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Autonomous Purkinje cell activation instructs
bidirectional motor learning through evoked
dendritic calcium signaling

Audrey Bonnan', Matthew M. J. Rowan® "2, Christopher A. Baker® !, M. McLean Bolton' &
Jason M. Christie® '3

The signals in cerebellar Purkinje cells sufficient to instruct motor learning have not been
systematically determined. Therefore, we applied optogenetics in mice to autonomously
excite Purkinje cells and measured the effect of this activity on plasticity induction and
adaptive behavior. Ex vivo, excitation of channelrhodopsin-2-expressing Purkinje cells elicits
dendritic Ca2* transients with high-intensity stimuli initiating dendritic spiking that addi-
tionally contributes to the Ca?* response. Channelrhodopsin-2-evoked Ca2* transients
potentiate co-active parallel fiber synapses; depression occurs when Ca2* responses were
enhanced by dendritic spiking. In vivo, optogenetic Purkinje cell activation drives an adaptive
decrease in vestibulo-ocular reflex gain when vestibular stimuli are paired with relatively
small-magnitude Purkinje cell Ca2* responses. In contrast, pairing with large-magnitude
Ca2* responses increases vestibulo-ocular reflex gain. Optogenetically induced plasticity and
motor adaptation are dependent on endocannabinoid signaling, indicating engagement of this
pathway downstream of Purkinje cell Ca2t elevation. Our results establish a causal rela-
tionship among Purkinje cell Ca2* signal size, opposite-polarity plasticity induction, and
bidirectional motor learning.
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nimals learn to adapt their movements in response to

motor errors. Corrective learning may necessitate the

strengthening and/or weakening of movements to restore
mistake-free performance on subsequent trials. Therefore, neural
circuits for motor learning must be able to flexibly signal and
respond to different erroneous contexts that ultimately accom-
modate a range of behavioral modifications!. In the cerebellar
cortex, error-driven motor learning entails alterations in the
sensorimotor-evoked simple spiking pattern of Purkinje cells
(PCs) to improve movement?3, Because parallel fiber inputs drive
PC simple spike firing during behavior, plastic reweighting of
parallel fiber synaptic strength is a mechanism for the acquisition
of cerebellar-dependent motor learning*-6. A Ca?™ threshold rule
governing the polarity of induced parallel fiber-to-PC synaptic
plasticity’ could provide a biochemical substrate for driving
bidirectional adaptive changes to movement. However,
researchers have not yet fully established a causal link between
Ca?T elevation in PC dendrites and plasticity-induced behavioral
change which precludes an understanding of the signaling
mechanisms that instruct cerebellar learning.

Ca?* signals in PC dendrites are determined by the integrated
activity of several extrinsic input sources including parallel fibers
that locally evoke Ca?* elevation. In addition, climbing fibers from
the inferior olive reliably initiate widespread Ca2* action potentials
due to their powerful ability to depolarize PC dendrites®. The PC
Ca%t response to climbing-fiber-mediated excitation is amplified
when elicited in conjunction with parallel fiber activity’ and is
negatively modulated by inhibition from molecular layer
interneurons!0-12, Thus, Ca?* signals resulting from the activity of
these diverse synaptic inputs provide PC dendrites with a repertoire
of different sized transients that could differentially engage down-
stream enzymatic pathways for inducing opposite forms of plasti-
city that underlie bidirectional changes to motor output during
learning!3-16. Separate from dendritic Ca?* elevation, modification
of PC simple spiking has also been proposed as a mechanism to
instruct learning!7-1°, PC simple spike output could provide a
complementary mechanism to ensure that the appropriate direction
and timing of the adaptive movement is achieved for corrective
behavior. Determining the contribution of these various instructive
signaling mechanisms to motor learning in awake animals is
imperative to resolve debates regarding the manner in which var-
ious forms of plasticity are induced in PCs under different beha-
vioral contexts and their adaptive effect on motor output20-24,

In this report, we optogenetically activated PCs in vivo to evoke
dendritic Ca?™ signals independent of extrinsic input sources and
found that these signals were sufficient to instruct changes to
coincidently active eye movements. These oculomotor responses
were either increased or decreased depending on the level of
induced PC Ca?* activity, whereas optogenetically evoked simple
spiking was insufficient to impart behavioral change. Measurements
in acute slices showed that optogenetically induced PC Ca’*t
transients effectively triggered plasticity induction at co-active
parallel fiber synapses where the polarity of change shifts with the
magnitude of Ca2™ elevation, likely explaining the differential effect
of PC Ca2?" signaling on instructing directional changes to motor
output. Optogenetically evoked plasticity induction and oculomotor
adaptation were endocannabinoid receptor sensitive, indicating that
this pathway acts downstream of PC dendritic Ca®t signaling.
Together, our results establish a causal relationship between PC-
autonomous signals for instructing plasticity induction and their
adaptive effects on motor behavior.

Results
Optogenetic PC activation evokes dendritic Ca2" elevation. We
used optogenetic excitation of PCs to determine how their activity

instructs plasticity and motor learning. TdTomato-tagged chan-
nelrhodopsin-2 (ChR2) was conditionally expressed in PCs by
crossing transgenic Ai27 mice with the Pcp2::Cre driver line2>:20,
In these animals, ChR2 was distributed in PCs, including a dense
localization in their dendrites as evidenced by stronger reporter
fluorescence in the molecular layer as opposed to the soma which
appeared dim in comparison (Fig. 1a, b). PC dendrites also richly
express voltage-gated Ca?T channels that flux Ca?* and mediate
regenerative dendritic spiking?’-2%. Therefore, we reasoned that if
cell-wide optogenetic PC activation sufficiently depolarizes the
dendrite for Ca?*-channel opening, this excitation would elevate
the intracellular Ca?* concentration and, at a threshold level,
induce dendritic spike firing that would further increase the
evoked Ca%* response.

To explore whether direct optogenetic activation of PCs would
elicit Ca?t signals in their dendrites, we acquired whole-cell
recordings from ChR2-expressing PCs in acute cerebellar slices
with a Ca? indicator dye included in the patch pipette. In this
manner, we were able to apply two-photon laser-scanning
microscopy to measure dendritic Ca?t transients in response to
short pulses of blue light delivered by wide-field epi-illumination
(Fig. 1c). Relatively low-light powers (<0.2 mW/mm?) evoked
small elevations in dendritic Ca?* (Fig. 1d). The magnitude of the
evoked Ca?t transient increased with higher light powers (e.g.
>0.5 mW/mm?), producing a response similar to that elicited by
climbing-fiber stimulation (Fig. 1d, e). In addition, the Ca?™
transients evoked by light-pulse trains were larger when evoked
by high-light powers compared to low-light powers (Fig. le),
indicating a consistent effect of optogenetic stimulus strength on
the size of the induced dendritic Ca?* signals.

Although ChR?2 is slightly permeable for Ca2130:31, the boost in
Ca?T transient magnitude for high-light powers points to an
effect secondary to ChR2 gating. Inhibiting voltage-gated Na™
channels with tetrodotoxin (TTX) did not reduce the optogen-
etically evoked dendritic Ca?* transients (Supplementary Fig. 1a,
b). In fact, response amplitudes were slightly increased, a
paradoxical result reflecting enhanced dendritic spiking likely
owing to an indirect effect on intracellular Ca?* levels and SK2
channels®2. Notwithstanding, the lack of Ca?T response reduction
in TTX indicates that simple spiking elicited in the soma by high-
power-light stimuli did not contribute to the enhanced dendritic
Ca2* response, which is an expected result because simple spikes
do not back-propagate into PC dendrites33. However, the evoked
dendritic Ca** response was greatly reduced by the addition of
the P/Q-type Ca?t channel blocker w-agatoxin IVA (Supple-
mentary Fig. 1a, b). In separate experiments performed without
TTX, w-agatoxin IVA also blocked the evoked Ca’* transient
with the addition of mibefradil further reducing the remaining
response indicating that T-type Ca2t channels were also opened
by the optogenetically induced depolarization (Supplementary
Fig. 1c). This result shows that optogenetically induced excitation
of PCs with high-light powers can engage the same dendritic
voltage-gated Ca2t conductances that mediate dendritic
spiking343>.

To directly determine whether optogenetic excitation initiates
dendritic Ca?* action potential firing, we made multisite whole-
cell electrophysiological recordings from ChR2-expressing PCs
(Fig. 1f). At low powers (<0.2 mW/mm?), light stimuli depolar-
ized both the soma and dendrite (Fig. 1g). Increasing light power
led to the recruitment of compartment-specific regenerative
activity including simple spiking in the soma and, with a slightly
increased threshold, spike firing in the dendrite (Fig. 1g, h). By
comparing results between experiments, we found that light
powers suprathreshold for reliable dendritic spike initiation
elicited larger Ca2t responses than those below the dendritic
spike threshold (Fig. le, h). Thus, optogenetically induced Ca?*
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Fig. 1 Optogenetically evoked Ca?+ signaling in PC dendrites. a Representative images from a single Pcp2::Cre;Ai27 mouse showing tdTomato-tagged
ChR2 expression in the flocculus. In the magnified view, PCs are marked by calbindin immunostaining (molecular layer, ML; Purkinje cell layer, PCL; and
granule cell layer, GCL). b The average fluorescence intensity profile of ChR2-tdTomato in the cerebellum of an example mouse. € ChR2-expressing PCs
were filled with Fluo-5F during whole-cell recording. Two-photon imaging was used to measure Ca?* transients evoked by optogenetic excitation or

climbing-fiber (CF) stimulation. d Average Ca2+ transients from the same PC dendrite evoked by single pulses of light (4 461nm; 5 ms; artifacts blanked for
clarity), shown relative to the climbing-fiber-evoked response. @ Summary plot of peak Ca2t transient amplitude for different stimulus conditions. In

addition to single stimuli, trials also included bursts of closely spaced light pulses to elicit activity (n = 21 dendritic sites obtained from seven PCs; six mice).
Descriptive statistics: 1 pulse: 0.13 vs. 1.68 mW P =0.0345, 0.13 mW vs. CF, P<0.0001, 0.73 mW vs. CF, P=0.0404; 3 pulses: 0.13 vs. 0.73mW, P<
0.0001, 0.13 vs. 1.68 mW, P < 0.0001, 0.13 mW vs. CF, P < 0.0007; 12 pulses: 0.13 vs. 0.73 mW, P < 0.0001, 0.13 vs. 1.68 mW, P < 0.0001, 0.13 mW vs. CF,
P<0.0001, 0.73 vs. CF, P=0.0002). f Simultaneous patch-clamp recordings from the soma and dendrite of ChR2-expressing PCs allowed for high-

resolution measurement of optogenetically induced electrogenic activity. g Electrophysiological responses from the same PC to single pulses of light at
increasing powers (1 461 nm; 5ms). The evoked dendritic response to climbing-fiber stimulation is shown for a separate cell. h Plot shows the average
number of optogenetically evoked dendritic spikes as a function of light power; the threshold for evoking reliable dendritic spiking is indicated by the dashed

line. All data are mean = SEM; asterisk indicates P < 0.05, two-way repeated-measures ANOVA with Tukey's post test.

signaling in PC dendrites is amplified by regenerative electrogenic
activity. Notably, at high-light powers (>1.0 mW/mm?2), the
optogenetically evoked electrical waveform in the dendrite closely
resembled the response elicited by climbing-fiber-mediated
excitation (Fig. 1g, h), an input that drives somatically uncoupled
bursts of dendritic Ca>t action potentials’®. Together, these
results indicate that optogenetic PC activation produces a range
of dendritic Ca?* signals, which are partially dependent on
amplification by regenerative dendritic spiking; an electrogenic
response mimicking those elicited by climbing-fiber-evoked
excitation.

Optogenetic PC activation induces synaptic plasticity. Ca’>*+
elevation in PC dendrites is a biochemical trigger for plasticity
induction. These signals drive lasting changes in the efficacy of
recently active parallel fiber synapses, with the different polarities

of alteration having varying Ca?* thresholds of induction. Par-
allel fiber-to-PC long-term depression (LTD) requires larger
increases in dendritic Ca?* levels relative to long-term poten-
tiation (LTP)”. Hence, LTD is preferentially induced by the
amplified dendritic Ca2t response to climbing-fiber-mediated
excitation®3”. To characterize how ChR2-induced Ca?" signaling
in PC dendrites instructs plasticity induction, we compared the
amplitude of test parallel fiber-evoked excitatory postsynaptic
potentials (EPSPs) before and after repeated tetanization in
conjunction with optogenetic stimuli. LTP was induced after the
parallel fiber tetanus was paired with an optogenetic stimulus
subthreshold for dendritic spiking (1.32+0.09 of baseline; P =
0.0005; Wilcoxon test; Fig. 2a, b). Plasticity induction was
dependent on optogenetic-induced activity because pairing the
parallel fiber tetanus with light alone in non-ChR2-expressing
control PCs failed to induce a change in parallel fiber synaptic
strength (0.99 £ 0.11 of baseline; P = 0.94; Wilcoxon test; Fig. 2b).
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Fig. 2 Optogenetic PC activation induces synaptic plasticity. a During PC recordings, a parallel fiber (PF) tetanus (100 Hz, 70 ms) preceded an
optogenetically induced stimulus (A 25 ms); light power was subthreshold for evoking dendritic spike firing (1 461nm; 5ms; 0.15 mW,/mm?2). This pairing
was delivered for 300 repetitions (1Hz). b Top: average test EPSPs to parallel fiber stimulation before and after the conjunctive pairing procedure. Bottom:
plot of change in EPSP amplitude across PCs shows optogenetically induced LTP (red). Test EPSP amplitude was not affected by the light-pairing procedure
when recording in non-ChR2-expressing control PCs (gray). Data were obtained from 12 mice. ¢ In separate recordings, the parallel fiber tetanus was
paired with an optogenetic stimulus suprathreshold for evoking dendritic spike initiation (A 461nm; 5 ms; 1.7 mW,/mm2). d Top: average test EPSPs before
and after the conjunctive pairing procedure with high-power light. Bottom: summary plot of EPSP amplitude across PCs shows optogenetically induced LTD
(red), the same polarity of plasticity induced by pairing the parallel fiber tetanus with a climbing-fiber stimulus in place of the light pulse (black). Data were

obtained from 14 mice. In the plots, data are presented as mean + SEM.

We also found that optogenetic PC activation suprathreshold
for dendritic spiking effectively induced plasticity. However,
when paired with parallel fiber tetanus, this stimulus yielded LTD
instead of LTP (0.84 + 0.04 of baseline; P = 0.0049; Wilcoxon test;
Fig. 2¢, d). Similarly, LTD was induced when the same parallel
fiber tetanus was paired with climbing-fiber stimulation in place
of a light pulse (0.64 £0.10 of baseline; P = 0.03; Wilcoxon test;
Fig. 2d). However, the change in synaptic efficacy obtained by
conjunctive pairing with climbing fibers was greater than that
obtained by optogenetically induced PC activation (P=0.04, ¢
test). In support of a Ca2t threshold rule governing plasticity
induction at parallel fiber-to-PC synapses, these results indicate
that amplified Ca®* signaling through dendritic spiking, whether
induced by high-intensity optogenetic stimuli or climbing-fiber-
induced excitation, drives LTD whereas more moderate Ca’*
signals result in LTP.

Optogenetic PC activation in awake mice. Cerebellar-dependent
motor learning depends on signaling that instructs appropriate
forms of plasticity to accurately recalibrate movements in
response to motor errors. Corrective behavior is achieved by
strengthening or weakening the motor output, depending on the
context of the error. Although opposite-polarity changes in the
efficacy of parallel fiber-to-PC synapses signaled by a Ca’t
threshold rule provide a mechanism for imparting bidirectional
alterations in motor output, the causal effect of such Ca?* signals
on behavior remains unclear. Therefore, we used optogenetic
activation of PCs to determine how different levels of dendritic

Ca?* signaling during movements translate to plasticity-induced
changes in motor performance.

In our approach, we examined the vestibulo-ocular reflex
(VOR), a nonvolitional eye moment elicited in response to head
motion. A well-calibrated VOR helps maintain a stable gaze.
Hence, when visual motion (retinal slip) is encountered during a
vestibular stimulus, the mismatch is interpreted as a motor error
and triggers the induction of corrective plasticity in the cerebellar
flocculus to restore distortion-free performance38. Retinal slip can
elicit adaptive increases or decreases in VOR amplitude (gain); in
this process, the direction of learned change encoded in the
cerebellum depends on whether visual motion occurs in the
opposite or same direction of the head motion3®. However, by
training mice in darkness, we eliminated visual feedback. Instead
of using retinal slip to drive instructional signaling, we stimulated
ChR2-expressing PCs with light pulses through bilateral optical
fiber implants targeting both flocculi in conjunction with head
turns when parallel fibers fire during vestibular motion (Fig. 3a).
This approach allowed us to determine whether the pairing of this
activity results in changes to VOR performance. Importantly, to
account for VOR gain changes due to darkness-induced
habituation®, we quantified the adaptive effect of optogenetic
PC activation on VOR performance by comparing induced
changes during training to those for sessions consisting of
vestibular motion alonel8.

To first establish whether optogenetically induced PC excita-
tion can effectively elicit Ca?t activity in vivo, we transduced
floccular PCs of Pcp2:Cre mice with adeno-associated viruses
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Fig. 3 Optogenetic PC activation induces VOR learning. a Optical fibers targeting both flocculi were bilaterally implanted into Pcp2::Cre;Ai27 mice to
stimulate ChR2-expressing PCs. b Eye movements in a mouse evoked by unilateral optogenetic PC activation using different light powers (1 471 nm; 12
pulses; 5 ms; 50 Hz, 1T and 2 mW). The direction of lateral eye displacement (T, temporal; N, nasal) depended on whether PCs in the ipsiversive or
contraversive flocculus were stimulated (laser pulses indicated by blue tick marks). The absolute amplitude of evoked movements was used to categorize
the intensity of optogenetic stimuli (> or <0.75°, high- and low-intensity, respectively). ¢ In darkness, head-fixed mice were trained by pairing sinusoidal
vestibular motion (1 Hz) with a low-intensity optogenetic stimulus (1 471 nm; 12 pulses; 5 ms; 50 Hz) beginning near the completion of head turns (training
lasted 30 min). In the example traces below, PC activation was timed to the end of contraversive vestibular motion (average head position, black trace;
laser pulses; blue tics). d Average VOR-evoked eye movements measured before and after the mouse were trained with a pairing procedure using low-
intensity optogenetic stimuli timed to the end of contraversive vestibular motion. The traces were normalized to that of time-matched, control responses
recorded during sessions of training consisting of the vestibular stimulus alone. e The effect of pairing either contraversive or ipsiversive vestibular motion
with low-intensity optogenetic stimuli on VOR gain, shown relative to control sessions. Measurements were obtained from the same mice. Changes are
shown normalized to a baseline measurement obtained immediately before training (t = 0 min) for each condition. Vestibular stimulation vs. ipsiversive
stimulation: P=0.6903; vestibular stimulation vs. contraversive stimulation: P=0.0388. f In separate sessions, a cohort of the same mice was trained
using pairing that included high-intensity optogenetic stimuli (A 471 nm; 12 pulses; 5 ms; 50 Hz). In the example head-position traces below, PC activation
was timed to the end of ipsiversive vestibular motion. g Average VOR eye movements before and after training with high-intensity optogenetic stimuli
timed to the end of ipsiversive vestibular motion. h The effect of pairing vestibular motion with high-intensity optogenetic PC stimulation on VOR gain
across mice. Vestibular stimulation vs. ipsiversive stimulation: p = 0.0068, Vestibular stimulation vs. contraversive stimulation: P = 0.1151. Data are shown
mean + SEM with an asterisk indicating P < 0.05, two-way repeated-measures ANOVA with Dunnett's post tests.
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(AAVs) containing Cre-dependent ChR2 and jRCaMPla, a red
Ca2* sensor*!, and measured blue light-evoked Ca2t responses
using photometry through an implanted optical fiber (Supple-
mentary Fig. 2a, b). In head-fixed quiescent mice, brief bursts of
light pulses elicited Ca®* transients. The magnitude of the evoked
response increased with higher light powers (Supplementary
Fig. 2¢, d), indicating that the level of PC excitation was sensitive
to the optogenetic stimulus strength. Optogenetic PC activation
also elicited eye movements time-locked to the light stimulus;
movement amplitude exhibited a similar increase with light
power (Fig. 3b and Supplementary Fig. 3a-c). Optogenetically
elicited motor responses are indicative of evoked PC activity due
to increased simple spike firing which inhibits target neurons in
the vestibular nuclei controlling eye movement!7:18:42, Therefore,
to normalize the level of optogenetically induced PC Ca’*t
signaling between training conditions and to facilitate compar-
isons across animals, we calibrated the intensity of optogenetic
stimuli using the absolute amplitude of evoked eye movements
during quiescence for each animal (Fig. 3b).

Optogenetic PC activation induces motor learning. Pairing
vestibular motion (1 Hz sinusoids) in conjunction with a low-
intensity optogenetic stimulus was effective at instructing a
learned change in VOR performance when compared to control
sessions of vestibular motion alone. However, the ability to pro-
duce this change was specific to the timing of the optogenetic
stimulus relative to the direction of the head turn. PC activation
at the end of contraversive vestibular motion (i.e., when PCs in
the left flocculus were stimulated after rightward head turns and
PCs in the right flocculus were stimulated after leftward head
turns) resulted in a learned decrease in VOR gain (Fig. 3c-e).
However, optogenetically induced PC excitation at the end of
ipsiversive vestibular motion (i.e., when PCs in the left flocculus
were stimulated after leftward head turns and PCs in the right
flocculus were stimulated after rightward head turns) had no
discernable effect on VOR gain (Fig. 3e).

To determine whether VOR performance changes resulting
from optogenetically evoked PC excitation are sensitive to the
level of induced activity, we trained a cohort of the same mice in
separate sessions by pairing vestibular motion with a high-
intensity optogenetic stimulus (Fig. 3b). In this condition, PC
activation at the end of ipsiversive vestibular motion was effective
for instructing learning. However, this pairing drove an increase
rather than a decrease in VOR gain, in comparison to control
training sessions of vestibular motion alone (Fig. 3f-h). Surpris-
ingly, high-intensity optogenetic PC activation timed to the end
of contraversive vestibular motion was not effective for inducing
learned changes to VOR gain (Fig. 3h). Comparisons across mice
showed a significant difference in induced changes to VOR
performance for low- and high-intensity optogenetic stimuli
timed to either the ipsiversive or contraversive phase of vestibular
motion (Supplementary Fig. 4a, b, respectively). Together, these
results establish that PC-autonomous activity that drives
dendritic Ca?t elevation can instruct bidirectional changes to
movement strength, dependent on the level of induced excitation.
However, the context of vestibular motion influences the
effectiveness of these signals in imparting behavioral change,
indicating a conditional sensitivity of cerebellar circuitry to
encoding different types of learning.

Under natural behavior, learned increases in VOR gain arise
when retinal slip occurs in the direction opposite to that of head
motion. This context modulates climbing-fiber firing during
ipsiversive vestibular motion*3. This finding suggests that high-
intensity optogenetic PC activation may substitute for dendritic
Ca?™ signals induced by climbing-fiber-mediated excitation. In

accordance with this idea, pairing head turns with optogenetic
stimulation of ChR2-expressing climbing fibers, transduced by an
AAV injected into the inferior olive of wildtype mice (Supple-
mentary Fig. 5a), resulted in a learned increase in VOR gain when
light pulses were timed to the end of ipsiversive vestibular
motion, compared to control training sessions (Supplementary
Fig. 5b-d). Thus, high-intensity optogenetic PC activation and
climbing-fiber-evoked excitation likely engage convergent Ca?
T-dependent plasticity mechanisms to impart similar alterations
to VOR performance.

Optogenetically induced plasticity and learning depend on
endocannabinoid signaling. In response to dendritic Ca2t ele-
vation, PCs release endocannabinoids that bind to CB; receptors
expressed on presynaptic parallel fiber boutons**. As both LTP
and LTD induction at parallel fiber-to-PC synapses depend on
CB, receptor activation*>#%, we reasoned that retrograde endo-
cannabinoid signaling is a potential mechanism converting PC
dendritic Ca?T activity into plasticity that imposes behavioral
change. To test this idea, we first confirmed that optogenetically
induced alteration of parallel fiber synaptic strength is endo-
cannabinoid mediated by repeating ex vivo plasticity experiments
in the presence of the CB, receptor antagonist AM251. With CB,
receptors blocked, pairing parallel fiber tetanus with light sti-
mulation failed to induce a change in synaptic efficacy; AM251
inhibited plasticity regardless of whether the light stimulus was
subthreshold or suprathreshold for dendritic spiking (1.07 +0.13
and 0.97 £ 0.07 of baseline; low- and high-power-light pairing in
AM?251, respectively; P=0.46 and P =0.99; Wilcoxon tests;
Fig. 4a—c). This result demonstrates a common requirement for
endocannabinoid signaling in instantiating distinct types of par-
allel fiber plasticity resulting from different levels of optogeneti-
cally evoked Ca®* elevation in PC dendrites.

To probe for a link between dendritic Ca?* signaling and
forms of plasticity induction that mediate bidirectional VOR
learning, we administered AM251 to ChR2-expressing mice by
intraperitoneal injection to block CB; receptors in vivo?’. We
then trained these animals by pairing vestibular stimuli with
optogenetically induced activation of floccular PCs in the contexts
that we previously observed induced learning (Fig. 4d). Unlike
control training sessions in which these same animals were
administered saline and the solvent DMSO, neither low-intensity
optogenetic stimuli at the end of contraversive head turns nor
high-intensity optogenetic stimuli at the end of ipsiversive head
turns were effective in instructing learned decreases or increases
in VOR amplitude, respectively, relative to that elicited in sessions
of vestibular motion-only training in the same pharmacological
condition (in AM251: contraversive low-intensity optogenetic
stimulation vs vestibular motion alone only; P = 0.62 ipsi. high-
intensity optogenetic stimulation vs vestib. only; P = 0.42; paired
t tests; Fig. 4e, f). As CB;-receptor sensitivity is observed for both
LTP and LTD induction and for optogenetically induced
bidirectional changes to VOR performance, our results indicate
that dendritic Ca2* elevation engages endocannabinoid signaling,
resulting in opposite-polarity plasticity at parallel fiber inputs that
were active during the vestibular stimulus.

Optogenetically induced plasticity requires dendritic Ca2t
signaling. In addition to evoking dendritic Ca’t transients,
optogenetic PC excitation also drives somatic simple spike firing.
This combination of induced activity presents a potential con-
found to the interpretation of our behavioral results because the
modulation of PC simple spiking is a candidate instructive signal
for instantiating motor learning!7-1948. Therefore, to dis-
ambiguate the potential effects of optogenetically evoked PC
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Fig. 4 Optogenetically induced plasticity and learning requires endocannabinoid signaling. a In the presence of the CB, receptor antagonist AM251
(5pM), a parallel fiber (PF) tetanus (100 Hz, 70 ms) was repeatedly paired (300 repetitions; 1Hz) with a light pulse (4 461 nm; 5 ms; either 0.13 or
1.7 mW/mm?2) to activate ChR2-expressing PCs. b, ¢ Top: average parallel fiber-evoked EPSPs recorded in PCs before and after conjunctive pairing with an
optogenetic stimulus either subthreshold or suprathreshold for dendritic spike firing. Bottom: plots of average EPSP amplitude across PCs for control
recordings (gray) or in the presence of AM251 (black). Data obtained from 24 mice total. d During training, ChR2-expressing PCs in the flocculus were
activated using optogenetic stimuli (12 pulses, 5 ms, 50 Hz) in conjunction with vestibular motion (1Hz). Either vehicle (containing saline + DMSO) or
AM251 (5 mg/kg in saline + DMSO) was administered 20 min prior to training. e, f Summary data for mice trained with either low- or high-intensity
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stimulation, P <0.05; AM251: vestibular vs. ipsiversive stimulation, P> 0.05. All data are mean + SEM; asterisk indicates P < 0.05, two-way repeated

measures with Sidak’s post test.

simple spiking on induced changes to VOR performance from
those attributable to the dendritic Ca®t response, we avoided
expressing ChR2 in PC dendrites that drive local Ca2t elevation
in their arbors. We achieved this by attaching the somatic tar-
geting motif of the K,2.1 KT channel to the c-terminus of ChR2
(ChR2-K,2.1)#9-51,
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AAV-mediated transduction of Cre-dependent ChR2-K,2.1 in
Pcp2::Cre mice resulted in a predominant somatic localization of
ChR2 in PCs, although there was a modicum of expression in
their proximal dendrites (Fig. 5a). As shown in cerebellar slice
recordings from PCs expressing ChR2-K,2.1, short light pulses
drove well-timed somatic simple spikes without evoking
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Fig. 5 Absence of optogenetically induced dendritic Ca2+ signaling and plasticity in PCs with soma-restricted ChR2 expression. a Image from a Pcp2::Cre
mouse expressing mRuby-tagged ChR2-K,2.1 by Cre-dependent AAV transduction; PCs are marked by calbindin immunostaining. b Electrophysiological
recordings from the soma of two different PCs, expressing either ChR2 (n =11 PCs) or ChR2-K,2.1 (n = 6 PCs), in response to single pulses of light (5ms; 0.7
mW,/mm?2). A complex spike in the ChR2-expressing cell was evoked by climbing-fiber (CF) stimulation for comparison (n=9 PCs). The summary plot on the
right shows the average somatic spiking response to the different stimuli (one-way ANOVA with Tukey's post test; CF vs. ChR2: P> 0.05, CF vs. ChR2-Kv2.1:
P <0.001, ChR2 vs. ChR2-Kv2.1: P <0.001). Data from 14 mice. ¢ Dendritic Ca2* activity in a ChR2-K,2.1-expressing PC to a burst of optogenetic stimuli
(12 pulses; 5 ms; 50 Hz; 0.7 mW,/mm?2) or to repeat climbing-fiber activation. Somatic spiking is shown in the gray boxes below. d Lack of dendritic Ca2* signals
in response to optogenetic stimuli in PCs expressing ChR2-K,2.1 (n = 25 dendrites, four cells, three mice; two-way repeated-measures ANOVA with Dunnett's
post test; 1 pulse: CF vs. ChR2-Kv2.1, P<0.0001, 3 pulses: CF vs. ChR2-Kv2.1, P<0.0001, 12 pulses: CF vs. ChR2-Kv2.1, P<0.0001). e A parallel fiber (PF)
tetanus (100 Hz; 70 ms) was stimulated in conjunction with optogenetic activation of ChR2-K,2.1-expressing PCs (2 pulses; 5 ms; 20 Hz); pairing was repeated
300 times (1Hz). On the right, average parallel fiber-evoked EPSPs are shown before and after conjunctive pairing. f In recordings from ChR2-K,2.1-expressing
PCs, EPSP amplitude remained unchanged following the conjunctive parallel fiber-light-pairing procedure (red) as opposed to a depression of EPSP amplitude

following the parallel fiber -CF pairing procedure (black). Data were obtained from ten mice. All data are mean + SEM; asterisk indicates P < 0.05.

burst-like waveforms that mimic climbing-fiber-evoked complex
spikes as observed in response to ChR2-mediated somatoden-
dritic excitation (Fig. 5b). Importantly, although light-pulse trains
drove simple spike firing in ChR2-K,2.1-expressing PCs, these
optogenetic stimuli resulted in a negligible increase in dendritic
Ca?™ (Fig. 5¢, d). Climbing-fiber-evoked transients confirmed the
dendritic Ca2t responsiveness of these same cells (Fig. 5c¢).

As parallel fiber-to-PC LTP and LTD are both Ca’*t
dependent’>2, we expected that restricting ChR2 from PC
dendrites would prevent optogenetically induced synaptic
plasticity due to the absence of an evoked dendritic Ca?t
response. In support of this hypothesis, pairing parallel fiber
tetanus with optogenetic activation of PCs expressing ChR2-K,2.1
failed to induce a measurable change in parallel fiber synaptic
strength, even though we applied several light pulses in an
attempt to increase the overall level of optogenetically induced

excitation (0.93 £ 0.04 of baseline; P = 0.25; Wilcoxon test; Fig. 5e,
f). The conjunctive pairing of parallel fiber and climbing-fiber
activity continued to induce LTD in ChR2-K;2.1-expressing PCs
demonstrating a susceptibility for plasticity induction in these
cells (0.78 £0.02 of baseline; P =0.03; Wilcoxon test; Fig. 5f).
Thus, by using a subcellular targeting strategy to limit ChR2
expression to the PC soma, we preserved optogenetically induced
simple spiking but avoided evoking dendritic Ca?* elevation,
which, in turn, prevented plasticity induction at parallel fiber
inputs.

Absence of motor learning in response to optogenetically
induced PC simple spiking. To address whether optogenetically
induced PC simple spiking is sufficient to instruct VOR learning
independent of evoked dendritic Ca?* signaling, we trained
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Fig. 6 Absence of motor learning with optogenetically induced PC simple spike firing. a Pcp2::Cre mice were implanted with bilateral optical fibers to
stimulate floccular PCs expressing soma-targeted ChR2-K,2.1 by AAV-mediated transduction. b To calibrate the intensity of the optogenetic stimulus,
evoked eye movements were monitored in response to activation of ChR2-K,2.1-expressing PCs (12 pulses, 5-10 ms; 50 Hz). ¢ Average VOR-evoked eye
movements measured before and after training with low-intensity optogenetic stimuli timed to the end of contraversive vestibular motion. The traces were
normalized to that of time-matched, control responses recorded during training sessions consisting of vestibular motion alone. The summary plot shows the
lack of effect of pairing low-intensity optogenetic PC activation with vestibular motion on VOR gain. d Pcp2::Cre;Ai27 mice were implanted with bilateral
optical fibers targeting the medial vestibular nuclei (MVN) to activate the ChR2-expressing axon projections of floccular PCs. The image on the right shows
ChR2-tdTom expressing PC terminals in the MVN (fourth ventricle, 4 V; genu of CN VII, g7). e VOR-evoked eye movements before and after pairing low-
intensity optogenetic activation of PC axons with vestibular motion on normalized VOR performance. Summary plot show a lack of an effect of both
contraversive and ipsiversive pairing contexts compared to control training sessions. Data are presented as mean = SEM and analyzed with two-way
repeated-measures ANOVA with Dunnett’s post test. f Comparison of VOR performance before and after pairing with high-intensity optogentic stimulation
of ChR2-K,2.1-expressing PCs in the flocculus, timed to the end of ipsiversive vestibular motion. Summary data from all mice is shown on the right.

Pcp2::Cre mice with ChR2-K;2.1-expressing floccular PCs by circumvented depolarizing dendrites when exciting PCs and
pairing vestibular stimuli with somatic PC activation (Fig. 6a). hence avoided elevating Ca®T levels in this subcellular compart-
Prior to training, we first calibrated the level of optogenetically ment. Light pulses delivered to the vestibular nuclei evoked small
induced activity in each mouse using the absolute amplitude of eye movements, confirming that optogenetically induced axonal
evoked eye movement elicited in quiescence (Fig. 6b). This step  excitation was sufficient to drive PC simple spike firing. However,
ensured that we stimulated ChR2-K;2.1-expressing PCs to an relative to control sessions of vestibular motion-only training, the
extent similar to that achieved by ChR2-mediated somatoden- amplitude of the VOR remained unchanged after training ses-
dritic excitation during training. We found that low-intensity sions that including pairing with low-intensity optogenetic PC
optogenetic stimuli timed to the end of either contraversive or activation at the end of either contraversive or ipsiversive ves-
ipsiversive vestibular motion failed to induce a change in VOR tibular stimuli (Fig. 6e). Thus, this stimulus was ineffective in
gain, relative to control sessions with vestibular motion-only instructing gain-decrease learning.

training (Fig. 6¢). This result indicates that learned decreases in We also trained the same cohort of ChR2-K,2.1-expressing
VOR gain do not result from optogenetically evoked simple mice using high-intensity optogenetic stimuli in the flocculus
spiking. To further evaluate this possibility, we bilaterally (Fig. 6f). However, somatic PC activation through floccular-
implanted optical fibers targeting both vestibular nuclei to acti- targeted excitation, timed to the end of either contraversive or
vate ChR2-expressing axon terminal projections of floccular PCs  ipsiversive vestibular motion, also failed to affect VOR perfor-
in Pcp2::Cre;Ai27 mice (Fig. 6d). By bypassing the flocculus, we mance. Thus, the absence of learning due to PC activity paired
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with vestibular motion was not dependent on a threshold level of
induced PC excitation. Altogether, these results conclusively
demonstrate that activity-induced PC simple spiking over the
time course of training (30 min) is ineffective for instructing
learned changes to VOR performance. By ruling out the
possibility that VOR learning results from an induced increase
in PC simple spike output, this finding further substantiates that
optogenetically elicited dendritic Ca?*  signaling and
endocannabinoid-mediated plasticity induction are responsible
for instructing motor learning in response to optogenetic PC
activation.

Discussion

In this study, we found that ChR2-mediated excitation of PCs
produces dendritic Ca?t transients that are amplified by
depolarization-evoked dendritic spiking. These Ca?* signals
triggered LTP or LTD at co-active parallel fiber synapses; the
polarity of plasticity induction followed a Ca2* threshold rule. In
vivo, optogenetically evoked PC excitation was sufficient to
instruct motor learning. The level of induced PC Ca?* activity
governed the direction of movement modification, though the
effectiveness of these signals to impart behavioral change
depended on the context in which the Ca2* response was elicited.
Endocannabinoid signaling, engaged downstream of the opto-
genetically evoked dendritic Ca?* response, was required for both
opposite-polarity plasticity induction and bidirectional motor
learning. Optogenetically evoked simple spiking in PCs, elicited
over the time course of training using soma-targeted ChR2
expression, was insufficient to induce an adaptive behavioral
change, pointing to the primacy of dendritic Ca?* signaling in
rapidly instructing bidirectional cerebellar motor learning.

PC dendritic Ca2t signals direct opposite-polarity forms of
plasticity induction. Our results show that PC-wide ChR2 acti-
vation effectively evokes dendritic Ca?T signals by depolarizing
the local membrane potential in a light-dependent manner
resulting in the opening of voltage-gated Ca?T channels. By
altering the level of optogenetic-induced excitation, we produced
a range of Ca?* signals in PC dendrites that resembled responses
evoked by extrinsic synaptic drive. Low-power light induced
relatively small-magnitude Ca2t transients that approximate the
Ca%*t response elicited by parallel fiber-mediated electrogenic
excitation. The more profound depolarization induced by high-
power light initiated dendritic action potentials mediated by P/Q-
type voltage-gated Ca2* channels, identical to those elicited by
climbing fibers®3. Dendritic spiking elicited by ChR2-mediated
depolarization amplified the overall optogenetically induced Ca2+
response, greatly increasing its magnitude.

ChR2-evoked Ca?*t transients could replace Ca?T signals
elicited by either parallel fibers or climbing fibers in inducing
plasticity at co-active parallel fiber synapses. While the necessity
and sufficiency of PC dendritic Ca?* elevation for inducing LTD
are established374654, our work points to the importance of Ca2
T-response amplification by dendritic spiking to bias plasticity
induction from LTP towards LTD. Hence, our results support the
conclusion that the polarity of parallel fiber synaptic plasticity is
determined by the magnitude of PC dendritic Ca2t transients
with LTD having a higher Ca? threshold of induction compared
to LTP’. Blocking CB, receptors prevented optogenetically
induced plasticity, indicating that Ca?*-dependent endocannabi-
noid release from PC dendrites®® was engaged downstream of
optogenetically induced transients and was a requisite component
of the instructive signaling pathway in slices. The mechanisms
underlying the involvement of endocannabinoid signaling in LTP
and LTD at parallel fiber synapses have not been determined#>4.

PC dendritic Ca?™ signals instruct bidirectional motor learn-
ing. VOR gain-decrease and gain-increase learning resulting from
retinal slip errors depend on mechanistically distinct plasticity
pathways®®. Therefore, our central finding that Ca2t signals
evoked in PC dendrites are sufficient to instruct bidirectional
changes to movement could provide a basis for selecting the
appropriate plasticity mechanism to accurately correct erroneous
motor behavior across a landscape of different types of mistakes.
The gain of the VOR decreased when the vestibular motion was
paired with a relatively weak PC optogenetic stimulus. In con-
trast, the gain of the VOR increased when pairing included a
much stronger optogenetic stimulus. Although we were unable to
determine whether high-intensity optogenetic PC activation eli-
cited dendritic spiking in vivo to explain the larger evoked Ca®*
signals in this stimulus condition, the resulting adapted response
resembled that induced by optogenetic activation of climbing
fibers, inputs that are known to effectively trigger such electro-
genic responses in PCs. Thus, adaptive weakening or strength-
ening of the VOR is instructed by autonomous PC activity
according to a Ca?* threshold rule, similar to plasticity induction
at PC synaptic inputs measured in slices. As parallel fiber LTP
and LTD are substrates for bidirectional cerebellar motor
learning®>>7, our findings support the conclusion that LTP,
induced by pairing behavior-evoked parallel fiber activity and
small-magnitude PC Ca®* responses, drives an adaptive decrease
in VOR gain. In contrast, LTD, induced by pairing behavior-
evoked parallel fiber activity and large-magnitude PC Ca?*
responses, drives an adaptive increase in VOR gain®® (Supple-
mentary Fig. 6). Further work will be necessary to determine
whether optogenetically induced PC instructive signaling engages
the same biological pathways as those engaged during error-
driven motor learning. Nonetheless, our results emphasize that
Ca?t signaling in PCs is, at least, sufficient for directing bidir-
ectional adaptive changes to motor output.

Interestingly, ChR2-evoked PC Ca?* signals were only effective
in instructing changes in VOR gain during particular contexts of
vestibular motion. Large-magnitude Ca?* responses induced an
increase in VOR gain when they were elicited at the end of
ipsiversive, but not contraversive, head turns. This matches the
known conditional dependence of climbing-fiber activity that,
when optogenetically induced, only elicits VOR gain-increase
adaptation when paired with ipsiversive head turns!->8. The
similar adaptive influence of high-intensity optogenetic PC
activation and climbing-fiber stimulation on VOR performance,
and the shared conditional effectiveness of their activity at
eliciting this learning, further establishes that large-magnitude
optogenetically induced dendritic Ca?T transients substitute for
instructive signaling mediated by climbing fibers. In contrast,
small-magnitude dendritic Ca?* signals induced gain-decrease
VOR adaptation when optogenetically elicited at the end of
contraversive head turns but not at the end of ipsiversive head
turns. Whether small-magnitude Ca?* signals mimic a behavior-
mediated response, such as through the activity of parallel
fibers or co-activation of climbing fibers and molecular layer
interneurons!!*%, is yet to be determined.

The mechanisms underlying the context-dependence of Ca?*
signaling for instructing bidirectional motor learning are not
clear. However, increasing evidence indicates that plasticity
gating, governed by context-dependent neural circuit dynamics,
including the engagement of local inhibitory interneuron
networks®?01, may play a widespread role throughout the brain
and could therefore contribute to regulating the polarity of
plasticity induction and the direction of motor learning in the
cerebellum. Certainly, neurons in the vestibulo-cerebellum,
including granule cells and molecular layer interneurons, exhibit
biased patterns of activity during head turns, with preferences for
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either, or both, contraversive or ipsiversive vestibular
motion®2-4, Thus, floccular PCs are likely to integrate different
types of extrinsically driven excitatory and inhibitory input,
dependent on the context of head turn direction, that could
oppose (or favor) the induction of particular forms of plasticity
that weaken or strengthen the VOR. Such gating mechanisms
may be in place to ensure that only the appropriate form of
plasticity is induced to accurately correct the behavior during
performance errors that, for the VOR, are referenced to head turn
direction.

We purposely timed light pulses at the end of head turns to
avoid evoking optogenetic PC Ca%* elevation in combination
with behavior-mediated Ca2* responses that are elicited during
the peak velocity phase of vestibular motion!!. Synergist
interaction of extrinsic and optogenetically evoked signals could
produce behavioral effects distinct from those mediated by either
signal source alone. Furthermore, we favored this approach
because it allowed optogenetically evoked Ca*t elevation to
precisely follow vestibular motion-induced parallel fiber activity, a
pairing sequence similar to plasticity experiments performed in
slices where evoked Ca2t transients followed parallel fiber
tetanus. However, retinal slip reporting VOR performance errors
occurs mostly during the peak phase of vestibular motion®.
Therefore, the timing of our optogenetic stimulus is not reflective
of a behaviorally relevant pattern of evoked PC Ca?™ activity.

Differences in the timing of optogenetic stimuli during head
turns may contribute to apparent disparate findings between our
study and a previous report showing gain-increase VOR
adaptation, rather than a gain decrease, in response to ChR2-
induced PC activation during the peak velocity phase of
contraversive vestibular motion!8. Because this previous study
calibrated the intensity of their optogenetic stimulus based on the
estimated induced change to PC simple spiking and not the effect
on dendritic PC Ca?* signaling, it is difficult to explain the exact
mechanisms that contribute to the differences in our results.
However, their study used a different Pcp2::Cre driver line® in
which Cre is expressed in PCs as well as ~20% of molecular layer
interneurons2>°7. Because molecular layer interneuron-mediated
inhibition suppresses dendritic spike-evoked Ca?* transients in
PCs thus influencing the efficacy and/or polarity of plasticity
induction!!, it may be that the coincident optogenetic activation
of PCs and molecular layer interneurons alter the direction of
VOR adaptation compared to conditions under which PCs are
optogenetically activated without the induced activity of MLIs,
as in our study, which employed a Pcp2::Cre driver line specific
for PCs?>.

Induction of adaptive behavior involves pathways downstream
of PC dendritic Ca?* elevation. Blocking CB, receptors pre-
vented both optogenetically induced gain-decrease and gain-
increase VOR adaptation. This result matched the endocanna-
binoid sensitivity of optogenetically induced LTP and LTD
induction at parallel fiber synapses in our slice recordings. Thus,
convergent plasticity mechanisms involving endocannabinoid-
mediated reweighting of parallel fiber synaptic strength likely
explains optogenetically induced changes to oculomotor behavior.
Although CB; receptor signaling has been implicated in
cerebellar-dependent associative eye-blink conditioning®®%%, a
recent investigation using CB, receptor knockout mice has shown
that these receptors are dispensable for learning this task, though
the authors could not completely eliminate the possibility of
developmental compensation in the absence of their expression”.
Whether Ca?*-dependent retrograde endocannabinoid release
from PC dendrites®>’! is a component of instructive signaling
pathways under naturalistic learning conditions, including VOR

adaptation elicited by retinal slip, will thus require future work to
untangle. Yet, based on our observation, it is clear that endo-
cannabinoid release from PCs can impart an adaptive influence
on motor output, at least when evoked under the artificial con-
dition of optogenetically induced dendritic excitation.

Activating PCs without an accompanying dendritic Ca%*
response did not induce a change in VOR gain indicating that
optogenetic-evoked simple spiking was not a participant signal
contributing to adaptive oculomotor behavior during our training
procedure. However, this result does not rule out the possibility
that PC simple spiking can instruct aspects of the cerebellar
learning process. PC simple spiking modulates during motor
performance, encoding information that may be useful for
instantiating corrective behavioral modifications during error-
driven learning’>73. Because PCs alter their spiking dynamics
with the acquisition of an adaptive movement, these new patterns
could instruct plasticity induction at their postsynaptic target
neurons over time’4. This would allow an initial labile memory of
learning, triggered by Ca?*-mediated plasticity induction in the
cerebellar cortex, to be transferred to a secondary brain site for
long-term storage’”. Such transfer may require hours to days’°,
much longer than the time course of our training procedure.
Provided our results, future experiments will be required to
conclusively show the causal effect of PC simple spiking on
imparting motor adaptation separate from the effect of activity
perturbations on dendritic Ca?* signaling, which was not parsed
in previous studies!”-19,

In summary, our findings establish that PC dendritic Ca?*
transients are sufficient, potent triggers of plasticity induction that
instruct the acquisition of cerebellar learning. Due to the
integrative properties of PC dendrites, extrinsically evoked Ca®*
signals vary in magnitude and duration. It is possible that this
signal diversity can engage different Ca2*-dependent mechan-
isms that, under naturalistic conditions, contribute to learned
changes in movement direction over different time scales?!,7778,
Such signaling would provide enormous flexibility to the
cerebellum in its role in producing appropriate behavioral
responses to different adaptive stimuli.

Methods

Animals. All procedures were conducted at the Max Planck Florida Institute for
Neuroscience on mature male and female mice (>8 weeks old for brain slice
recording and >10 weeks old for behavioral monitoring) using protocols approved
by the Institutional Animal Care and Use Committee. Experimental animals were
held on a 12-h light/dark cycle in a well-maintained vivarium and had ad libitum
access to food and water. We used heterozygous Pcp2::Cre mice (B6.Cg-Tg[Pcp2-
Cre]3555jdhu/J; Jax stock #010536), a driver line with high selectivity for Cre
activity in PCs2>7. For some experiments, these mice were crossed with the Ai27
reporter line (B6.Cg-Gt[ROSA26]m27.1-CAG.Is.ChR2(H134R)-tdTomato, [J; Tax stock
#012567), in which loxP-flanked ChR2 was under Cre control resulting in het-
erozygous offspring that constitutively express the optogenetic actuator across the
soma-dendrites of all PCs. In other experiments, Cre-dependent AAV was injected
into the cerebellum to transduce PCs with soma-targeted ChR2-K,2.1.

Brain slice electrophysiology and Ca2* imaging. To prepare acute brain slices,
animals were anesthetized by intraperitoneal injection of ketamine/xylazine (100
and 10 mg/kg, respectively) and then transcardially perfused with cold saline

(~4 °C). After their cerebellum was removed by surgical dissection, parasagittal
slices (200 pm) were sectioned from the vermis using a vibrating-blade microtome
(VT1200S; Leica Biosystems) in an icy solution containing (in mM) 87 NaCl, 25
NaHO;, 2.5 KCl, 1.25 NaH,PO,4, 7 MgCl,, 0.5 CaCl,, 10 glucose, and 75 sucrose.
Slices were transferred to an incubation chamber containing bath solution com-
posed of (in mM) 128 NaCl, 26.2 NaHO;, 2.5 KCl, 1 NaH,PO,, 1.5 CaCl,, 1.5
MgCl,, and 11 glucose. Slices were held in the incubation chamber for 40 min at
34°C and then at room temperature (23-25 °C) thereafter until use. All solutions
were oxygenated with carbogen gas (95% O,, 5% CO,) to equilibrium.

For experiments, cerebellar slices were placed in a submersion chamber under
an upright microscope (BX51WI; Olympus) and continuously superfused with
warmed bath solution (32-34 °C) containing a GABA, receptor blocker (100 uM
picrotoxin). Where noted, CB, receptors, voltage-gated Ca?* channels, and/or
voltage-gated Na* channels were blocked by including the following
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pharmacological reagents in the bath solution (in uM): 5 AM251, 0.5 w-agatoxin,
0.5-1 TTX, and 6 mibefradil, respectively (all obtained from Tocris).

PC somata were targeted for whole-cell recording using gradient-contrast
microscopy imaging. Recording pipettes (2-6 MQ) were filled with a filtered
intracellular solution containing (in mM): 128 K-gluconate, 2 KCI, 9 HEPES, 4
MgCl,, 4 Na-ATP, 0.5 Na-GTP. In a subset of electrophysiological recordings, PC
dendrites were also patched using a fluorescence-guided technique whereby
pipettes coated in BSA-conjugated Alexa Fluor-594 (0.02% w/v in 100 uM BSA;
ThermoFisher) were guided under continuous two-photon laser-scanning
microscopy imaging to the fluorescently labeled neurites of PCs, filled through a
somatic patch pipette with volume-indicator dye (40 uM Alexa-594 hydrazide;
ThermoFisher). For Ca?* imaging experiments, the green Ca?* indictor dye Fluo-
5F was included in the intracellular solution along with the red volume-indicator
Alexa-594 hydrazide (200 and 40 uM, respectively; ThermoFisher).

Constant current injection held the resting membrane potential of PCs near
—70mV in current-clamp mode using an ultra-low-noise amplifier (Multiclamp
700B; Molecular Devices). Electrophysiological signals were sampled after low-pass
filtering (2-10 kHz) using a digitizer (Digidata 1440 A; Molecular Devices)
controlled by acquisition software (pClamp 10; Molecular Devices). Pipette
capacitance was neutralized in all recordings and electrode series resistance
compensated using the bridge balance circuitry of the amplifier. Two-photon laser-
scanning imaging was performed using a custom-built scan head fitted on top of
the microscope. A mode-locking Ti:sapphire laser (Chameleon; Coherent)
provided excitation light (A 810 nm); beam steering was accomplished using
galvanometer mirrors. Fluorescence emission was chromatically separated using
dichroic mirrors and bandpass filters (t560lpxr, and et640/120 or et510/80,
respectively; Chroma) and detected using GaAsP photomultiplier modules
(Hamamatsu). Calcium imaging data were acquired using the PrairieView
software (Bruker).

To cover PC somata and dendritic arbors with light during ex vivo
recordings, optogenetic stimuli were delivered by wide-field epi-illumination.
This was accomplished by launching light from an unfiltered light-emitting
diode (LED) (M470L3; Thorlabs), centered at A 461 nm (+ 20 nm), through the
rear epiport of the microscope onto the back of the objective lens. The LED was
modulated (<1 kHz) with a current controller (LEDD1B; Thorlabs) triggered
using TTL commands produced by the electrophysiology software. For electrical
stimuli, brief pulses (100 ps; 1-5 V) were delivered through a constant voltage
stimulus isolation unit (DS2A; Digitimer). Climbing fibers were stimulated by
placing bipolar glass pipettes placed near the PC soma; parallel fibers were
stimulated by placing a separate bipolar glass pipette in the molecular layer near
the PC dendritic arbor. The electrical intensity was adjusted such that climbing-
fiber stimuli reliably triggered complex spikes in the soma and that parallel fiber
stimuli evoked EPSPs 2-4 mV in amplitude. For plasticity experiments, the
parallel fiber tetanus consisted of seven closely spaced electrical stimuli
(50-100 Hz). This was followed (A 25 ms) by either an optogenetic stimulus (one
pulse except where noted; 5 ms) or a single climbing-fiber stimulus. The pairing
was repeated 30 times over 5 min (0.1 Hz). Test parallel fiber-evoked EPSPs were
elicited at 0.05 Hz.

To analyze plasticity experiments, responses were averaged over 30 trials;
comparisons were made between a 10 min baseline period immediately prior to the
pairing procedure and an epoch 25-35 min after completing pairing. For Ca2*
imaging, measurements were made at any location along spiny dendrites. Activity-
evoked Ca?* transients were quantified using the ratio of change in the green Ca?*
channel divided by the fluorescence signal in the red volume channel (AG/R). The
optogenetic stimulus artifact was blanked for quantification. To determine the
amplitudes of evoked CaZ* responses, we used an exponential fit to the decay of
trial-averaged transients. We measured the peak of this fit at the time point
immediately after cessation of the optogenetic stimulus or an equivalent time point
for climbing-fiber-evoked responses.

Surgical procedures. For viral injections, mice were anesthetized by continuous
isoflurane gas (1-5%) and held in a stereotactic platform (David Kopf Instruments)
by ear bars with thermoregulation provided by a heating plate with biofeedback to
maintain body temperature. The anesthetic plane was determined by the absence of
toe pinch responses. A subcutaneous injection of lidocaine/bupivacaine was
delivered to the scalp. A small incision was opened (<2 mm) allowing for a cra-
niotomy to be cut in the skull (<0.5 um in diameter). Through this opening, a
micropipette containing virus 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; X =0; Y= —6.5; « = 0% Z = 0.25-1.00 for targeting the vermis. For
inferior olive injections, the glass micropipette was instead inserted through the
exposed dura mater between the foramen magnum and C1 vertebra at a 62° vertical
angle. Bilateral injections were made at 2.6-2.7 mm in depth and 0.24-0.30 mm
from the midline. For all injections, undiluted viral solution (titer > 1012 vg/mL)
was slowly infused into the target site (0.2-0.5 pL per injection). The micropipette
was held in place before withdrawal (5-10 min). AAVs included AAV8-EFla-Flex
(loxP)rev-ChR2(H134R)-YFP (Addgene #20298), AAV8-EFla- Flex(loxP)rev-
ChR2.K,2.1-mRuby, AAV1-CAG-Flex(loxP)rev-jRCaMPla (#AV6587), AAV1-
CAG-Flex(loxP)rev-ChR2(H134R)-HA-2a-HM4D, and AAV5-CaMKIIa-ChR2
(H134R)-EYFP. Viruses were packaged by the University of Pennsylvania Vector

Core Facility, the University of North Carolina Vector Core Facility, or ViGene
Biosciences (Rockville, MD).

For the mice used in behavioral experiments, stainless steel headposts were
installed during surgery by removing a section of scalp on the center of the head
and attaching it to the exposed skull with dental cement (Metabond; Parkell).
Optical fibers (200 um, NA 0.22 with @ 1.25 mm ferrules for optogenetics; 400 pm,
NA 0.48 with @ 1.25 mm ferrules for photometry; Thorlabs) were implanted to
target the flocculus (coordinates X =+ 3.35mm; Y =5.65mm; a = —14% Z=
1.9 0.1 mm), secured in place using dental cement. All animals were allowed to
recover after surgery under analgesia provided by injection of carprofen and
buprenorphine SR-LAB (5 mg/kg and 0.35 mg/kg, respectively). After onset of
expression (10-21 days), animals were sacrificed and brains harvested for acute
slice preparation or were used for behavioral monitoring. To confirm proper
targeting of the flocculus by optical fiber implants in every animal, we measured
evoked eye movements to brief optogenetic stimuli during awake quiescence. In
rare instances when we could not evoke eye movements, mice were removed from
the study, and post hoc inspection of perfused mice revealed improper targeting of
ChR2-expressing PCs in the flocculus.

Behavioral monitoring and training. Mice were head-restrained using their sur-
gically implanted headposts on a custom-made VOR apparatus. The apparatus
included a motorized rotation stage (Zaber Technology) to deliver horizontal
vestibular stimuli and a machine-vision camera directed to the left eye so that its
position could be tracked in response to passive head turns. Eye movement was
determined by pupil position, computed by eye-tracking software (ETL-200;
ISCAN). For each animal, we estimated the radius of pupil rotation (Rp) to cal-
culate the angular position of the eye’?. For this, we measured the pupil position
(P) while moving the camera back-and-forth on the rail around the vertical axis of
the stage with a known angle (+ 10°). The measured P was corrected for motion-
induced artifacts by subtracting the corresponding corneal reflection (CR) position
coming from an infrared LED fixed to the top of the camera. We used a white-
light-emitting LED to modulate pupil diameter by illuminating the eye with various
light intensities. Rp was then calculated across pupil diameters according to Rp =
A/sin (20°). The angular eye position was determined for the corresponding pupil
diameter throughout an experiment by the following formula: eye position (Ep) =
arcsin [(P; — CR;)—(P, — CR,)/Rp]. Prior to experiments, pilocarpine (2% oph-
thalmic drops; Patterson Veterinary Supply) was briefly applied (<1 min) onto the
eye to limit pupil dilatation so that eye movement could be accurately tracked in
darkness.

Mice were trained for VOR learning by pairing passive vestibular stimuli with
optogenetic activation of PCs (30 min). Sinusoidal stage movements (1 Hz; +8.5°%
22°/s peak velocity) were used for vestibular stimuli. Light pulses (473 + 1 nm) from
a laser (CNI Optoelectronics Tech; MBL-F-473-200 mW) were used for
optogenetic excitation (12 pulses, 5 ms, 50 Hz for PC stimulation; 3 pulses, 20 ms,
8 Hz for climbing-fiber stimulation). Laser light was split into two lines with each
line directed through independent acousto-optic modulators (AOMs) (AA Opto-
Electronic; MTS110-A3-VIS) allowing for rapid (<1 kHz) modulation of light
power of either line. From each AOM, laser light was launched into fiber ports
(PAF-X-11-A; Thorlabs); patch cables then delivered light (0.5-20 mW out of
patch cable) to the optical fiber implants targeting the flocculi of experimental
animals. Light pulses were triggered by stage position such that optogenetic activity
was induced relative to the head.

Immediately prior to training, a test measurement was obtained to gauge
baseline VOR performance. After training, the VOR was re-tested. VOR gain
changes were computed as the percentage difference in performance after training
relative to the baseline measurement before training (AVOR). This normalization
procedure facilitated comparison across sessions and between mice. In addition to
sessions employing optogenetic stimuli, measurement of VOR gain was also made
in separate sessions that included training with the vestibular stimulus alone. This
control condition fully accounted for darkness-induced habituation. For each
mouse, the order of training sessions was randomized with at least two days
between tests for all conditions. Baseline VOR performance across sessions was not
significantly different (ANOVA with Bonferroni post hoc tests; P> 0.05).

For photometry, light centered on A 565 nm (~10-40 uW) from a fiber-coupled
LED (M565F3; Thorlabs) was launched into a fiber-compatible dichroic mirror
mount (Fluorescence Mini-cube; Doric Lenses) that combined blue laser light for
optogenetic excitation. A patch cable from the fiber port delivered excitation light
to implanted optical fibers. Current controllers (LEDD1B; Thorlabs) triggered by
TTLs were used to toggle the LED. Emitted fluorescence was collected through the
same implanted optical fiber, passed back through the dichroic mirror mount, and
detected using a femtowatt, visible wavelength photoreceiver (Model 2151;
Newport) at a high sampling rate (2 kHz). Data points were averaged, producing an
effective rate of activity measurements of 25 Hz.

Histology and fluorescence microscopy. For post hoc examination of ChR2
expression and optical fiber-placement confirmation, mice were deeply anesthe-
tized by intraperitoneal injection of ketamine/xylazine (100 and 10 mg/kg,
respectively) and then transcardially perfused with cold tris-buffered saline (TBS)
followed by 4% paraformaldehyde (PFA) in TBS. After overnight post-fixation in
PFA, the cerebellum was removed by dissection and cut into thin sections
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(60-80 um) that were mounted onto glass slides. To immunohistochemically label
PCs, cerebellar slices were incubated for one hour at room temperature in blocking
solution (10% normal goat serum and 0.2% Titron X-100 in TBS) and then
overnight in primary antibodies (anti-calbindin #CB38a, Swant; 1:1000 in 5%
normal goat serum 0.1% Triton X-100 in 1x TBS) at 4 °C. After washing in
phosphate-buffered saline, slices were incubated for 1h at room temperature in
secondary antibodies, either Alexa Fluor-633 goat anti-rabbit (1:1000 #A-21070,
Thermofisher) or Alexa Fluor-488 goat anti-rabbit (1:1000, #A-27034, Thermo-
fisher), and then mounted on slides after repeat washes in TBS.

Data analysis, statistics, and reproducibility. Matlab (Mathworks), Axograph X
(Axograph), and Image] (NIH) were used for data analysis. The Matlab code is
available from the corresponding author upon request. Graphpad Prism (Graph-
pad Software) was used for statistical analysis with values in the text and figures
reported as mean + SEM; a summary table includes a description of these tests with
replicate values (Supplementary Table 1). In short, differences between groups of
data were deemed significant with & values of P <0.05. All tests were two-sided.
Paired or unpaired ¢ tests were used to compare two groups depending on whether
comparing matched or unmatched values. For plasticity experiments, because
normal distribution cannot be assumed, nonparametric Wilcoxon tests were used
to compare matched values before and after plasticity induction. When comparing
more than two conditions or factors, group data were compared with one or two-
way ANOVA and significance between groups was determined with post hoc tests.
Tukey’s post hoc test was used for behavioral experiments to compare optogen-
etically stimulated groups with the vestibular stimulation-only control group.
Dunnett’s post hoc comparison test was used to compare each data set with every
other condition. Sidak’s post hoc test was used to compare pairs of means in two
different conditions (AM251 behavioral experiment).

The expression profile of fluorescent proteins in cerebellar cells shown in
representative images in Fig. 6d and Supplementary Figs. 2b and 5a was observed
in at least three animals, for Figs. la and 5a, it was observed in more than ten
animals.

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

Data availability
The data that support this study’s findings are available from the corresponding author
upon request. Source data are provided as a Source Data file.

Received: 18 April 2020; Accepted: 1 March 2021;
Published online: 12 April 2021

References

1. Krakauer, J. W., Hadjiosif, A. M., Xu, J., Wong, A. L. & Haith, A. M. Motor
learning. Compr. Physiol. 9, 613-663 (2019).

2. Dufosse, M., Ito, M., Jastreboff, P. J. & Miyashita, Y. A neuronal correlate in
rabbit’s cerebellum to adaptive modification of the vestibulo-ocular reflex.
Brain Res. 150, 611-616 (1978).

3.  Medina, J. F. & Lisberger, S. G. Links from complex spikes to local plasticity
and motor learning in the cerebellum of awake-behaving monkeys. Nat.
Neurosci. 11, 1185-1192 (2008).

4. Tto, M. Neurophysiological aspects of the cerebellar motor control system. Int
J. Neurol. 7, 162-176 (1970).

5. Albus, J. S. A theory of cerebellar function. Math. Biosci. 10, 25-61 (1971).

6. Marr, D. A theory of cerebellar cortex. J. Physiol. 202, 437-470 (1969).

7. Coesmans, M., Weber, J. T., De Zeeuw, C. I. & Hansel, C. Bidirectional parallel
fiber plasticity in the cerebellum under climbing fiber control. Neuron 44,
691-700 (2004).

8. Schmolesky, M. T., Weber, J. T., De Zeeuw, C. I. & Hansel, C. The making of a
complex spike: ionic composition and plasticity. Ann. N. Y. Acad. Sci. 978,
359-390 (2002).

9. Wang, S. S, Denk, W. & Hausser, M. Coincidence detection in single dendritic
spines mediated by calcium release. Nat. Neurosci. 3, 1266-1273 (2000).

10. Gaffield, M. A., Rowan, M. J. M., Amat, S. B., Hirai, H. & Christie, ]. M.
Inhibition gates supralinear Ca(2+) signaling in Purkinje cell dendrites during
practiced movements. eLife 7, €36246 (2018).

11. Rowan, M. J. M. et al. Graded control of climbing-fiber-mediated plasticity
and learning by inhibition in the cerebellum. Neuron 99, 999-1015 (2018).

12. Callaway, J. C., Lasser-Ross, N. & Ross, W. N. IPSPs strongly inhibit climbing
fiber-activated [Ca2+]i increases in the dendrites of cerebellar Purkinje
neurons. J. Neurosci. 15, 2777-2787 (1995).

13. Belmeguenai, A. & Hansel, C. A role for protein phosphatases 1, 2A, and 2B in
cerebellar long-term potentiation. . Neurosci. 25, 10768-10772 (2005).

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

De Zeeuw, C. 1. et al. Expression of a protein kinase C inhibitor in Purkinje
cells blocks cerebellar LTD and adaptation of the vestibulo-ocular reflex.
Neuron 20, 495-508 (1998).

Hansel, C. et al. alphaCaMKII Is essential for cerebellar LTD and motor
learning. Neuron 51, 835-843 (2006).

Schonewille, M. et al. Purkinje cell-specific knockout of the protein
phosphatase PP2B impairs potentiation and cerebellar motor learning. Neuron
67, 618628 (2010).

Lee, K. H. et al. Circuit mechanisms underlying motor memory formation in
the cerebellum. Neuron 86, 529-540 (2015).

Nguyen-Vu, T. D. et al. Cerebellar Purkinje cell activity drives motor learning.
Nat. Neurosci. 16, 1734-1736 (2013).

Voges, K., Wu, B, Post, L., Schonewille, M. & De Zeeuw, C. I. Mechanisms
underlying vestibulo-cerebellar motor learning in mice depend on movement
direction. J. Physiol. 595, 5301-5326 (2017).

Schonewille, M. et al. Reevaluating the role of LTD in cerebellar motor
learning. Neuron 70, 43-50 (2011).

Boyden, E. S. et al. Selective engagement of plasticity mechanisms for motor
memory storage. Neuron 51, 823-834 (2006).

Kakegawa, W. et al. Optogenetic control of synaptic AMPA receptor
endocytosis reveals roles of LTD in motor learning. Neuron 99, 985-998
(2018).

Boele, H. J. et al. Impact of parallel fiber to Purkinje cell long-term depression
is unmasked in absence of inhibitory input. Sci. Adv. 4, eaas9426 (2018).
Gutierrez-Castellanos, N. et al. Motor learning requires Purkinje cell synaptic
potentiation through activation of AMPA-receptor subunit GluA3. Neuron
93, 409-424 (2017).

Zhang, X. M. et al. Highly restricted expression of Cre recombinase in
cerebellar Purkinje cells. Genes 40, 45-51 (2004).

Madisen, L. et al. A toolbox of Cre-dependent optogenetic transgenic mice for
light-induced activation and silencing. Nat. Neurosci. 15, 793-802 (2012).
Llinas, R., Sugimori, M., Lin, J. W. & Cherksey, B. Blocking and isolation of a
calcium channel from neurons in mammals and cephalopods utilizing a toxin
fraction (FTX) from funnel-web spider poison. Proc. Natl. Acad. Sci. USA 86,
1689-1693 (1989).

Usowicz, M. M., Sugimori, M., Cherksey, B. & Llinas, R. P-type calcium
channels in the somata and dendrites of adult cerebellar Purkinje cells. Neuron
9, 1185-1199 (1992).

Westenbroek, R. E. et al. Immunochemical identification and subcellular
distribution of the alpha 1A subunits of brain calcium channels. J. Neurosci.
15, 6403-6418 (1995).

Lin, J. Y., Lin, M. Z., Steinbach, P. & Tsien, R. Y. Characterization of
engineered channelrhodopsin variants with improved properties and kinetics.
Biophysical J. 96, 1803-1814 (2009).

Nagel, G. et al. Channelrhodopsin-2, a directly light-gated cation-selective
membrane channel. Proc. Natl. Acad. Sci. USA 100, 13940-13945 (2003).
Aubry, A, Batini, C,, Billard, J. M., Kado, R. T. & Morain, P. Tetrodotoxin
induced calcium spikes: in vitro and in vivo studies of normal and
deafferented Purkinje cells. Exp. Brain Res. 84, 297-302 (1991).

Stuart, G. & Hausser, M. Initiation and spread of sodium action potentials in
cerebellar Purkinje cells. Neuron 13, 703-712 (1994).

Otsu, Y. et al. Activity-dependent gating of calcium spikes by A-type K+
channels controls climbing fiber signaling in Purkinje cell dendrites. Neuron
84, 137-151 (2014).

Watanabe, S. et al. Differential roles of two types of voltage-gated Ca2+
channels in the dendrites of rat cerebellar Purkinje neurons. Brain Res. 791,
43-55 (1998).

Davie, J. T., Clark, B. A. & Hausser, M. The origin of the complex spike in
cerebellar Purkinje cells. J. Neurosci. 28, 7599-7609 (2008).

Konnerth, A., Dreessen, J. & Augustine, G. J. Brief dendritic calcium signals
initiate long-lasting synaptic depression in cerebellar Purkinje cells. Proc. Natl.
Acad. Sci. USA 89, 7051-7055 (1992).

Ito, M. Cerebellar control of the vestibulo-ocular reflex-around the flocculus
hypothesis. Annu. Rev. Neurosci. 5, 275-296 (1982).

Raymond, J. L. & Lisberger, S. G. Neural learning rules for the vestibulo-ocular
reflex. J. Neurosci. 18, 9112-9129 (1998).

Stahl, J. S. Eye movements of the murine P/Q calcium channel mutant rocker,
and the impact of aging. J. Neurophysiol. 91, 2066-2078 (2004).

Dana, H. et al. Sensitive red protein calcium indicators for imaging neural
activity. eLife 5, e12727 (2016).

Heiney, S. A., Kim, J., Augustine, G. J. & Medina, J. F. Precise control of
movement kinematics by optogenetic inhibition of Purkinje cell activity. J.
Neurosci. 34, 2321-2330 (2014).

Ke, M. C,, Guo, C. C. & Raymond, J. L. Elimination of climbing fiber
instructive signals during motor learning. Nat. Neurosci. 12, 1171-1179
(2009).

Safo, P. K., Cravatt, B. F. & Regehr, W. G. Retrograde endocannabinoid
signaling in the cerebellar cortex. Cerebellum 5, 134-145 (2006).

| (2021)12:2153 | https://doi.org/10.1038/s41467-021-22405-8 | www.nature.com/naturecommunications 13


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Wang, D. J. et al. Long-term potentiation at cerebellar parallel fiber-Purkinje
cell synapses requires presynaptic and postsynaptic signaling cascades. J.
Neurosci. 34, 2355-2364 (2014).

Safo, P. K. & Regehr, W. G. Endocannabinoids control the induction of
cerebellar LTD. Neuron 48, 647-659 (2005).

Chen, C. H., Fremont, R., Arteaga-Bracho, E. E. & Khodakhah, K. Short
latency cerebellar modulation of the basal ganglia. Nat. Neurosci. 17,
1767-1775 (2014).

Harmon, T. C.,, Magaram, U., McLean, D. L. & Raman, I. M. Distinct
responses of Purkinje neurons and roles of simple spikes during associative
motor learning in larval zebrafish. eLife 6, €22537 (2017).

Wu, C, Ivanova, E., Zhang, Y. & Pan, Z. H. rAAV-mediated subcellular
targeting of optogenetic tools in retinal ganglion cells in vivo. PLoS ONE 8,
66332 (2013).

Lim, S. T., Antonucci, D. E., Scannevin, R. H. & Trimmer, J. S. A novel
targeting signal for proximal clustering of the Kv2.1 K+ channel in
hippocampal neurons. Neuron 25, 385-397 (2000).

Baker, C. A, Elyada, Y. M., Parra, A. & Bolton, M. M. Cellular resolution
circuit mapping with temporal-focused excitation of soma-targeted
channelrhodopsin. eLife 5, €14193 (2016).

Finch, E. A, Tanaka, K. & Augustine, G. J. Calcium as a trigger for cerebellar
long-term synaptic depression. Cerebellum 11, 706-717 (2012).

Regehr, W. G. & Mintz, I. M. Participation of multiple calcium channel types
in transmission at single climbing fiber to Purkinje cell synapses. Neuron 12,
605-613 (1994).

Tanaka, K. et al. Ca24 requirements for cerebellar long-term synaptic
depression: role for a postsynaptic leaky integrator. Neuron 54, 787-800 (2007).
Brenowitz, S. D. & Regehr, W. G. Calcium dependence of retrograde
inhibition by endocannabinoids at synapses onto Purkinje cells. J. Neurosci.
23, 6373-6384 (2003).

Boyden, E. S., Katoh, A. & Raymond, J. L. Cerebellum-dependent learning: the
role of multiple plasticity mechanisms. Annu. Rev. Neurosci. 27, 581-609 (2004).
Jorntell, H. & Hansel, C. Synaptic memories upside down: bidirectional
plasticity at cerebellar parallel fiber-Purkinje cell synapses. Neuron 52,
227-238 (2006).

Kimpo, R. R,, Rinaldi, J. M., Kim, C. K., Payne, H. L. & Raymond, J. L. Gating
of neural error signals during motor learning. eLife 3, €02076 (2014).
Roome, C. J. & Kuhn, B. Simultaneous dendritic voltage and calcium imaging
and somatic recording from Purkinje neurons in awake mice. Nat. Commun.
9, 3388 (2018).

Letzkus, J. J., Wolff, S. B. & Luthi, A. Disinhibition, a circuit mechanism for
associative learning and memory. Neuron 88, 264-276 (2015).

Isaacson, J. S. & Scanziani, M. How inhibition shapes cortical activity. Neuron
72, 231-243 (2011).

Katoh, A., Shin, S. L., Kimpo, R. R, Rinaldi, J. M. & Raymond, J. L. Purkinje
cell responses during visually and vestibularly driven smooth eye movements
in mice. Brain Behav. 5, 00310 (2015).

Arenz, A, Silver, R. A,, Schaefer, A. T. & Margrie, T. W. The contribution of
single synapses to sensory representation in vivo. Science 321, 977-980 (2008).
Barmack, N. H. & Yakhnitsa, V. Functions of interneurons in mouse
cerebellum. J. Neurosci. 28, 1140-1152 (2008).

Shin, S. L., Zhao, G. Q. & Raymond, J. L. Signals and learning rules guiding
oculomotor plasticity. J. Neurosci. 34, 10635-10644 (2014).

Barski, J. J., Dethleffsen, K. & Meyer, M. Cre recombinase expression in
cerebellar Purkinje cells. Genes 28, 93-98 (2000).

Witter, L., Rudolph, S., Pressler, R. T., Lahlaf, S. I. & Regehr, W. G. Purkinje
cell collaterals enable output signals from the cerebellar cortex to feed back to
Purkinje cells and interneurons. Neuron 91, 312-319 (2016).

Steinmetz, A. B. & Freeman, J. H. Central cannabinoid receptors modulate
acquisition of eyeblink conditioning. Learn Mem. 17, 571-576 (2010).
Steinmetz, A. B. & Freeman, J. H. Cannabinoid agonist administration within
the cerebellar cortex impairs motor learning. Neurobiol. Learn Mem. 170,
106896 (2018).

Albergaria, C,, Silva, N. T., Darmohray, D. M. & Carey, M. R. Cannabinoids
modulate associative cerebellar learning via alterations in behavioral state.
eLife 9, 61821 (2020).

Kreitzer, A. C. & Regehr, W. G. Retrograde inhibition of presynaptic calcium
influx by endogenous cannabinoids at excitatory synapses onto Purkinje cells.
Neuron 29, 717-727 (2001).

Streng, M. L., Popa, L. S. & Ebner, T. J. Modulation of sensory prediction error
in Purkinje cells during visual feedback manipulations. Nat. Commun. 9, 1099
(2018).

73. Popa, L. S., Hewitt, A. L. & Ebner, T. J. Predictive and feedback performance
errors are signaled in the simple spike discharge of individual Purkinje cells. J.
Neurosci. 32, 15345-15358 (2012).

74. Pugh, J. R. & Raman, I. M. Potentiation of mossy fiber EPSCs in the cerebellar
nuclei by NMDA receptor activation followed by postinhibitory rebound
current. Neuron 51, 113-123 (2006).

75. Broussard, D. M. & Kassardjian, C. D. Learning in a simple motor system.
Learn Mem. 11, 127-136 (2004).

76. Kassardjian, C. D. et al. The site of a motor memory shifts with consolidation.
J. Neurosci. 25, 7979-7985 (2005).

77. Yang, Y. & Lisberger, S. G. Role of plasticity at different sites across the time
course of cerebellar motor learning. J. Neurosci. 34, 7077-7090 (2014).

78. Najafi, F. & Medina, J. F. Bidirectional short-term plasticity during single-trial
learning of cerebellar-driven eyelid movements in mice. Neurobiol. Learn
Mem. 170, 107097 (2019).

79. Stahl, J. S., van Alphen, A. M. & De Zeeuw, C. I. A comparison of video and
magnetic search coil recordings of mouse eye movements. J. Neurosci.
Methods 99, 101-110 (2000).

Acknowledgements

This work was supported by the National Institutes of Health Grants NS105958 and
NS112289 (J.M.C.), the Max Planck Society (Max Planck Gesellschaft), and the Max
Planck Florida Institute for Neuroscience. We thank all members of the Christie Lab for
their helpful discussions and comments during the completion of this project. We also
thank the GENIE project at the Janelia Research Campus for making their Ca2* sensors
available for public use.

Author contributions

Conceptualization: A.B. and ].M.C.; methodology: A.B. and ].M.C,; reagents: C.A.B. and
M.M.B,; investigation: A.B. and M.J.R; writing and editing, A.B. and J.M.C; funding
acquisition: J.M.C.; supervision: J.M.C.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-22405-8.

Correspondence and requests for materials should be addressed to J.M.C.

Peer review information Nature Communications thanks Kamran Khodakhah, Alanna
Watt and the other, anonymous, reviewer(s) for their contribution to the peer review of
this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:2153 | https://doi.org/10.1038/541467-021-22405-8 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-22405-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Autonomous Purkinje cell activation instructs bidirectional motor learning through evoked dendritic calcium signaling
	Results
	Optogenetic PC activation evokes dendritic Ca2+ elevation
	Optogenetic PC activation induces synaptic plasticity
	Optogenetic PC activation in awake mice
	Optogenetic PC activation induces motor learning
	Optogenetically induced plasticity and learning depend on endocannabinoid signaling
	Optogenetically induced plasticity requires dendritic Ca2+ signaling
	Absence of motor learning in response to optogenetically induced PC simple spiking

	Discussion
	PC dendritic Ca2+ signals direct opposite-polarity forms of plasticity induction
	PC dendritic Ca2+ signals instruct bidirectional motor learning
	Induction of adaptive behavior involves pathways downstream of PC dendritic Ca2+ elevation

	Methods
	Animals
	Brain slice electrophysiology and Ca2+ imaging
	Surgical procedures
	Behavioral monitoring and training
	Histology and fluorescence microscopy
	Data analysis, statistics, and reproducibility

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




