EPSC — mf-EPSP or mf-EPSP —
pf-EPSC).

EPSC analysis

All EPSCs were digitally filtered at 1.5 kHz and analyzed off-line using
pClamp10.7 (Molecular devices, USA). Consistent with previous works™>,
short-latency responses were considered when the time to peak was minor
to 2.0 ms. EPSC amplitude was measured as the difference between EPSC
peak and the current level just before stimulation. Long-term synaptic
efficacy changes (percent change, %change) were measured after 30 min. A
10 min period was used to evaluate mean EPSC amplitude (control con-

dition). Data are reported as mean + SEM (n = X cells, N = Y animals).

Statistics and reproducibility

Data normality was assessed using the Shapiro-Wilk test. Statistical sig-
nificance was determined using either a Student’s t test or one-way
ANOVA, followed by Tukey’s post hoc test where appropriate. All analyses
were two-sided, with a significance level of « = 0.05.

For each experimental series, a retrospective power and sample size
(PSS) analysis was performed with a power of 0.9, confirming that the
reported sample size was adequate to accurately detect the effects of interest.
All statistical analyses were conducted using OriginPro 8.

PPR and CV analysis

To investigate the expression mechanism of STDP, the analysis of both
paired-pulse ratio (PPR) and coefficient of variation (CV) was performed by
measuring the mean and standard deviation (SD) of EPSC amplitude™". All
measurements were performed over n = 60 contiguous EPSCs minimizing
errors introduced by small samples. The PPR was measured as the ratio of
the amplitude of the second EPSC (EPSC,) to the amplitude of the first
EPSC (EPSC;) in a pair of stimuli, PPR = EPSC,/EPSC;, whereas the CV of
EPSCs was measured as SD divided by the mean amplitude of EPSCS (M),
CV =SD/M.

Post hoc visualization of Alexa Fluor 594-filled Golgi cells

In some experiments, recorded GoCs were filled with 50 uM Alexa Fluor 594
and identified by immunocytochemistry. After recording, the cerebellar
slices were fixed in PBS containing 4% paraformaldehyde for 30 min and
then washed for at least 20 min with PBS. The slices were then stained with
DAPI (ref. R37606, Invitrogen) and mounted in Fluoromount-G (ref
00-4958, Invitrogen). Images were captured using Leica TCS SP8 STED 3X
confocal microscope (Centro Grandi Strumenti, University of Pavia). Z-
stack images were acquired for Golgi cell visualization and morphological
reconstruction and then analyzed with the LASX software.

Golgi multicompartmental model

A multi-compartmental GoC model was built to reproduce intrinsic and
synaptic responses’® and was extended with a plasticity mechanism based on
calcium dynamics™ that was parameterized as reported previously>’. GoCs
have active basal and apical dendrites that express Ca*", Na', and K"
channels. To isolate calcium entry specifically generated by NMDA

receptors, these receptors were confined to “spine-like” micro-domains
measuring 2.5 pm length and 0.58 pm width. The dimension of this “spine-
like” structure was estimated based on the average dimensions of the
terminal dendrites in the model morphology. Except for AMPA and
NMDA receptors and leakage channels, no other ionic channels are present
in these micro-domains. The AMPA receptor was modified to exhibit the
same paired-pulse facilitation observed at mf-GoC synapses. Additionally,
calcium pump kinetics were accelerated fourfold compared to the control
condition to modulate calcium concentration in the micro-domain.
Shouval-Bear equations (see Supplementary Material) generated a value
(ranging from 0 to 1) based on the micro-domain calcium concentration.
This value was then used to modify the current generated by AMPA
receptors located on basal dendrites™.

Gampa = ey T (400pS (2% (W — 1)) * Q10 % O

The parameters used in the equations are as follows: Gappa is the
AMPA conductance, with g, representing the initial conductance of
1200 pS; w is the value calculated using Shouval-Bear equations (see Sup-
plementary Material), Q10 is the temperature coefficient, and O denotes the
open state. The same equation was also applied to the NMDA receptor.

The Shouval-Bear equations were originally tested with fixed calcium
concentration, so the value of w cannot be maintained during the induction
of either LTD or LTP. As w fluctuates in response to changes in calcium
concentration, and since the difference in calcium levels between LTD and
LTP is minimal, a threshold was introduced below which w remains at the
LTD level. If the calcium concentration exceeds this threshold, an increased
calcium flow is triggered through the NMDA channel. This approach
accounts for calcium-induced calcium release from intracellular stores,
which are not explicitly modeled.

Simulations were performed with 30 pf synapses randomly dis-
tributed on the apical dendrites and 20 mf synapses randomly distributed
on the basal dendrites. The induction protocol was like the experimental
one: mf-pf pairing was performed in current-clamp mode with a At of
+25 ms, and the stimulations were repeated 60 times at 4 Hz. EPSCs were
recorded in voltage-clamp at —70 mV, with six synaptic stimuli delivered
at 0.3 Hz before and after the induction protocol. Additionally, according
to our experimental results, a PPR value of 1.5 was incorporated into the
model. The model was written in Python 3 and NEURON 8. Calcium
concentration, AMPA and NMDA currents, and the value of w were
recorded in HDF5 files, which were later analyzed using a custom Python
script.

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

Results

Whole-cell patch-clamp recordings were performed from Golgi cells in
acute cerebellar slices of juvenile GlyT2-eGFP mice (P16-P21) using sti-
mulation protocols designed to determine the presence of STDP.

STDP at mossy fiber-Golgi cell synapses is governed by phase
differences between mossy and parallel fiber inputs

Following the prediction of a detailed GoC model®, electrophysiological
recordings were designed to deliver pf-AP — mf-EPSP or mf-EPSP — pf-
AP pairings repeated 60 times at 4 Hz using At = +10, + 25, 50 or £100 ms
(Fig. 1). pf-AP — mf-EPSP pairing at At=—10 and —25 ms induced sig-
nificant st-LTD (At=—10ms: —34.2 *11.4%, n=6, N=4, Student’s
paired t test, p = 0.049; At = —25ms: —33.6 +4.7%, n =6, N=>5, Student’s
paired ¢ test, p=0.006; Fig. 1A, B), while mf-EPSP — pf-AP pairing at
At=+10 and +25ms induced significant st-LTP (At=+10ms:
254+53%, n=6, N=4, Student’s paired t test p=0.03; At=+25ms:
27.1+7.5%, n =6, N=6, Student’s paired ¢ test, p = 0.01; Fig. 1A, B). In all
cases, st-LTD and st-LTP persisted nearly unchanged for the entire duration

Communications Biology | (2025)8:731


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08153-1

Article

apical ®
dendrites/

aa At=-100 ms At =-50 ms At=-25ms At=-10ms
! basal 7 b [ 500 pA
i dendrites
Sms
At=+100 ms At =+50 ms At=+25ms At=+10 ms

GrC

100

N
o
1

% EPSC change
S
1

&
<3
1

1

-100-

|

|

|

|

|

|

i

0 1 20 30
T Time (min)

Fig. 1 | Experimental evidence of STDP at the mf-GoC synapse. A Left, enlarge-
ment of the GoC microcircuit, illustrating the afferent excitatory inputs from pfs/aas
and mfs onto apical and basal dendrites, respectively, and the process of dendritic
integration revealed by the previous modeling work™. The illustration has been
created with CoreIDRAW 2019. Right, EPSCs (average of 30 individual sweeps)
evoked by mf stimulation before (con-, gray traces) and 30 min after (ind-, black
traces) STDP induction, with different pairing time windows (At = +10, + 25, 50 or
+100 ms). B Left, plot shows the time course of EPSC amplitude changes (expressed
as the percent change of EPSC amplitude with respect to baseline) for each At. The
plot shows the time course of average EPSC changes (large dots), with individual
recordings overlaid (small dots) per At (At=—10ms: n=6, N=4, p = 0.049; At =

O At=-100 ms
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—25ms:n=6,N=5,;At=+10ms:n=6,N=4,p=0.03; At=425ms:;,n=6, N=6,
p=001;At=—-50ms:;, n=4, N=4,p =034 At = —100ms: n =3, N=3, p=0.44;
At=+50ms: n=6, N=6, p =0.92; At=+4100ms:;, n=3, N=3, p=0.13; mean +
SEM; Student’s paired t test; some standard errors are small and fall inside the dots).
The arrow indicates the STDP induction time (pf-AP — mf-EPSP or mf-EPSP —
pf-AP pairing, 60 times at 4 Hz). Right, STDP timing curve showing EPSC amplitude
changes in individual recordings 30 min after induction (small dots), and average
EPSC changes (large dots). Bars indicate mean + SEM (some standard errors are
small and fall inside the dots). Note that mf-GoC STDP is Hebbian and anti-
symmetric.

of recordings (Fig. 1A, B). Therefore, consistent with anti-symmetric
Hebbian STDP*, this plasticity at mf-GoC synapses is anti-symmetric
and order-dependent. This STDP also shows precise time windows for st-
LTP and st-LTD. In fact, either st-LTD or st-LTP vanished with At > +50 ms
(At=—50ms: —3.5+5.4%, n=4, N=4, Student’s paired t test, p = 0.34;
At=—100ms: —2.2 +3.9%, n=3, N =3, Student’s paired ¢ test, p = 0.44;
At=+50ms: 1.3 +7.7%, n=6, N=6, Student’s paired ¢ test, p=0.92;
At=+100ms: —13.7 +3.5%, n =3, N=3, Student’s paired ¢ test, p = 0.13;
Fig. 1A,B). The phase-plot shows similar but opposite changes in EPSC
amplitude for each + At pairing uncovering the anti-symmetric nature of
mf-GoC STDP (Fig. 1B)*""**. Unless otherwise indicated, the data reported
below refer to st-LTP at At = +25 msand st-LTD at At = —25 (i.e., where the

STDP changes were the largest). Collectively, the temporal order and the
phase difference between mf and pf inputs emerged as the two critical
determinants governing the sign and magnitude of mf-GoC plasticity
configuring a form of anti-symmetric Hebbian STDP.

The GoC model” was implemented using the Shouval-Bear
equations” to simulate STDP pairing pf-EPSP — mf-EPSP or
mf-EPSP — pf-EPSP with At =+ 25 ms repeated 60 times at 4 Hz. These
simulations showed that pf-AP — mf-EPSP induced st-LTD
(—16.9 £4.1%, n =20 synapses, Student’s paired ¢ test p=0.007), while
mf-EPSP — pf-AP induced st-LTP (15.8 + 4.4%, n = 20 synapses, Student’s
paired t test p = 6 x 10~°) confirming that mf-GoC synapses indeed support
STDP (Fig 2A, B).

Communications Biology | (2025)8:731


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08153-1

Article

Fig. 2 | Model simulations of STDP at the mf-GoC
synapse. A Model simulations of STDP. Top
traces show membrane potential changes
recorded from the GoC soma during pf-AP

— mf-EPSP and mf-EPSP — pf-AP pairings
(At=—25ms: n=20 synapses, p=0.007; At=

+ 25ms: n=20 synapses, p=6x 10~°; Student’s
paired ftest). The lower panels show the AMPA
EPSCs and [Ca’']; changes caused by the NMDA
current in basal dendrite during STDP induction
(60 times at 4 Hz). B Simulated GoC membrane

potential changes during STDP induction shown At=-25ms At=+25ms

in false colors (bottom scale is —80 mV, top

scale +-40 mV). The two pictures show model x60@4Hz x60@4Hz

simulations with pf-AP — mf-EPSP and mf-

EPSP — pf-AP pairing at At=+25ms. The |2_pM

STDP expression is indicated for all the synapses il 5s

activated in the simulation (filled circles, st-LTP; 8

open circles st-LTD). =
3
% 15 pA
T S5s
X st-LTD
= -1 1 -} ------ control
= st-LTP

At=-25ms At =+25ms

STDP requires the action potential elicited by parallel fiber
stimulation

The backpropagation of APs from axonal initial segment (AIS) to dendrites
generates the associative signal critical for inducing modifications at active
synapses”**®. Based on our GoC model™, synaptic activation of GoC apical
dendrites by pfs can trigger AP generation at the AIS, followed by a rapid
backpropagation into basal dendrites, providing the associative signal for
STDP induction. To test this hypothesis, we performed three different sets of
experiments (Fig. 3).

First, we replaced the pf stimulus with a mf stimulus to induce STDP
thereby activating only basal dendrites (Fig. 3A). We applied two spatially
distinct stimuli to the mfs: one to elicit APs and the other to evoke only
EPSPs, providing the pairing needed for STDP induction. Both mf-AP —
mf-EPSP and mf-EPSP — mf-AP pairing induced LTD (mf-AP — mf-
EPSP: —243+51%, n=5 N=4, Student’s paired t test p=0.03;

mf-EPSP — mf-AP: —23.9+74%, n=5 N=5, Student’s paired t test
p=0.03). These results indicate that activating basal dendrites alone is
insufficient to induce anti-symmetric Hebbian STDP, suggesting distinct
roles for apical and basal inputs in GoC synaptic integration, likely driven by
the differential expression of Ca** channels and Ca’-dependent K* channels
across the two dendritic compartments™**** (see also Supplementary Fig. 2).

Moreover, we mimicked the depolarization caused by the AP by
injecting a positive current into the soma of GoCs, either before or after mf
stimulation (Fig. 3B). Surprisingly, both GoC-AP — mf-EPSP and mf-
EPSP — GoC-AP pairing failed to induce STDP (GoC-AP — mf-EPSP:
4.8 £4.2%, n=5, N=4, Student’s paired t test p = 0.29; mf-EPSP — GoC-
AP: —4.5+7.7%, n=>5, N =5, Student’s paired t test p = 0.69). These find-
ings confirm that STDP is not solely dependent on the temporal correlation
of AP-EPSP pairing but also on the specific GoC compartment where APs
are generated.
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Fig. 4 | STDP depends on postsynaptic [Ca>*]; changes and NMDA receptor
activation. Left, EPSCs (average of 30 sweeps) evoked by mf stimulation are shown
before (con-, gray traces) and 30 min after (ind-, black traces) STDP induction. The plots
show the time course of average EPSC changes (large dots), with individual recordings
overlaid (small dots). The arrows indicate the STDP induction time. Orange and purple
dashed lines are replotted from Fig. 1B. Right, bar graphs show the average EPSC

changes for At=—25 ms (orange) and At =+-25ms (purple). A STDP induction with
10 mM EGTA in the intracellular solution (black bar; pf-AP — mf-EPSP: n=5, N=5,
p =0.44; mf-EPSP — pf-AP: n =5, N=4, p=0.57. B STDP induction during bath-
application of NMDAR antagonists, APV and 7-Cl-Kyn (black bar; pf-AP — mf-EPSP:
n=>5, N=4, p=0.23; mf-EPSP — pf-AP: n=5, N=5, p=0.24). Mean + SEM; Stu-
dent’s paired t test; some standard errors are small and fall inside the dots.

Finally, to demonstrate the requirements of pf-evoked APs in the
STDP induction, we elicited only a limited number of pf-APs (<10 APs in 60
impulses) with pf-EPSP — mf-EPSP or mf-EPSP — pf-EPSP pairings
(Fig. 3C). In this set of experiments, neither st-LTD (pf-EPSP — mf-EPSP:
—2.7+4.6%, n=6, N=5, Student’s paired ¢ test p=0.72) nor st-LTP
(mf-EPSP — pf-EPSP: —1.5+4.4%, n=5, N=5, Student’s paired f test
p =0.54) were induced. This indicates that APs are required and that pre-
synaptic activation of basal dendrites via mf stimulation paired with sub-
threshold pf stimulation is insufficient to trigger STDP. Notably, the APs
triggered by the EPSCs elicited by mf stimulation did not cause any dif-
ferences in the magnitude of both st-LTP (0-10 mf APs: 11.1 £9.1%,n =7,
N=6vs. 11-60 mf APs: 19.4 + 7.3%, n = 4; N = 4 Student’s unpaired ¢ test,
p=0.55)and st-LTD (0-10 mf APs: —22.4 £ 8.2%, n =6, N=5vs. 11-60 mf
APs: —15.1 £9.7%, n =5; N=5 Student’s unpaired ¢ test, p = 0.58; see also
Supplementary Fig. 3).

In aggregate, these findings demonstrate that only APs elicited by pf
stimulation serve as the necessary associative signals for the induction of
STDP at active mf-GoC synapses.

STDP requires postsynaptic calcium changes

To assess the STDP dependence on postsynaptic intracellular calcium
([Ca™];) changes, we increased the calcium buffering capacity of the
intracellular solution (EGTA, 10 mM). Following the establishment of the
whole-cell configuration, we allowed for a waiting period of approximately
15 min to ensure the effective perfusion of EGTA into the dendritic com-
partment before applying the STDP induction protocol. The presence of
10 mM EGTA in the pipette intracellular solution prevented both st-LTD

(—6.1+7.6%, n=5, N=5, Student’s paired ¢ test, p=0.44) and st-LTP
(—6.9 +£5.9%, n =5, N =4, Student’s paired t test, p = 0.57; Fig. 4A). These
results indicate that mf-GoC STDP requires a postsynaptic calcium change
for its induction, like other types of LTD and LTP observed at synapses in
the central nervous system'**' ">,

STDP requires NMDA receptor activation

The NMDA receptor is a molecular coincidence detector of pre- and
postsynaptic activity that requires two simultaneous conditions for its
activation: glutamate binding and membrane depolarization. NMDA
receptors are critical for the induction of long-term synaptic plasticity at
several central synapses®***"***7! n cerebellar GoC, NMDA receptors are
selectively located at mf-GoC postsynaptic sites”, making basal dendrites
suitable for NMDA-driven synaptic plasticity’>”. To test whether NMDA
receptor activation is required for mf-GoC STDP, NMDA receptor
antagonists, D-APV (100 uM) and 7-Cl Kyn (50 uM), were added to the
extracellular Krebs’ solution (Fig. 4B). Bath application of these drugs
prevented the induction of both st-LTD (—4.7 +3.1%, n=5, N=4, Stu-
dent’s paired ¢ test, p=0.23;) and st-LTP (—4.9+2.7%, n=5, N=5, Stu-
dent’s paired f test, p = 0.24). These results demonstrate that mf-GoC STDP
consists of NMDA receptor-dependent st-LTP and NMDA receptor-
dependent st-LTD, as it occurs at other synapses™™*">",

STDP is shaped by the degree of NMDA receptor-driven mem-
brane depolarization

According to model predictions™, when pf-AP precedes the mf-EPSP, the
latter aligns with the afterhyperpolarization (AHP) phase of the
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Fig. 5 | STDP is determined by the degree of NMDA receptor-driven membrane
depolarization. A Sample traces (average of 60 sweeps) elicited during STDP
induction showing AUC measured in response to mf-EPSP — pf-AP (purple) or pf-
AP — mf-EPSP (orange) pairing. A similar experiment was repeated in the presence
of NMDA receptor antagonists APV and 7-Cl-Kyn. The bar graphs show the average
AUC value changes for At = —25 ms (orange) and At =425 ms (purple) in control
and with NMDA receptor antagonists (pf-AP — mf-EPSP: n=5, N=5,vs., n =11,
N =10, p=0.013; mf-EPSP — pf-AP: n=5, N=4, vs. n=11, N=10, p = 0.0005).
B The plot shows the correlation between EPSC amplitude changes and the

corresponding AUC value for each GoC recorded at At = —25 ms (large orange dots)
and At = +25 ms (large purple dots), with individual recordings overlaid (small
dots). Dotted line represents the linear fit to data points (Adj R*=0.44, n =22,
N=20, p=4.66%10"). C Sample traces obtained as the difference between those
measured in control condition and those obtained with NMDA receptor antagonists
for At=—25 ms (orange) and At = +25 ms (purple). The bar graph shows a sig-
nificantly smaller AUCNMpa at At = —25 ms (orange) than at At = +25 ms (purple;
n=>5N=5,vs.n=5 N="5, p=0.008). **, p < 0.01, ***, p <0.001; Student’s
unpaired t test.

backpropagating pf-AP, causing small membrane depolarization. In this
scenario, NMDA channels unblock partially, resulting in limited Ca** influx
inducing st-LTD. Conversely, when pf-AP follows the mf-EPSP, the latter
intercepts the backpropagating pf-AP causing high membrane depolar-
ization, facilitating NMDA channel opening and causing a large Ca*" influx
inducing st-LTP*. To investigate the STDP induction process, we measured
the area under the curve (AUC, mV*ms) of traces recorded during the
STDP induction (Fig. 5A). This analysis revealed significantly smaller
AUCs when pairing pf-AP — mf-EPSP compared to those obtained
when pairing mf-EPSP — pf-AP (1534 + 14.7 mV*ms, n =11, N= 10, vs.
291.0 £ 325 mV*ms, n =11, N= 10, Student’s unpaired ¢ test, p =0.001).
Moreover, AUC values exhibited a positive linear correlation with changes
in EPSC, specifically small AUC values corresponded to negative EPSC
changes while high AUC values corresponded to positive EPSC changes
(R*=0.44, n =22, N=20, p=4.6*10"%; Fig. 5B). These findings imply that
during pf-AP — mf-EPSP pairings a weaker membrane depolarization
leads to st-LTD, while during mf-EPSP — pf-AP pairings a strong mem-
brane depolarization leads to st-LTP**”".

Subsequently, we measured the AUC in those experiments where
STDP stimulation protocol was delivered in the presence of NMDA
receptor antagonists (Fig. 5A). When bath-applying NMDA receptor
antagonists, a significant decrease in the AUC was observed for both pf-AP
— mf-EPSP (51.5+194mV*ms, n=5, N=5, vs. 153.4+ 147 mV*ms,
n =11, N=10, Student’s unpaired ¢ test, p = 0.013) and mf-EPSP — pf-AP
pairings (58.5 £ 28.3 mV*ms, n=5, N=4,vs.290.9 £ 325 mV*ms, n =11,
N=10, Student’s unpaired ¢ test, p=0.0005). Notably, under NMDA
receptor antagonists, these reduced membrane depolarizations were not

associated with any plastic changes, reflecting the properties of NMDA
receptors, which provide calcium to trigger both st-LTP and st-LTD.

The involvement of NMDA receptors during STDP induction was
evaluated by delivering the stimulation protocol before and after applying
NMDA receptor antagonists (D-APV, 100 uM, and 7-Cl Kyn, 50 uM)
and then subtracting AUCs obtained in control condition from those
obtained after the NMDA receptor blockade in order to isolate mem-
brane potential changes solely attributable to NMDA receptor activation
(Fig. 5C). We found a significantly smaller AUC\ypa for pf-AP — mf-
EPSP than for mf-EPSP — pf-AP pairing (22.0+8.6 mV*ms, n=>5,
N=5 vs 928+185mV*ms, n=5 N=5, Student’s unpaired
t test, p =0.008).

In summary, our findings indicate that mf-GoC plasticity depends on
dynamic NMDA receptor unblocking during pairing, and the transition
between st-LTD and st-LTP critically be contingent to the degree of
membrane depolarization, which, in turn, is correlated with the extent of
NMDA receptor activation.

STDP is shaped by inhibition

Inhibitory signaling is known to constrain the time window within which
synaptic inputs can summate and reach the AP threshold’®”. Since the
induction of GoC st-LTD and st-LTP depends on the precise timing of pf-
AP relative to mf-EPSP, inhibitory circuits may play a key role in affecting
STDP. In a set of experiments, both GABA 4 and glycine receptor antago-
nists were omitted from the extracellular Krebs™ solution (Fig. 6). Under
these conditions, STDP was inverted, so that st-LTD occurred with mf-
EPSP — pf-AP pairing (— 28.1 +2.8%, n =5, N =5, Student’s paired ¢ test,
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Fig. 6 | The polarity of STDP is shaped by inhibition. Left, EPSCs (average of 30
sweeps) evoked by mf stimulation are shown before (con-, gray traces) and 30 min
after (ind-, black traces) STDP induction while omitting gabazine and strychnine
from the extracellular solution. The plot shows the time course of average EPSC
changes (large dots), with individual recordings overlaid (small dots; (mf-EPSP —

pf-AP: n=5, N=5, p=0.006; pf-AP — mf-EPSPP: n =5, N =5, p=0.002; mean +
SEM; Student’s paired ¢ test; some standard errors are small and fall inside the dots).
The arrow indicates the STDP induction time. Orange and purple dashed lines are
replotted from Fig. 1B. Right, bar graphs show the average EPSC changes for At =
—25 ms (orange) and At =425 ms (purple).

p=0.006), whereas st-LTP occurred with pf-AP — mf-EPSP pairing
(21.0 £3.3%, n =5, N=5, Student’s paired ¢ test, p = 0.002).

These results indicate that inhibitory signals can exert a dramatic effect
on mf-GoC STDP timing-rules, similar to what has been reported at cere-
bellar inputs™ and neocortical synapses***". In the continuation of the work,
only experiments in the presence of gabazine and strychnine have been
performed.

STDP is confined to the theta band

STDP critically depends on temporal relationships occurring within a
specific range of spiking frequencies™*. To better characterize this phe-
nomenon, it is essential to explore the optimal input frequency range that
facilitates its induction. We therefore applied pf-AP — mf-EPSP or mf-
EPSP — pf-AP pairings repeated at 1, 6, and 10 Hz. It is worth noting that,
assessing STDP at 20 Hz, would cause aliasing (i.e., the “aliasing” frequency
at which the positive and negative phase coincide). As previously described,
STDP was induced at a pairing frequency of 4 Hz (pf-AP — mf-EPSP:
—33.6 +4.7%,n =6, N = 6, Student’s paired t test, p = 0.006; mf-EPSP — pf-
AP:27.1 +7.4%,n=6,N =5, Student’s paired  test, p = 0.01). To investigate
whether STDP is specifically tuned on the theta-band, we repeated the
induction protocol at 6 Hz (Fig. 7A). Consistent with findings at mf-granule
cell synapses™ (see also Supplementary Fig. 4), pf-AP — mf-EPSP pairings
at 6 Hz induced st-LTD (-27.5 + 3.0%, n =5, N=5, Student’s paired ¢ test,
p=0.006), whereas mf-EPSP — pf-AP pairings at 6 Hz induced st-LTP
(19.3 £4.0%, n =5, N =4, Student’s paired ¢ test, p = 0.02). The magnitude
of these effects was comparable to those observed at 4 Hz (st-LTD: 4 Hz vs.
6 Hz, Student’s unpaired ¢ test, p =0.33; st-LTP: 4 Hz vs. 6 Hz, Student’s
unpaired f test, p = 0.40).

Remarkably, at either 1Hz (pf-AP — mf-EPSP: 2.3 +5.6%, n=>5,
N=5, Student’s paired ¢ test, p=0.42; mf-EPSP — pf-AP: —3.2 + 5.4%,
n=>5, N=5, Student’s paired ¢ test, p = 0.63) or 10 Hz (pf-AP — mf-EPSP:
—5.6 + 3.0%, n=5, N=>5, Student’s paired ¢ test, p = 0.16; mf-EPSP — pf-
AP: 0.5+5.8%, n=5, N=5, Student’s paired ¢ test, p=0.97) STDP dis-
appeared (Fig. 7B, C).

These findings indicate that mf-GoC STDP occurs within a specificand
restricted frequency range, supporting its role in confining synaptic mod-
ifications to the theta-band (4-8 Hz; Fig. 7D).

STDP expression is postsynaptic

To investigate the locus of STDP expression, EPSCs were evoked using
paired pulse (PP) stimulation (interstimulus interval of 20 ms) of the mf
bundle at 0.2 Hz for 10 min in control and 30 min after STDP induction
(Fig. 8A). In these experiments, the magnitude of both st-LTD and st-LTP

was consistent with our previous results using single-pulse (SP) stimulation
(SP, st-LTD: —33.6 £4.7%, n=6, N=6, vs. PP, st-LTD: —34.5+7.6%,
n=>5, N=5, Student’s unpaired ¢t test, p =0.91; SP, st-LTP: 27.1 +7.4%,
n=6, N=5,vs. PP, st-LTP: 21.7 £ 5.5%, n = 5, N = 4, Student’s unpaired ¢
test, p = 0.58). The PPR and the CV of EPSCs were analyzed (see Methods
for details). PPR is considered to reflect changes in the probability of
transmitter release in response to a couple of stimuli®, while CV provides
information about the probability of quantal transmitter release upon
repeated stimulation®**. However, it is important to note that CV analysis
relies on several underlying assumptions, including binomial vesicle release
and a purely monosynaptic connection®*”’. In our experimental config-
uration, some of these assumptions—particularly the variability in the
number of mfs recruited by the stimulating electrode—may be partially
violated. Therefore, the interpretation of CV changes should be viewed as
supportive but not definitive evidence regarding the locus of STDP
expression.

After the induction of st-LTD and st-LTP, the PPR did not show
significant changes (Fig. 8B; st-LTD: —3.8 £ 10.3%, n =5, N =5, Student’s
paired ¢ test, p = 0.59; st-LTP: —2.3 + 8.1%, n =5, N=4 Student’s paired ¢
test, p = 0.52). Then we examined changes in the CV of EPSCs following the
STDP induction. No significant changes in CV were observed either in st-
LTD or st-LTP (Fig. 8B; st-LTD: 2[-]1 £ 0.8%, n = 5, N = 5, Student’s paired ¢
test, p=0.85; st-LTP: —5.9+7.8%, n=>5, N=4, Student’s paired t test,
p =0.55). The absence of changes in CV and PPRafter the induction of long-
term synaptic plasticity suggests a change in quantum size’"*** and thereby
a postsynaptic expression mechanism for mf-GoC STDP.

Discussion
In this work we report the first evidence for STDP at the cerebellar mf-GoC
synapse, a form of plasticity that was recently predicted by computational
modeling™. According to the Hebbian principle of coincidence detection
between presynaptic and postsynaptic activity, mf-GoC STDP consisted
anti-symmetric st-LTP and st-LTD that were induced by repeated mf-pf
pairing within a + 50 ms time window. The phase difference between mf-
EPSPs and APs elicited by pf activity determined the direction and mag-
nitude of mf-GoC STDP. The induction process required repeated stimu-
lation cycles at 4 Hz along with NMDAR activation and cytoplasmic
calcium concentration changes. Beside similarities with the general
mechanisms observed at synapses of neocortex, hippocampus, striatum,
and cerebellum™**"*”, mf-GoC STDP shows peculiarities related to the
specific cellular and circuit organization and function.

GoCs have a distinct dendritic architecture, with basal dendrites con-
fined into the granular layer receiving excitatory input from mfs and
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Fig. 7 | STDP depends on the pairing frequency. Left, EPSCs (average of 30 sweeps)
evoked by mf stimulation are shown before (con-, gray traces) and 30 min after (ind-,
black traces) STDP induction at 6, 1 or 10 Hz. The plots show the time course of
average EPSC changes (large dots), with individual recordings overlaid (small dots).
The arrows indicate the STDP induction time. Orange and purple dashed lines are
replotted from Fig. 1B. Right, bar graphs show the average EPSC changes for At =
—25ms (orange) and At = 425 ms (purple). A STDP induction at 6 Hz (pf-AP —

mf-EPSP: n =5, N =5, p = 0.006; mf-EPSP — pf-AP: n =5, N=4, p=0.02). BSTDP
induction at 1 Hz (pf-AP — mf-EPSP: n =5, N =5, p = 0.42; mf-EPSP — pf-AP:
n=5,N=5,p=0.63). CSTDP induction at 10 Hz (pf-AP — mf-EPSP: n =5, N=5,
p=0.16; mf-EPSP — pf-AP: n =5, N =5, p=0.97). D STDP frequency curve shows
EPSC amplitude changes in individual recordings 30 min after induction (small
dots), and average EPSC changes (large dots). Mean + SEM; Student’s paired ¢ test;
some standard errors are small and fall inside the dots.
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Fig. 8 | CV and PPR analysis during STDP expression. A Individual EPSCs (60
sweeps) evoked by PP stimulation of mf before (con) and 30 min after (ind) STDP
induction are shown superimposed (thin traces) along with their respective averages
(thick traces). The plots show the time course of average EPSC changes (large dots),
with individual recordings overlaid (small dots). The arrows indicate the STDP
induction time. Note that the magnitude of both st-LTD (orange dots) and st-LTP
(purple dots) was similar to that obtained with SP stimulation (orange and purple
dashed lines, replotted from Fig. 1B; SP, st-LTD: n =6, N=6, vs. PP, st-LTD: n =5,
N=5,p=0.91;SP, st-LTP: n=6, N=5, vs. PP, st-LTP: n=5, N=4, p=0.58;

mean = SEM; Student’s unpaired ¢-test; some standard errors are small and fall
inside the dots). B Time course of PPR and CV changes after STDP induction (large
dots), with individual recordings overlaid (small dots; PPR, st-LTD: n=5, N=5,
p=0.59; PPR st-LTP: n =5, N=4, p=0.52; CV, st-LTD: n=5, N=5, p=0.85 CV,
st-LTP: n =5, N=4, p =0.55; mean + SEM; Student’s paired ¢ test; some standard
errors are small and fall inside the dots). The arrows indicate the STDP induction
time. Right, bar graphs show the average PPR and CV changes for At = —25 ms
(orange) and At = +25 ms (purple).

ascending granule cell axons, and apical dendrites extending into the
molecular layer, where they are excited by pfs”. This organization suggests
that synapses onto different dendritic regions convey distinct types of
information, which might be integrated in different ways. Consistent with
this idea basal synapses could operate by direct depolarization of the somatic
compartment, while integration of apical synaptic inputs is thought to occur
through generation of dendritic spikes. Several studies have emphasized the
importance of dendritic synapse location for STDP induction in cortical
pyramidal cells®”’*'**"*". Remarkably, this work is the first to demonstrate
this principle in cerebellar neurons. We found that pairings of EPSPs and
APs evoked by stimulating mfs did not yield anti-symmetric Hebbian
STDP, leading to LTD instead as the sole expression of plasticity. Similarly,
when APs were directly generated at the soma by injecting a positive current,
plasticity did not occur. Thus, the emerging picture is that synaptic location
has a profound impact on learning rules during mf-Goc STDP. These
findings parallel the distinct roles that basal and apical inputs are believed to
play in synaptic integration. In addition to that, we provide direct evidence
showing that APs elicited by pf stimulation serve as the required associative
signals for the induction of STDP at mf-GoC synapses. In fact, basal dendrite
activation via mf stimulation paired with subthreshold pf stimulation (only
EPSP) is not sufficient to trigger neither st-LTP or st-LTD.

This implies that local depolarization at the mf-GoC synapses during
pairing, which is essential for NMDA receptor activation and subsequent

STDP induction, is influenced not only by the temporal order of mf-evoked
EPSPs and pf-driven APs but also by the specific compartment where APs
are initiated. Therefore, biophysical properties of dendrites, that spatially
regulate AP, concur to establish the STDP learning rules. GoCs contain a
rich assortment of voltage-gated ion channels that promote and regulate AP
backpropagation. In particular, the apical and basal dendrites show a diverse
array of Ca’" channels (R-, N-, and T-type) and calcium-dependent
potassium channels (BK- and SK-type)’**. Notably, simulations
mimicking experiments on the pharmacological blockade of Ca** channels
show that inhibiting apical dendritic APs can prevent mf-GoC STDP***
(see also Supplementary Fig. 2).

In summary, apical dendritic properties exert powerful control over the
modulation of mf inputs during GoC STDP induction. This form of STDP
might, therefore, be better defined as dendritic-spike-dependent plasticity,
as it depends more on the timing of mf input relative to apical dendritic AP
than on the timing of somatic or basal dendritic APs. Thus, the extent and
duration of depolarization associated with dendritic APs could differ among
dendritic compartments, adding a new level of complexity in which the
STDP induction (or eventually the sign and magnitude of plasticity) will
depend on dendritic AP generation. Finally, as dendritic APs can be con-
trolled locally via synaptic inhibition, the activity state of surrounding
excitatory and inhibitory networks will play a crucial role in STDP
induction.
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NMDA receptors were functionally identified at the mf-GoC synapse™
making basal dendrites suitable for NMDA receptor-driven synaptic
plasticity”. We found that STDP depends on NMDA receptor activation
since it was prevented by application of selective NMDA receptor antago-
nists. Moreover, as in classical NMDA receptor-dependent forms of STDP,
mf-GoC STDP was blocked by increasing the cytoplasmic buffering
capacity’’*****”’. Additionally, slow NMDA channel kinetics'*'**'” can
explain the STDP time window. When a pf input follows a mf input, this
latter intercepts the upstroke of backpropagating AP, causing high mem-
brane depolarization. This, in turn, facilitates NMDA channel opening,
leading to a significant increase in associated Ca®" influx in basal dendrites,
thus inducing st-LTP*>***. When a pf input precedes a mf input, this latter
falls in the AHP region of the backpropagating AP. NMDA channels fail to
properly unblock, resulting in minimal receptor activation and limited
calcium influx, leading to st-LTD******'"*, Indeed, these mechanisms, when
introduced in the GoC computational model of ** and coupled with the
Shouval-Bear equations™, allowed us to simulate mf-GoC STDP.

GoCs receive GABAergic synaptic inhibition exclusively onto basal
dendrites from other GoCs"' . This reciprocal inhibition is believed to drive
synchronous oscillations in the GoC network'®'", and promote the
acquisition of mf engrams'”. Intriguingly, we found that it can also invert
the polarity of mf-GoC STDP. In detail, when a pf input follows a mf input,
the latter intercepts the upstroke of the backpropagating AP, causing strong
membrane depolarization. This, in turn, triggers an inward hyperpolarizing
chloride current, which reduces NMDA receptor activation and the asso-
ciated calcium influx, leading to st-LTD. When a pf input precedes a mf
input, the latter occurs within the AHP region of the backpropagating AP,
failing to properly sustain membrane depolarization. In this scenario,
chloride acts as a depolarizing current because the GoC membrane potential
is more hyperpolarized than the chloride reversal potential. This, in turn,
facilitates NMDA receptor channel opening, leading to a significant increase
in calcium influx, thus inducing st-LTP.

Inhibitory neurons are well known for regulating spike timing across
various brain circuits™*”*"""*""", However, their role in controlling STDP
has remained unclear. Here, we report that unblocked synaptic inhibition
exerts powerful control over STDP timing rules at mf-GoC synapses. Our
results reconcile the different reported polarity of the STDP, which depends
on the use of inhibitory antagonists or not™***"**!'*''*, Therefore, inhibitory
circuits appear to act as a Hebbian/anti-Hebbian switch.

At the cerebellar input stage, in addition to classical LTP and LTD,
which depend on tetanization frequency—LTD being evoked at low fre-
quencies (1 Hz) and LTP at high frequencies (100 Hz)*'—it is also possible
to robustly induce both LTP and LTD within the theta-band frequency
range (6 Hz; Sgritta et al,, 2017; see also Supplementary Fig. 4). At the same
time, mf- GoC STDP operates primarily in a restricted firing frequency (4-
6 Hz). Indeed, neither st-LTP nor st-LTD was induced at a frequency of 1 or
10 Hz. This result confirms that the relative timing of EPSPs and back-
propagating AP is only one of several factors within a multifactor plasticity
rule®”. Low-frequency oscillations seem predominant in the cerebellar
networks and neurons in the granular layer such as GoCs may operate in the
theta-band frequency’™''*'"". Thus, in the granular layer, STDP at m{-GoC
synapse could provide a way to coordinate learning and memory during
specific functional states, such as voluntary movement, resting attentiveness
and sleep''®'", with the activity generated in extracerebellar structures, like
neocortex and striatum, which show coherent oscillations with the
cerebellum®™'"*'*", Specific experiments could now be designed to investi-
gate the implications of mossy fiber- Golgi cell STDP for cerebellar
learning'*".

Evidence at different brain synapses reports that both pre- and
postsynaptic changes can occur during STDP'7**7%1*71° At the mf-GoC
synapse, PPR and CV remained unchanged after induction®*>*"*"~'*,
suggesting a postsynaptic mechanism. Interestingly, at the neighboring
mf-GoC synapses that share the same mf terminals, STDP has a mixed
presynaptic and postsynaptic expression”. Therefore, the STDP at the
two synapses have at least in part different expression mechanisms, a fact

that could have that remains to
investigated”'™'*,

This form of anti-symmetric Hebbian STDP, driven by apical-to-basal
dendritic communication under NMDA receptor control and regulated by
the local inhibitory circuit, places GoCs in a pivotal position to regulate
information flow through the granular layer. Mossy fiber bursts of varying
duration and frequency can induce long-term synaptic plasticity at mf-GrC
synapses™*”, at mf-GoC synapses™, and at GoC-GrC synapses'”, eventually
fine-tuning granule cell excitation. Beyond burst-induced plasticity, mf-
GoC STDP emerges as a crucial mechanism for reorganizing granular layer
neurotransmission depending on phase differences with the other major
cerebellar fiber system, the pfs. By modifying synaptic inhibition of granule
cells, it can dynamically regulate spike-timing at the cerebellar input stage.
Furthermore, since pfs integrate signals from distant cerebellar regions, mf-
GoC STDP may coordinate cerebellar processing across multiple modules.
Specifically, if activity in a parallel fiber module systematically precedes that
of a mossy fiber module, GoC inhibition in the latter is reduced by st-LTD,
and vice versa. This suggests that associative interactions between cerebellar
modules can influence local processing through mf-GoC STDP.

Both mf-GoC STDP and mf-granule cell STDP operate within the theta-
frequency range, suggesting a strong modulation by slow brain rhythms and
resonance phenomena in the granular layer. Theta-band oscillations have
been observed in GoCs and granule cells'"*'"*, and mf-GoC STDP could
therefore contribute to aligning cerebellar function with global network states,
including voluntary movement, attentiveness, and sleep.

In conclusion, long-term synaptic changes in GoCs, shaped by tem-
porally correlated mossy fiber and parallel fiber inputs, could have profound
implications for granular layer processing. By orchestrating spatio-temporal
reconfiguration of inhibition, mf-GoC STDP may contribute to cerebellar
adaptive filtering and memory formation, as postulated by theoretical
models" and increasingly supported by experimental and computational
studies'”'. Further research, including large-scale network simulations, will
be crucial to fully elucidate the role of mf-GoC STDP in cerebellar learning.

computational implications
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