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Expression of a Form of Cerebellar Motor Memory Requires
Learned Alterations to the Activity of Inhibitory Molecular
Layer Interneurons
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Procedural memories formed in the cerebellum in response to motor errors depend on changes to Purkinje cell (PC) spiking
patterns that correct movement when the erroneous context is repeated. Because molecular layer interneurons (MLIs) inhibit
PCs, learning-induced changes to MLI output may participate in reshaping PC spiking patterns. However, it remains unclear
whether error-driven learning alters MLI activity and whether such changes are necessary for the memory engram. We
addressed this knowledge gap by measuring and manipulating MLI activity in the flocculus of both sexes of mice before and
after vestibulo-ocular reflex (VOR) adaptation. We found that MLIs are activated during vestibular stimuli and that their pop-
ulation response exhibits a phase shift after the instantiation of gain-increase VOR adaptation, a type of error-driven learning
thought to require climbing-fiber-mediated instructive signaling. Although acute optogenetic suppression of MLI activity did
not affect baseline VOR performance, it negated the expression of gain-increase learning, demonstrating a specific role of
MLI activity changes in motor memory expression. This effect was transitory; after a multiday consolidation period, the
expression of VOR gain-increase learning was no longer sensitive to MLI activity suppression. Together, our results indicate
that error-driven alteration of MLI activity is necessary for labile, climbing-fiber-induced motor memory expression.
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Significance Statement

In the cerebellum, motor learning induces an associative memory of the sensorimotor context of an erroneous movement
that, when recalled, results in a new pattern of output that improves subsequent trials of performance. Our study shows that
error-driven motor learning induces changes to the activity pattern of cerebellar molecular layer interneurons (MLIs) and
that this new pattern of activity is required to express the corrective motor memory.

Introduction 1984, 1985; Lisberger et al., 1994; Jirenhed et al., 2007; ten Brinke

During procedural motor learning, the cerebellum stores memo- €t al, 2015). Because PCs fire spontaneously at high rates i’? vivo
ries of sensorimotor associations that, on recall, modify move- (Thach, 1968; ~50-100 Hz), the loss or suppression of simple
ment (Bastian, 2006; Medina, 2011; Gao et al, 2012). It is well ~ SPiking releases premotor target neurons in the cerebellar nuclei
established that cerebellar Purkinje cells (PCs) adjust their simple from tonic inhibition, driving motor output (Heiney et al, 20.14;
spiking to include the development of phase shifts or well-timed Lee et al,, 2015). Mossy fibers conveying sensory and motor in-

pauses in firing coinciding with learned movements (Watanabe, form.atlon excite PCs via granule cell intermediaries, increasing
PC simple spiking. Granule cell-PC synapses are susceptible to

both long-term depression (LTD) and long-term potentiation
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sensorimotor associations (Ito, 1982; Ito and Kano, 1982).
However, transgenic mice deficient for granule cell-PC LTD con-
tinue to learn (Schonewille et al., 2011), indicating that additional
or complementary mechanisms must also be necessary for the
acquisition and expression of procedural motor memories (Boele
et al., 2018).

In addition to excitation from granule cells, PCs also receive
powerful inhibition from molecular layer interneurons (MLIs),
which are similarly excited by granule cells. Thus, the net effect
of sensorimotor stimulation on PC firing depends on the integra-
tion of both granule cell excitation and feedforward inhibition
from MLIs (Mittmann et al., 2005; Mittmann and Hausser, 2007;
Jelitai et al, 2016; Gaffield and Christie, 2017; Grangeray-
Vilmint et al., 2018). Because MLI synapses are plastic (Kano
et al., 1996; Jorntell and Ekerot, 2002, 2003; Rancillac and
Crépel, 2004; Soler-Llavina and Sabatini, 2006; Kawaguchi
and Hirano, 2007; Bender et al., 2009; Pugh and Jahr, 2011),
error-driven reorganization of MLI output may contribute to
learning-dependent changes to PC simple spiking patterns.
In support of this idea, observations have shown cerebellar-
dependent motor learning deficits in mice with PCs lacking
GABA, receptors (Wulff et al., 2009). Furthermore, associa-
tive learning alters MLI activity patterns (Ma et al., 2020). It
remains unknown whether such changes in MLI activity are
necessary for the expression of motor learning.

Here, we used a combination of in vivo functional recording
and optogenetic activity perturbations to study the role of MLIs
in adaptive oculomotor behavior. We discovered that MLI
population dynamics exhibit reshaping during the acquisi-
tion of climbing-fiber-instructed learning and that, after this
change, MLI activity becomes necessary for expression of
the adapted behavioral response. Together, these findings
contribute to a new understanding of local inhibitory circuits
in cerebellar function: rather than simply acting as passive
elements that determine PC excitability, MLIs undertake an
active role in altering cerebellar output that corrects behav-
ior, implicating their dynamics as a critical circuit feature
underlying the motor memory engram.

Materials and Methods

Animals

All procedures were conducted at the Max Planck Florida Institute for
Neuroscience on mature mice (>8weeks for brain slice recording and
>10weeks for behavioral monitoring) using protocols approved by the
Institutional Animal Care and Use Committee. Mice used in this study
were heterozygous kit::Cre animals in which MLIs express Cre recombi-
nase to permit their genetic targeting (Amat et al., 2017). Both males and
females were used without discrimination. All mice had ad libitum
access to food and water and were normally held on a 12/12 h light/dark
cycle. However, where indicated, the mice were instead held in complete
darkness for up to 5d over the course of repeated training.

Brain slice electrophysiology

For acute brain slice preparation, mice were anesthetized by intraperi-
toneal injection of ketamine/xylazine (100 and 10 mg/kg, respec-
tively) and then transcardially perfused with cold saline (~4°C). After
quickly removing the cerebellum by surgical dissection, parasagittal
slices (200 um) were sectioned from the vermis using a vibrating-
blade microtome (VT1200S; Leica Biosystems) in an icy solution con-
taining (in mm): 87 NaCl, 25 NaHO;, 2.5 KCI, 1.25 NaH,PO,, 7
MgCl,, 0.5 CaCl,, 10 glucose, and 75 sucrose. After sectioning, the sli-
ces were transferred to an incubation chamber containing a solution
composed of (in mm): 128 NaCl, 26.2 NaHO;, 2.5 KCI, 1 NaH,PO,,
1.5 CaCl,, 1.5MgCl,, and 11 glucose. The slices were held in the incu-
bation chamber for 40 min at 34°C and then at room temperature
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(23-25°C) thereafter until use. All solutions were oxygenated with
carbogen gas (95% O,, 5% CO,) to equilibrium.

For experiments, the brain slices were placed in a submersion cham-
ber under an upright microscope (BX51WI; Olympus) and continuously
superfused with warmed bath solution (32-34°C). Recordings from
MLIs were obtained in the cell-attached mode using gradient-contrast
microscopy imaging for visualization. Recording pipettes (2-6 M())
were filled with a filtered solution containing (in mm): 119 NaCl, 2.5
KCl, 12 HEPES, 3 MgCl,, and 17 dextrose. Electrophysiological sig-
nals were measured using an amplifier and a digitizer (Multiclamp
700b and Digidata 1440A, respectively; Molecular Devices) controlled
by commercial acquisition software (pClamp10; Molecular Devices).
During electrophysiological recordings, light stimuli (A565nm) for
optogenetics were delivered by wide-field epi-illumination from an
unfiltered light-emitting diode (LED; M565L3; Thorlabs). This light
was launched through the back-port of the microscope and modulated
(<1kHz) with a current controller (LEDD1B; Thorlabs). All electro-
physiological data were analyzed with Axograph X (Axograph).

Surgical procedures

For viral injection surgeries, mice were anesthetized by continuous iso-
flurane gas (1-5%) and then placed on a stereotactic platform (Model
900, David Kopf Instruments) using ear bars. The anesthetic depth was
determined by the absence of toe pinch responses. Continuous thermo-
regulation was provided by a heating plate with biofeedback to maintain
physiological body temperature. A subcutaneous injection of lidocaine/
bupivacaine was delivered to the scalp for local anesthesia, before a small
incision being opened (<2 mm) to allow for a craniotomy to be cut in
the skull (<0.5pum in diameter). Through this opening, a glass micro-
pipette containing AAV was advanced to the following coordinates (in
mm from bregma): X = £2.35; Y = —5.65; Z=3.2-3.4, and a = 10° for
targeting the flocculus. For all injections, undiluted viral solution (titer
>10"* vg/ml) was slowly infused into the target site (0.2-0.5 ul per injec-
tion). The micropipette was held in place (5-10 min) before withdrawal.
Injected AAVs included AAVI.EF1a.DIO(rev)hChR2(H143R)-YFP
(Penn Vector Core), AAV5.EF1a.DIO(rev)eNphr3.0-YFP (UNC Vector
Core), and AAV1.CAG.DIO(rev)GCaMP6f (Penn Vector Core).

For the mice used in behavioral experiments, custom-made stainless
steel headposts were installed during the surgery by removing a section
of scalp on the center of the head and attaching the headpost to the
exposed skull with dental cement (Metabond; Parkell). Optical fibers
(200 um, NA 0.22 with @ 1.25-mm ferrules for optogenetics; 400 im,
NA 0.48 with @ 1.25-mm ferrules for photometry; Thorlabs) were then
implanted to target the flocculus (coordinates X = +3.35 mm; Y'=5.65
mm; a = —14% z=1.9 = 0.1 mm). The optical fibers were secured in
place using dental cement. In one mouse, a second small craniotomy
was opened nearby to allow access for functional recording. This crani-
otomy was filled with silicon elastomer when not in use. All animals
were allowed to recover after surgery under analgesia provided by injec-
tion of carprofen and buprenorphine SR-LAB (5 and 0.35 mg/kg, respec-
tively). After the onset of transgene expression (10-21d), animals were
used for behavioral monitoring or were killed to harvest their brains for
acute slice preparation.

Behavioral monitoring, in vivo recording, and optogenetics

To measure vestibulo-ocular reflex (VOR)-evoked eye movements, mice
were head-restrained on a rotating platform that was mounted on a ro-
tary stage (T-RSW60C, Zaber Technology) that delivered horizontal si-
nusoidal vestibular stimuli (1 Hz). The left eye position was recorded
using a machine-vision camera in response to these passive head rota-
tions. We used commercial eye-tracking software (ETL-200; ISCAN) to
record the pupil position (P) across time relative to the corneal reflection
(CR) provided by an infrared LED mounted on the camera. Eye move-
ments were decomposed into vertical and horizontal components by the
eye tracking software. We only analyzed the horizontal components
because we used horizontal vestibular stimuli for eliciting the VOR.
Before each training session, we used a calibration procedure to estimate
the radius of pupil rotation (Rp) based on the measured P relative to CR
in response to a known camera rotation around the stage’s vertical axis
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(+10°). A white-light-emitting LED was used to modulate pupil diame-
ter by illuminating the eye at various light intensities. We then calculated
the Rp for various pupil diameters according to: Rp = A/sin (20°). This
procedure allowed us to determine the angular eye position throughout
an experiment using the formula: Eye position (Ep) = arcsin [(P;-CR;)-
(P,-CR,)/Rp]. This value was then used to calculate the VOR gain as
follows: Gain = eye velocity/stage (head) velocity. This analysis was per-
formed using custom-written MATLAB software (MathWorks).

Mice were trained for VOR learning by associating passive vestibular
stimuli with moving visual stimuli (black and white bars) that were pre-
sented on two monitors placed in front of the animal. The pairing proce-
dure lasted 60 min. Mice underwent only one training session per day.
For gain-increase training, the vestibular stimulus was paired with a vis-
ual stimulus of the opposite direction (1.5x), whereas for gain-decrease
training, the vestibular stimulus was paired with same-direction visual
stimulation (0x). Sinusoidal stage movements (1 Hz; 5° 20°/s peak ve-
locity for gain-increase training or 1 Hz; = 8.5% 22°/s peak velocity for
gain-decrease training) were controlled by custom-written software
(LabVIEW, National Instruments), as were the visual stimuli, which
moved relative to the rotation of the stage. Mice were habituated to
the behavioral set-up by being head-restrained for ~15min on the
platform for 1-2 d before the start of the first training session.

During each training session, baseline VOR performance was deter-
mined immediately before the pairing procedure. This was measured in
complete darkness. To limit darkness-induced pupil dilatation, pilocar-
pine (2% ophthalmic drops; Patterson Veterinary Supply) was applied
(<1 min) onto the eye after the calibration procedure. During the same
session, the VOR was re-tested in darkness after the pairing procedure
to measure learned changes in VOR performance. All testing and train-
ing were performed under continuous head-fixation. VOR measure-
ments before and after training were obtained in the control condition
as well as during optogenetic MLI activity suppression using 30-s bouts
of recording that were randomly interleaved. VOR gain changes were
computed as the percentage difference relative to the control measure-
ment obtained before training (AVOR). This normalization procedure
facilitated comparison across sessions and between mice. The order of
training sessions (gain-increase and gain-decrease) was randomized with
at least 2 d between sessions. For multiday gain-increase training, mice
were removed from restraint after the end of each session and trans-
ferred to a light-free holding room for 24 h until the next training ses-
sion; this was repeated over five consecutive days.

For optogenetic experiments during the VOR, MLI activity was sup-
pressed using light pulses (A 589 nm; 1 pulse, 30 s) from a laser (CNI
Optoelectronics Tech; MGL-F-589-200mW). For this purpose, laser light
was split into two lines with each line directed through independent
acousto-optic modulators (AOMs; AA Opto-Electronic; MTS110-
A3-VIS) to control the laser power. From each AOM, laser light was
launched into fiber ports (PAF-X-11-A; Thorlabs); patch cables then
delivered light (8 mW out of patch cable) to the optical fiber
implants targeting the flocculi of experimental animals. Eye displace-
ment in response to the optogenetic activation or suppression of
MLI activity was measured in head-restricted, quiescent mice using
240-ms pulses triggered every 10 s (1473 or A 589 nm, respectively).
The timing of eye movement onset was analyzed from ipsiversive
stimulation recordings (one pulse, 240 ms, 10 mW).

To record activity in eNphr3.0-expressing mice, a multielectrode
silicon probe (H6B; Cambridge NeuroTech) was slowly lowered into
place in the flocculus through the exposed craniotomy while the awake
animals were held in head fixation. This was achieved using a manual
manipulator targeting similar coordinates as the implanted optical fiber.
Three separate recording sessions were performed from at least two
mice. Electrophysiological signals were acquired using an amplifier
(RHD2132, Intan Technologies) readout on a controller interface and
commercial software (Intan Technologies) at a sampling rate of 20 kHz.
An implanted silver wire provided a ground signal. Laser light was deliv-
ered through the patch cable as a series of pulses (A 589 nm; 5 s; 0.1 Hz).
We used a higher laser power in these experiments (35 mW), relative to
that used for the VOR experiments, to compensate for the distance
between the recording electrode and the implanted optical fiber. The
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resulting electrophysiological data were automatically sorted using the
Kilosort algorithm with manual curation performed using Phy2 software.
Putative PC units were identified by their spiking properties. These criteria
included high baseline rates of simple spike firing (35-150 Hz), manually
sorted complex spikes in some portion of the recording, pauses in simple
spiking after the identified complex spikes, and an increase in simple
spiking when the flocculus was optogenetically disinhibited by MLI
photo-suppression. An additional criteria was representation of spik-
ing activity across multiple nearby electrodes on the recording probe
(Gatffield et al., 2022). Well-isolated PCs were confirmed by the 4- to
5-ms refractory period in the autocorrelation plot of spike events, a
log-normal distribution of interspike intervals for simple spikes, and
by ensuring only a single cluster was present in the first two principal
components of the spike shape.

For photometry recordings, excitation light (A 470 nm; ~10-40 pW)
from a fiber-coupled LED (M470F3; Thorlabs) was launched through a
patch cable to the implanted optical fibers. Electrical signals from the
custom-written control software triggered the current controllers
(LEDD1B; Thorlabs) to toggle the LED on and off during the vestib-
ular stimulus. The emitted fluorescence was collected through the
same implanted optical fiber, passed back through the dichroic mir-
ror mount, and detected using a femtowatt, visible wavelength pho-
toreceiver (Model 2151; Newport) at a high sampling rate (2kHz).
Data points were averaged, producing an effective rate of activity
measurement of 25Hz. In interleaved trials, we used UV light (cen-
tered at A 405 nm; M405F1, Thorlabs) to excite GCaMP6f and record
the isosbestic (calcium-insensitive) emission in response to vestibular
stimulation. We used custom-written software to analyze these record-
ings (Python; Python Software Foundation). To quantify the timing
and amplitude of the response, we fit the calcium activity waveform
with a sinusoidal function and, from this fit, measured the phase of
the peak activity relative to the stage position, as well as the peak-to-
trough size of the evoked response (AF/F; with F defined as the base-
line response in quiescence). Notably, the exact anatomic structure
of the cerebellum and thickness/shape of the skull varies between
mice which causes slight differences in the exact positioning of the
fiber despite using the same coordinates for injection and implanta-
tion. This likely impacted the amplitude of the signals recorded con-
tributing to amplitude differences between individual animals.

In total, 25 kit::Cre mice were used for the behavior experiments.
Some of these animals were used in different experiments (Table 1).

Histology and fluorescence microscopy

For post hoc examination of eNpHR3.0-YFP and GCaMP6f expres-
sion as well as confirmation of optical-fiber-placement, mice were
deeply anesthetized by intraperitoneal injection of ketamine and
xylazine (100 and 10 mg/kg, respectively) and then transcardially
perfused with cold tris-buffered saline (TBS) followed by 4% para-
formaldehyde (PFA) in TBS. After overnight postfixation in PFA,
the cerebellum was removed by dissection and cut into thin sections
(60-80 um) that were mounted onto glass slides for imaging on a
confocal microscope (LSM 780; Zeiss) using the appropriate laser-
excitation wavelengths and emission filter sets for each fluorophore.

Statistical analysis

All group values are presented as mean = SEM. The numbers of cells or
animals used for each panel are indicated in the figures or the figure
legends. Two-tailed paired ¢ test, repeated measures one-way ANOVA
with Tukey’s multiple comparisons post-test, or repeated measures two-
way ANOVA with Sidak’s multiple comparisons post-test were used to
test for significant differences between two or more groups of data. For
each dataset, the statistical test used is indicated in the figure legends or
in the text.

Results

Optogenetically induced MLI activity drives eye movements
The cerebellar flocculus is a site for oculomotor control. In this
region, PC activity encodes eye movements and optogenetic PC
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Table 1. Animals used
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Figure Mouse cohort Experimental overlap

18 3 mice kit::Cre + AAV-ChR2-YFP (A1, A2, A3) Not used in other experiments

1F 6 mice kit::Cre + AAV-GCaMP6f (BT, B2, B3, B4, B5, B6) Also used for experiments in Figure 4

20 2 mice kit:Cre + AAV-eNpHR3.0-YFP (C1, 2) Not used in other experiments

2D 2 mice kit:Cre + AAV-eNpHR3.0-YFP (D1, D2) Not used in other experiments

26 9 mice kit:Cre + AAV-eNpHR3.0-YFP (E1, £2, £3, E4, E5, E6, E7, E8, E9) Also used for experiments in Figures 38,C and 5C

3B 9 mice kit:Cre + AAV-eNpHR3.0-YFP (ET, E2, 3, E4, E5, E6, E7, E8, E9) Also used in experiments for Figures 26, 3¢, and 5C
3 mice kit:cre + AAV-eYFP (F1, F2, F3) Not used on other experiments

3C 4 mice kit:Cre + AAV-eNpHR3.0-YFP (ET, E2, E3, E4) Also used in experiments for Figures 2G and 3B

4B 5 mice kit:Cre + AAV-GCaMP6f (B1, B2, B3, B4, B5) Also used in experiments for Figure 1F

4C 3 mice kit::Cre + AAV-GCaMPef (B, B2, B3) Also used in experiments for Figure 48

5C 6 mice kit:Cre + AAV-eNpHR3.0-YFP (E4, 5, £6, E7, E8, E9) Also used in experiments for Figures 2G and 3B

Summary of mice used in the study. Animal IDs are italicized.
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Optogenetic MLI activation evokes eye movement. A, Mice expressing ChR2 in MLIs were bilaterally implanted with optical fibers targeting both flocculi. B, Vector plot of the aver-

age direction and amplitude of left eye movements evoked by photostimulation of MLIs in the left (ipsiversive) or right (contraversive) flocculus at different laser powers (A 473 nm, 240 ms;
n =13 mice). C, Decomposed horizontal eye movements from a quiescent mouse in response to unilateral floccular photostimulation of ChR2-expressing MLIs (10 mW). D, For photometry, bulk
GCaMPé6f fluorescence was collected through an implanted optical fiber targeting the left flocculus as the VOR was passively elicited by sinusoidal vestibular stimulation (1Hz) in darkness.
GCaMP6f-expressing MLIs transduced using a Cre-dependent AAV are shown in the image with the approximate location of the optical fiber also indicated. £, Top, Trial-averaged VOR-evoked
eye movements (black; head position in gray) in a GCaMP6f-expressing mouse. Bottom, Calcium activity measurements from MLIs (green) with interleaved isosbestic measurements (purple)
during the same recording. F, The timing of peak calcium activity in the MLI population response relative to the phase of the vestibular stimulus for each mouse (each point represents an indi-
vidual mouse; n = 6 mice total). The position along the radius corresponds to the peak amplitude of the calcium response.

stimulation influences eye movement velocity and direction
(Clopath et al.,, 2014; Payne et al., 2019). Therefore, to confirm
that MLIs have the capacity to impact eye movements through
their inhibitory effect on PCs, we applied an optogenetic approach
to stimulate MLIs through implanted optical fibers targeting the
flocculi of kit::Cre mice bilaterally injected with an adeno-associ-
ated virus (AAV) containing Cre-dependent ChR2 (Fig. 1A4). This
targeting strategy has been previously shown to be effective in
transducing MLIs with excitatory opsins (Amat et al., 2017). As
assessed by videography of the left eye in head-restrained quies-
cent mice, photostimulating ChR2-expressing MLIs (240 ms) in
either the contralateral or ipsilateral flocculus elicited eye move-
ments whose trajectories included a combination of both horizon-
tal and vertical components (Fig. 1B). This result is consistent
with findings indicating that the activity of the flocculus has the

potential to influence all dimensions of eye movements (Ito et al.,
1982).

Examining the isolated horizontal components, we observed
that eye movement onset was well-timed to the light stimulus
(response delay: 35.1 = 3.7 ms; n = 3 mice). Eye movement veloc-
ity increased with the light intensity (3 mW: 7 = 2.2°/s vs 10
mW: 9.8 £2.1°/s, n=3, p=0.047, paired  test; Fig. 1B), indicat-
ing that motor kinematics were responsive to the level of MLI
activation however we did not purse this relationship further.
The optogenetically evoked eye movements were directionally
biased, dependent on the stimulus context. Activating MLIs in
the contralateral flocculus moved the left eye away from the mid-
line of the head. By contrast, stimulating MLIs in the ipsilateral
flocculus moved the left eye toward the midline (Fig. 1B,C).
Thus, MLI activity can bidirectionally influence eye movements.
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MLIs are activated during the VOR

Provided that optogenetically induced MLI activity is suffi-
cient to drive eye movements, we sought to determine whether
MLIs are intrinsically activated during the vestibulo-ocular
reflex (VOR), a compensatory eye-movement-behavior gen-
erated contrary to head motion that helps maintain a stable
gaze. To measure MLI population dynamics in the flocculus
during the VOR, we employed fiber photometry. For this
approach, we transduced MLIs in the left flocculus of kit::Cre
mice with the calcium sensor GCaMP6f using a Cre-depend-
ent AAV. We then recorded changes in bulk fluorescence
using an implanted optical fiber while the VOR was elicited
in darkness by passive sinusoidal head turns (Fig. 1D).

For all mice tested (n=6), the MLI population response
modulated with the vestibular stimulus (Fig. 1E), including activ-
ity peaks that exhibited a bias for specific phases of head motion.
The phase in which population activity was the greatest varied
depending on the individual animal. In some mice, MLI popula-
tion activity peaked during the ipsiversive phase of vestibular
motion (i.e., for MLIs in the left flocculus, activity peaked during
leftward head turns; Fig. 1F, four out of six mice). In contrast, in
other mice, MLI population activity peaked during the contra-
versive phase of vestibular motion (i.e., for the left flocculus, ac-
tivity peaked during rightward head turns; Fig. 1F, two out of six
mice). Because floccular granule cells spike in response to either
ipsiversive or contraversive vestibular motion (Arenz et al,
2008), the phase-specific tuning that we observed in MLI popula-
tion dynamics could reflect excitation driven by different gran-
ule-cell-input channels for each area sampled in our recordings.
In summary, MLIs are engaged during VOR-evoked eye move-
ments, with their population dynamics showing a continuum of
phase-tuned responses throughout sinusoidal movements, simi-
lar to that observed for other oculomotor behaviors in mice
(Badura et al., 2013).

MLI activity is unnecessary for baseline VOR performance

To determine whether MLI activity contributes to shaping
VOR-evoked eye movements, we used an optogenetic strat-
egy to suppress their output. In our approach, we bilaterally
injected Cre-dependent AAV containing the inhibitory opsin
eNpHR3.0 (Gradinaru et al., 2010) into the flocculi of kit:
Cre mice to transduce MLIs and implanted optical fibers tar-
geting the infected regions (Fig. 2A). We first confirmed that
eNpHR3.0 activation suppressed MLI firing, even during pro-
longed periods of light exposure (30 s), using electrophysio-
logical recordings from MLIs in acute cerebellar slices (Fig.
2B,C). Extracellular electrophysiology measurements from puta-
tive PCs in an awake, eNpHR3.0-expressing mouse confirmed
that MLI activity suppression disinhibited the flocculus when light
pulses were delivered by an implanted optical fiber (Fig. 2D-F).

In head-fixed quiescent mice, brief (240 ms) optogenetic sup-
pression of MLI activity in either the ipsiversive or contraversive
flocculus failed to move the left eye (ipsiversive: A eye position
during stimulus=0.07 * 0.08°, p=0.46; contraversive: A eye
position =0.04 * 0.02°, n=3, p=0.15, paired ¢ tests; Fig. 2G).
The absence of an evoked behavioral response suggests that
spontaneous MLI activity is ineffective in regulating motor out-
put outside of active behavior (Gaffield and Christie, 2017;
Gaffield et al., 2018). We next suppressed MLI activity during
the VOR by continuously delivering light to both flocculi for
multiple trials of sinusoidal vestibular stimuli. However, this
perturbation did not significantly affect the gain of the VOR
(computed as the eye displacement relative to the stage-induced
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head displacement; Fig. 2H,I). This result indicates that although
MLI activity is sufficient to impart eye movements and MLIs are
activated during the VOR, the MLI output is dispensable for the
VOR, at least in naive animals with an already well-calibrated
response.

MLI activity is required for the expression of VOR learning
A poorly functioning VOR results in image instability during
head motion. Therefore, the brain uses visual feedback to gauge
how well vestibular stimuli are converted into eye movement
coordinates. Retinal slip (visual motion) in the direction opposite
to head motion indicates an under-performing VOR. These sen-
sorimotor mismatches elicit climbing fiber activity in the floccu-
lus that, through associative plasticity induction, changes the PC
spiking pattern when the same vestibular context is repeated
thereby increasing the VOR gain to restore distortion-free per-
formance (Ito, 1982). We hypothesized that MLI activity may
become necessary for VOR-evoked eye movements only after
mice learn to re-calibrate their response to retinal slip errors. To
test this idea, we trained mice with opposite-direction visual-ves-
tibular-motion mismatches (1.5x; 60 min) that drove a learned
increase in the VOR gain (AVOR 12.2 * 2.0%, n =9 mice, p=
0.0003, paired ¢ test). Bilateral optogenetic suppression of
floccular MLI activity had a profound behavioral effect im-
mediately after this learning. During the photo-suppression
period, the adapted VOR response was fully negated, exhibit-
ing a gain similar to that before learning (Fig. 3A,B). The
adapted response returned when MLI photo-suppression ceased.
Light delivery to the flocculi of control kit:Cre mice injected
with AAV containing Cre-dependent YFP did not influence the
VOR gain, either before or after gain-increase learning (Fig. 3B),
confirming the specific effect of optogenetic MLI activity sup-
pression on motor memory expression. Together, these results
implicate the necessity of MLI activity in the expression of VOR
gain-increase learning.

Image instability can also elicit an adaptive decrease in the
VOR gain when retinal slip occurs in the same direction as head
motion. Because gain-decrease VOR learning is mechanistically
distinct from gain-increase learning, and instantiated independ-
ent of climbing-fiber-mediated signaling (Boyden et al., 2006;
Kimpo et al., 2014; Bonnan et al.,, 2021), we tested whether MLI
activity is also necessary for the expression of this form of
cerebellar learning. In separate sessions, a cohort of the same
mice were instead trained with same-direction visual-vestib-
ular-motion mismatches (0x; 60 min) that resulted in a VOR
gain decrease (52.7 £ 6.5% of baseline, n =4 mice, p =0.0039,
paired f test). Surprisingly, bilateral optogenetic suppression
of floccular MLI activity had no effect on the gain of the
adapted response (Fig. 3A4,C). We conclude that MLI activity
suppression specifically interferes with the expression of
VOR learning that is believed to be instructed by climbing
fibers, but not with the expression of a different type of VOR
learning that is believed to be instructed independently of
climbing fibers.

MLI activity is reorganized during learning

The requirement for MLI activity in the expression of gain-
increase learning is suggestive of a plasticity process that condi-
tionally changes how MLIs respond during the VOR. Therefore,
we used fiber photometry to measure the dynamics of MLI pop-
ulation activity before and after training mice with opposite-
direction visual-vestibular-motion mismatches (1.5x; 60 min).
With the acquisition of gain-increase learning, the behavior-
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Figure 2.  MLI activity suppression does not affect baseline VOR performance. A, Light was delivered to eNpHR3.0-expressing MLIs using implanted optical fibers bilaterally targeting each

flocculus. The image on the right shows YFP-tagged-eNpHR3.0 in MLIs from an example mouse. Molecular layer, ML; PC layer, PCL; granule cell layer, GCL. B, Effect of eNpHR3.0 photoactivation
(A 594 nm; 30's, 3 mW) on an MLI firing spontaneous spikes, measured in the cell-attached mode, in an acute cerebellar slice. ¢, Summary plot showing the suppressive effect of eNpHR3.0
photoactivation on MLI firing measured in acute slices (one-way ANOVA with Tukey’s multiple comparisons test; before vs during, p = 0.0419, before vs after, p =0.8521, during vs after,
p=0.0191). D, The simple spiking of a putative floccular PC recorded in an awake eNpHR3.0-expressing mouse to optogenetic suppression of MLI activity (A 594 nm; 34 mW). The distribution
of simple spike interspike intervals for the same cell is shown on the right plot as well as averages of simple spikes (SS) and complex spikes (CS) in the inset. E, Same PC as in panel D, but
across repeated trials of MLI photo-suppression (5 pulses at 0.1 Hz). F, Summary plot showing the effect of in vivo MLI activity suppression on the spontaneous firing of putative PCs measured
in three separate recording sessions (one-way ANOVA with Tukey’s multiple comparisons test; before vs during, p = 0.0002, before vs after, p = 0.9995, during vs after, p = 0.0004). G, Eye posi-
tion measurements from a quiescent mouse as light pulses (A 590 nm, 240 ms, 8 mW) were delivered to the left (ipsiversive) or right (contraversive) flocculus to suppress MLI activity. H,
Average VOR-evoked eye movements in a mouse in the control condition (black) or during the bilateral suppression of MLI activity (orange). Light was delivered continuously to both flocculi
for 30 s (A 590 nm; 8 mW) while the head was passively rotated in darkness using sinusoidal vestibular stimuli (1 Hz; head position in gray). /, Comparison of the VOR gain (the size of the
evoked eye movement relative to the size of the vestibular stimulus) in the control condition and during optogenetic MLI activity suppression; paired t test, p=0.067. All data are shown

mean == SEM; asterisks denote p << 0.05; not significant, n.s.

evoked MLI activity pattern exhibited a profound reorganiza-
tion. For each mouse, the peak population response shifted
from one preferred phase of vestibular motion to another (Fig.
4A,B). Generally, MLI populations that displayed an initial
bias for ipsiversive vestibular motion became responsive to
contraversive motion whereas MLI populations initially re-
sponsive to contraversive vestibular motion became respon-
sive to ipsiversive motion (phase difference post-training:
0.74 = 0.08 7 rad; n =5 mice; p =0.0008, paired t test; Fig. 44,
B). We observed an exception in one mouse (labeled in red) in
which the initial peak in activity was not lost; however, a sec-
ond peak developed timed to the opposite phase of vestibular
motion. Across the mice, the calcium response amplitude did
not change after learning (peak AF/F: 0.38 = 0.12% and 0.47 =
0.17% pretraining and post-training, respectively, p = 0.63, paired
t test), suggesting that the overall level of their population activity
remained the same. Together, these results indicate that the
response patterns of floccular MLIs are not fixed during the

VOR; rather, their activity is subject to phase reversals dur-
ing gain-increase learning.

In separate sessions, we performed MLI activity measure-
ments in some of the same mice as they were trained with same-
direction visual-vestibular-motion mismatches (0x; 60 min).
Despite the acquisition of gain-decrease learning, the pre-
ferred phase of the MLI population response (phase difference
post-training: —0.25 = 0.17 = rad, n =3 mice, p=0.27, paired
t test; Fig. 4C,D) and amplitude (peak AF/F: 0.91 * 0.64% and
0.46 = 0.13% pretraining and post-training, respectively, p=
0.54, paired ¢ test) were relatively stable. Although, in one mouse,
there was a subtle shift in periodic activity after gain-decrease
training (Fig. 4D, labeled in pink). Therefore, the requirement for
MLI activity in motor memory expression developed in accord
with learned changes to the structure of their population response.
This result suggests that the dependence of motor memory expres-
sion on MLI activity likely results from an alteration of MLI popu-
lation dynamics. We suggest that phase shifts in MLI activity
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during VOR gain-increase learning are a correlate of climbing-
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(Kassardjian et al., 2005; Anzai et al., 2010).
To examine the temporal requirement of MLI
activity for the expression of climbing-fiber-
mediated oculomotor learning, we trained
mice over five consecutive daily sessions
with opposite-direction visual-vestibular
motion mismatches (1.5x; 60 min/d) and
assessed the effect of optogenetic MLI ac-
tivity suppression on VOR performance
before and after each training session (Fig.
5A). Mice were housed in darkness between
each session to prevent reversal learning
and to allow for memory consolidation.

In the control condition, the gain-increase
learning acquired during the first training ses-
sion was apparent at the start of the second
session, indicating that the mice had retained
a memory of the previous day’s learning
(AVOR: 12.6 * 4.4% and 14.8 = 6.3%, respec-
tively, n=6 mice, p=0.797, paired ¢ test; Fig.
5B,C). Unlike the first session, optogenetic
MLI activity suppression had a dramatic effect
on the VOR at the start of the second session,
reducing the gain to the baseline level meas-
ured the day before (Fig. 5B,C). Thus, expres-
sion of the remanent motor memory still
required MLI activity. The optogenetic pertur-
bation had a similar negating effect on motor
memory expression at the end of the second
session, suggesting that further training did
not obviate the role of MLI activity in the
adapted response (Fig. 5B,C).

The mice continued to exhibit an
adapted VOR gain at the start of the fifth
session, relative to the baseline response
before training (AVOR: 15.9 +3.7%, n=
6 mice, p=0.002, paired ¢ test; Fig. 5B,
C), highlighting the long-term retention
of the previously acquired learning. Interest-
ingly, MLI activity suppression at the start of
this last session failed to affect the VOR
gain. Thus, after several days of training,
lasting motor memory expression no lon-
ger required MLI activity, a result sup-
porting a consolidation process outside of
the cerebellar cortex. During this fifth session,
opposite-direction visual-vestibular-motion
mismatch training further increased the
VOR gain (AVOR: 13.5 £3.8% over the
course of the session, n =6 mice, p=0.016,
paired ¢ test), suggesting that the new learning

fiber-induced motor memory expression.

MLI-mediated inhibition is transiently required for motor
memory expression

Prior research has led to the hypothesis that labile motor memo-
ries initially triggered in the cerebellar cortex are slowly trans-
ferred to downstream premotor locations for lasting storage
(Miles and Lisberger, 1981; Lisberger, 2021). Based on this model
of cerebellar function, we reasoned that the expression of gain-
increase learning should only transiently depend on neural activ-
ity in the flocculus, up until the point of long-term consolidation

compounded on the previously consolidated memory. Notably,
optogenetic MLI activity suppression fully negated the expression of
this new learning as, during light delivery, the VOR gain matched
the level at the start of the session (Fig. 5B,C). We conclude that this
newly formed climbing-fiber-mediated motor memory requires
MLI activity.

Discussion

We demonstrate a role for MLIs in corrective motor memory
expression that depends on error-driven restructuring of behavior-
evoked MLI population dynamics. By delineating the importance of
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local inhibitory interneurons in motor memory engrams, our
results contribute new insight into the neural-circuit mecha-
nisms underlying procedural cerebellar learning.

Phasic modulation of MLI population activity during

the VOR

Our functional recordings indicate that floccular MLIs are
engaged during the VOR and structure their population dynam-
ics to modulate during different phases of vestibular motion.
Across measurements from different mice, MLI activity encom-
passed the entirety of reflexive bidirectional eye movements
evoked by sinusoidal vestibular stimuli. Thus, MLIs are activated
across multiple types of motor behaviors (Badura et al., 2013;
Jelitai et al., 2016; Astorga et al., 2017; Chen et al., 2017; Gaffield
and Christie, 2017). We suspect that the spectrum of phase-
tuned MLI population responses that we observed among mice
is attributable to random sampling that captured activity from
different MLI ensembles, perhaps driven by granule cell inputs
that preferentially fire to either ipsiversive or contraversive head
turns (Arenz et al., 2008). Such a compartmental organization
could support functional modules within the flocculus that may
be important for controlling distinct agonist and antagonist mus-
cle groups of the eyes (Van der Steen et al, 1994; Voogd and
Wrlie, 2004). Our use of photometry did not provide the spatial

resolution necessary to determine how individual cells in the
flocculus modulate their activity during the VOR, including both
increases and decreases in output that compose the population
response, precluding a more precise determination of MLI cod-
ing features.

As in a prior study (Heiney et al., 2014), we found that sup-
pressing spontaneous PC simple spiking through optogenetically
induced MLI stimulation elicits a near immediate motor action.
Despite that we have an incomplete understanding of the activity
transform at each step in the pathway from MLIs to the extraoc-
ular muscles, we believe the brief delay that we observed between
MLI activation and eye movement onset is consistent with the
propagation of excitation, induced by PC disinhibition of floccu-
lar target neurons (FTNs) in the vestibular nuclei, through this
multisynapse circuit. The resulting eye movement velocity was
responsive to the MLI activity level though we did not quantify
the exact nature of this relationship. The direction of evoked
movement depended on whether MLIs in either the ipsiversive
or contraversive flocculus were activated. Direct optogenetic
activation of floccular PCs also elicits eye movements with a
similar brief delay, but in a direction opposite to that evoked by
MLI stimulation (Nguyen-Vu et al., 2013; Voges et al., 2017;
Bonnan et al,, 2021). Floccular PCs inhibit five different types
of excitatory and inhibitory FTNs that, in turn, contact neurons
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learning. A, Mice received five consecutive days of opposite-direction visual-vestibular-motion
mismatch training. At the start and end of each session, the VOR was measured in the con-
trol condition and during optogenetic MLI activity suppression. Mice were held in a light-free
environment between sessions. B, Trial-averaged VOR eye movements from the same mouse
measured on different training days. Responses obtained in the control condition (black) and
during MLI activity suppression (orange) are superimposed. Black dotted line indicates the
amplitude of the baseline VOR response measured on the first day of training. Changes in
gain (A) are a comparison to the initial baseline condition in the absence of optogenetic
stimulation. C, Plot showing the effect of MLI activity suppression on the VOR gain for the
progression of multiday gain-increase learning across mice. Statistics for control versus Light
ON: Day1 Pre and Post, p=0.9993 and p <<0.0001, respectively; Day2 Pre and Post:
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in the abducens nuclei and ocular motor nuclei controlling the
agonist and antagonist extraocular muscles (Billig and Balaban,
2004; Highstein and Holstein, 2006; Shin et al., 2011). Because the
flocculus has access to all the extraocular muscles, directional
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control of eye movements could result from a dominant net influ-
ence of multiple conflicting network effects in response to the si-
multaneous optogenetic perturbation of many floccular PCs. That
said, our results support the conclusion that the positive and nega-
tive modulation of PC firing, driven by granule cell excitation or
MLI inhibition, respectively, has the potential to produce a con-
trasting range of movements with different kinematic and direc-
tional features.

Despite their engagement during the behavior, we found that
MLIs do not contribute to shaping the gain of VOR eye move-
ments in naive mice, a result consistent with prior observations
showing that acutely blocking floccular activity does not affect
the performance of an already well-calibrated response (Nagao
and Kitazawa, 2003; Kassardjian et al., 2005). It remains possible
that targeting MLI ensembles in specific floccular PC microzones
(Billig and Balaban, 2004), or altering the strength or timing of
the optogenetic stimulus, could yield a significant effect on VOR
performance in naive mice. Based on our present results though,
we conclude that although the activity of the vestibulo-cerebel-
lum tracks the VOR performance, including the participation of
MLIs, it may not always exert online control of the behavior.

MLI activity is necessary for motor memory expression

The vestibular nuclei, the final node of the brainstem loop con-
trolling the VOR, integrate direct excitation from mossy fibers as
well as inhibition from PCs. Because the relative timing of these
two inputs determines the output of the vestibular nuclei during
oculomotor behavior, learning-induced phase shifts in PC simple
spike activity (Watanabe, 1984, 1985; Lisberger et al., 1994) ena-
bles the cerebellum to conditionally influence eye movement
velocity (Ito, 1982). Plastic re-weighting of granule cell-PC syn-
apses has long been viewed as the cellular substrate for producing
changes in PC firing during memory recall, with LTD and long-
term potentiation (LTP) being putative mechanisms for learned
increases and decreases in VOR gain, respectively (Titley and
Hansel, 2016). We discovered that MLI activity is also necessary
for the expression of gain-increase VOR learning, indicating
the participation of MLIs in sculpting PC spiking dynamics
underlying motor memories. Prior studies using pharmacology
or constitutive knock-out mice to disinhibit the cerebellum
have also suggested a role for molecular layer inhibition in
motor learning (Wulff et al., 2009; Tanaka et al., 2013). Unlike
the use of optogenetics in our study, these approaches lack
the specificity and reversibility to disambiguate the role of
MLIs in regulating the induction of VOR learning (Rowan et
al., 2018) from the role of MLIs in motor memory expression.
Interestingly, we did not optogenetically suppress MLIs in the
entirety of the vestibulo-cerebellum, which includes the paraf-
locculus and nodulus in addition to the flocculus, yet we still
observed an effect on the expression of gain-increase VOR
learning. This result may reflect the specialized role of particu-
lar floccular zones in horizontal VOR movements (Ito, 1993),
or the fragility of motor memory expression to partial suppres-
sion of the floccular MLI ensemble.

Because MLIs modulate PC simple spiking activity through
their inhibitory activity (Brown et al,, 2019), changes in inhibi-
tion could contribute to learned patterns of PC output. In this
way, pauses in PC firing that develop with learning might be best
explained by an acquired increase in inhibitory output by MLIs
timed to the adapted response (ten Brinke et al., 2015). Our
results do not preclude the possibility that learning-induced MLI
plasticity occurs in combination with parallel fiber-PC LTD, or
other sites of plasticity in the cerebellar cortex, to synergistically
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manifest learned behavior during memory recall (Gao et al,
2012; Boele et al., 2018). Further work will be necessary to deter-
mine whether loss of PC simple spiking during learning is sensi-
tive to MLI activity suppression or whether it is attributable to a
process independent of MLI-mediated inhibition (Johansson et
al., 2014). The different requirements for MLI activity in the
expression of gain-increase versus gain-decrease VOR learning
further emphasizes that these forms of learning rely on separate
plasticity mechanisms (Boyden et al., 2004). In summary, multi-
ple memory pathways are available in the cerebellum to compose
engrams that support disparate learned behaviors that may
include either the strengthening or weakening of motor output,
the former requiring MLI activity.

We selectively suppressed MLI activity using cell-type-spe-
cific optogenetics to test their causal role in motor memory
expression. However, this manipulation could also produce an
acute effect on cerebellar function that generally interferes
with the recall of learned changes to the VOR gain, despite
whether MLIs are involved in the mnemonic process. Arguing
against this possibility, only the expression of gain-increase
learning was sensitive to MLI activity suppression, suggesting
a context dependence to this effect. Furthermore, the sensitiv-
ity of motor memory expression to MLI activity suppression
was correlated with induced alterations to MLI population dy-
namics Therefore, we identified a putative mechanism explain-
ing why the expression of gain-increase learning is selectively
vulnerable to MLI activity expression.

Learning induces restructuring of MLI population activity
We found that MLI population dynamics undergo a profound
reorganization during gain-increase VOR learning, fully revers-
ing the preferred phase of their activation in response to sinu-
soidal vestibular motion. Learning-induced alterations of MLI
activity have also been observed in mice performing a reward-
driven odor discrimination task (Ma et al., 2020). Therefore, ex-
perience-dependent alteration of MLI activity occurs across a
range of learned behaviors. That said, MLI population activity
did not change over the course of gain-decrease VOR learning.
Thus, the dependence of motor memory expression on MLI activ-
ity develops in accord with the induced alterations to their popula-
tion dynamics. Because gain-increase but not gain-decrease VOR
learning is believed to result from climbing-fiber-mediated signal-
ing (Boyden et al., 2006; Nguyen-Vu et al,, 2013; Kimpo et al,
2014; Rowan et al.,, 2018; Bonnan et al., 2021), this result suggests
a role for climbing fibers in instructing the restructuring of MLI
population activity.

Learning-induced changes in MLI population activity could
result from plasticity at their granule cell inputs (Jorntell and
Ekerot, 2003; Rancillac and Crépel, 2004; Soler-Llavina and
Sabatini, 2006; Bender et al., 2009). For example, granule-cell-
mediated excitation of MLIs potentiates when stimulated in
conjunction with the activity of climbing fibers (Jorntell and
Ekerot, 2003). This LTP would increase the level of feedfor-
ward MLI-mediated inhibition of PCs transforming the PC
firing pattern to granule cell input, which could ultimately al-
ter behavior. We posit that learning-induced phase shifts in
the MLI population dynamics modify the timing of PC-medi-
ated inhibition of the vestibular nuclei, relative to mossy-
fiber-mediated excitation, such that the same vestibular signal
results in a larger eye movement after learning. Based on our
observation of directionally biased movement during unilateral
floccular stimulation, the addition of contraversive MLI activity
would drive responses away from the midline, contributing to
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larger amplitude eye movements during the VOR increasing the
response gain. In our activity measurements, however, learning-
induced changes included both gains and losses of contraversive-
motion-preferring and ipsiversive-motion-preferring MLI popu-
lation responses. It is possible that phase tuned MLI ensembles
have different roles in neural circuit function. Thus, the symmet-
rical loss and gain of both contraversive-motion-preferring and
ipsiversive-motion-preferring MLI population activity could
have different behavioral effects.

Transient requirement for MLI activity in motor memory
expression

Our findings show that MLIs are only transiently involved in
motor memory engrams because, during the recall of lasting
memories of previously acquired gain-increase learning,
optogenetic MLI activity suppression had no effect on the
adapted VOR response. These results are congruent with
previous investigations (Kassardjian et al., 2005; Anzai et al.,
2010) showing that acute pharmacological block of floccular
activity prevents the expression of VOR gain-increase adap-
tation immediately after the training procedure but not after
a multiday consolidation period (i.e., >72 h). Taken to-
gether, our results support the conclusion that motor memo-
ries requiring MLI activity first form in the cerebellar cortex.
However, as these memories are transferred over time to the
cerebellar nuclei for long-term retention (Mauk, 1997; Lisberger,
2021), the role of MLIs in the engram is obviated. We did not
determine whether and/or how MLI activity may be reshaped
during the consolidation process, but MLI activity dynamics are
most likely conducive for further restructuring because new
gain-increase learning requiring MLI activity can be acutely
acquired after the consolidation process. It remains possible
that during the consolidation process, MLIs have a diminished,
but not fully absent, role in motor memory expression which
we may have missed because of insufficiently suppressing their
spiking activity. Future experiments employing more robust
optogenetic actuators could test this question and fully deter-
mine whether MLIs subtlety contribute to baseline VOR per-
formance either in the naive state or after long-term motor
memory consolidation.

Overall, our study emphasizes the importance of MLI activity
restructuring in the expression of labile climbing-fiber-induced
motor memories, thus adding an extra dimension to the role of
MLIs in behaviorally relevant computations (Jorntell et al., 2010;
Kim and Augustine, 2021). Beyond the cerebellum, our results
also contribute to the general understanding that local inhibitory
circuits play a critical role in organizing neural activity underly-
ing mnemonic processes throughout the brain (Li et al.,, 2013;
Courtin et al., 2014; Cummings and Clem, 2020).
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