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Supervisedlearning depends oninstructive signals that shape the output of
neural circuits to support learned changes in behavior. Climbing fiber (CF)

inputs to the cerebellar cortex represent one of the strongest candidates
inthe vertebrate brain for conveying neural instructive signals. However,
recent studies have shown that Purkinje cell stimulation can also drive
cerebellar learning and the relative importance of these two neuron typesin
providing instructive signals for cerebellum-dependent behaviors remains
unresolved. Inthe present study we used cell-type-specific perturbations

of various cerebellar circuit elements to systematically evaluate their
contributions to delay eyeblink conditioning in mice. Our findings reveal
that, although optogenetic stimulation of either CFs or Purkinje cells
candrive learning under some conditions, even subtle reductionsin CF
signaling completely block learning to natural stimuli. We conclude that
CFs and corresponding Purkinje cell complex spike events provide essential
instructive signals for associative cerebellar learning.

Instructive signals are a core component of supervised learning
systems. In the brain they are thought to be conveyed by specific
classes of neurons that trigger modification of neural pathways that
control behavior. CF projections from the inferior olive to the cerebellar
cortex have long been hypothesized to carry neural instructive error
signals for various forms of learning, including associative eyeblink
conditioning and several forms of motor adaptation'™’.

According to the CF hypothesis, CF activity drives associative plas-
ticity at parallel fiber inputs to cerebellar Purkinje cells, which forms
the neural substrate for learning. There are several lines of evidence in
supportofthishypothesis. In contrast to typical ‘simple spikes’ (SSpks),
which are driven by excitatory parallel fiber inputs, CFs evoke power-
ful ‘complex spikes’ (CSpks) in cerebellar Purkinje cells (Fig. 1a-d).
Complex spikes have a unique electrophysiological signature reveal-
ing multiple ‘spikelets’ (Fig. 1d). They are associated with elevations
in dendritic calcium and drive heterosynaptic plasticity at parallel
fiber-to-Purkinje cell synapses'®™*. CSpk activity is associated with
sensorimotor errors for arange of behavioral tasks, with the probability
ofa CSpkoften changingin predictable ways with the development of
learning"??and its extinction® >, Moreover, electrical stimulation of

CF pathways is sufficient to substitute for an airpuff unconditioned
stimulus (US) to drive eyeblink conditioning in rabbits***” and recent
experiments have shown that optogenetic CF stimulation can trigger
adaptation of the vestibulo-ocular reflex*** (VOR), whereas inhibition
of CFs can drive extinction of eyeblink conditioning**,

However, substantial confusion and controversy remain, par-
ticularly with regard to the necessity of CF instructive signals and
CSpk-driven plasticity for learning®*°~, For instance, there is sub-
stantial experimental support for an alternative model that posits that
Purkinje cell SSpk modulation, rather than CF-driven CSpks, could
provide relevant instructive signals for learning*>. This hypothesis
stems from the observation that sensorimotor errors that drive CF
activity and subsequent Purkinje cell CSpks are often tightly linked to
rapid, reflexive, corrective movements. Crucially, Purkinje cell SSpk
output often correlates with these corrective movements>**”, raising
the possibility that they could provide their own instructive signals
for plasticity—either in addition to, or independently of, CSpk
activity’>***~** In particular, Purkinje cell SSpk modulation could
instruct plasticity in the downstream cerebellar nuclei**®, anidea that
also has support from in vitro experiments of synaptic plasticity*>*°.
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Seemingly consistent with a possibleinstructive role for Purkinje
cell SSpk modulation, recent work has demonstrated that pairing
optogenetic stimulation of Purkinje cells, which effectively modulates
SSpk activity, with ongoing movements can drive motor adaptationin
multiple systems®**”*¢, However, it is not clear whether this optogeneti-
cally evoked learning results from modulation of SSpk output and/or
from the generation of CSpk-like dendritic calcium signals in Purkinje
cells that instruct plasticity in the cerebellar cortex*s.

Just as it has not been clear whether Purkinje cell SSpks could
provide alternative instructive signals, it has also not been clear
whether CF signaling is absolutely required for cerebellar learning.
Although Purkinje cell CSpk activity often correlates with sensorimotor
errors that drive behavioral learning, the extremely low rates of CSpk
activity and high proportion of ‘spontaneous’ CSpks that appear not to
correspond with identifiable task parameters complicate a definitive
interpretation of CSpks as instructive signals**. Moreover, much of
the evidence to date that has been interpreted as supporting a causal
role for CF instructive signals for cerebellar learning has come from
lesion studies*’, pharmacological inactivations**' and electrical per-
turbations®' of the inferior olive (10). These manipulations lack both
cell-type and temporal specificity and are likely to have substantial,
additional, unintended effects on the olivocerebellar circuit™ that
are extremely difficult to control for. Until now, there has not been
a precise way to selectively perturb evoked CF activity while leaving
olivocerebellar function otherwise intact.

In the present study, we used cell-type-specific perturbations of
CFs, Purkinje cells and other circuit elements to test their sufficiency
and necessity as instructive signals for associative cerebellar learn-
ing. We combined behavioral, optogenetic and electrophysiological
approaches to dissociate CF inputs and CSpk activity from reflexive
movements and SSpk modulation. We find that optogenetically evoked
CSpks can substitute for an airpuff US to induce learning, even in the
absence of an evoked blink, whereas temporally precise optogenetic
silencing of CFs completely blocks learning. Direct optogenetic stimu-
lation of Purkinje cells can also drive learning; however, this effect was
dissociable fromboth SSpk modulation and the corresponding evoked
blink. Finally, simple ChR2 expressionin CFsis associated withasubtle
decrease in Purkinje cell CSpk probability that abolishes learning toa
sensory US. Together, our results support a necessary and sufficient
role for CFsand corresponding Purkinje cell CSpk events as instructive
signals for associative cerebellar learning.

Results

Weinvestigated neuraliinstructive signals for delay eyeblink condition-
ing in head-fixed mice walking on a motorized treadmill****. In classic
eyeblink conditioning experiments (Fig. 1a), a neutral conditioned
stimulus (CS; here a white light light-emitting diode (LED)) is paired
with a US (usually a puff of air directed at the eye) that reliably elicits
aneyeblink unconditioned response (UR) and serves as aninstructive
signalfor learning. CFs fromthe dorsal accessory part of the 10 respond
to the airpuff US and project to the contralateral cerebellum, where
they drive CSpks in Purkinje cells in the cerebellar cortex (Fig. 1a,b).
Information about the CSis conveyed to the cerebellum by mossy fibers
that synapse on to granule cells, the axons of which form parallel fiber
inputs that modulate SSpks in Purkinje cells. Pauses in SSpk activity
inthe eyelid region of the cerebellar cortex are associated with eyelid
closures® %, In the present study, we use genetic circuit dissection to
distinguish between competing models in which CSpk and/or SSpk
modulation provides instructive signals for eyeblink conditioning.
We first asked whether direct optogenetic stimulation of CFs could
substitute for asensory (airpuff) US to drive behavioral learning (Fig. 1).

Optogenetic CF stimulationis sufficient to drive learning
Tospecifically target CFs, we injected a virus that allows for expression
of ChR2 under control of the CaMKIla promoter®® (AAV-CaMKII-ChR2,

here termed CF-ChR2) into the dorsal accessory 10 of wild-type mice
(Fig. 1a,b and Methods). With this strategy, we observed selective
labeling of neurons in the 10 and CFs in the cerebellar cortex (Fig. 1c
and Extended Data Fig. 1a-f). An optical fiber was placed either in
the dorsal accessory 10%%%*® (CF-ChR2-10), targeting cell bodies
of eyeblink-related CFs, or in the eyelid region of the cerebellar
cortex’*’, targeting CF terminals (CF-ChR2-Ctx; Fig. 1b, Extended
DataFig.1and Methods). Laser stimulation at both sites evoked robust
postsynaptic CSpk responses in cerebellar Purkinje cells, with wave-
forms matching those of spontaneous CSpks (Fig. 1d-fand Extended
DataFig.1g,h). Similar electrophysiological responses were observed
in mice expressing ChR2 at standard levels or with a slightly reduced
viral titer (CF-ChR2-LE; fivefold lower titer; Fig. 1g,h).

To test the sufficiency of CF activity for the acquisition of learned
eyelid responses, we paired a neutral visual CS with optogenetic CF
stimulation in the absence of any sensory US (CF-ChR2-US; Fig. 1a).
Laser stimulation alone did not elicit robust eyelid closures (Fig. 1i).
Despite the absence of an eyeblink UR to the optogenetic US, condi-
tioned eyelid closure responses (CRs) gradually emerged in response
tothe visual CS after repeated CS + US pairing (Fig. 1j,k). Similar learn-
ing was observed with both expression levels (Fig. 1j-1) and for fiber
placements in either the 10 (CF-ChR2-I0; Fig. 1d-I) or the cerebellar
cortex (CF-ChR2-Ctx; Extended Data Fig. 1g-k) (although note the
subtly different CR and CSpk timings in the two cases). Moreover, learn-
ing was also observed in separate experiments in which we targeted
ChR2expression to glutamatergic 10 neurons with atransgenic, rather
than aviral, strategy, by crossing vGlut2-Cre mice with ChR2-floxed
mice® (vglut2-Cre;ChR2; Methods) and placing the fiber in the 10
(vGlut2-ChR2-10; Extended Data Fig. 1Im-p).

In general, the properties of learning to an optogenetic CF US
matched those of normal sensory CS + US conditioning in wild-type
mice****, Learning to an optogenetic US was unilateral (specific to
the eye contralateral to the 10 and ipsilateral to the corresponding
cerebellar cortex; Extended Data Fig. 11) and emerged over several
days, with both frequency and amplitude of learned eyelid closures
increasing gradually across sessions (Fig. 1j-I and Extended Data
Fig.1i,0,p); the percentage of trials with CRs (%CR) at the last learning
session: CF-ChR2-10 versus airpuff US controlsin Extended Data Fig. 1o,
P=0.29NS, Student’s t-test; CF-ChR2-LE-1O versus airpuff US controls
in Extended Data Fig. 10, P=0.54 NS, Student’s ¢-test. Learning also
extinguished appropriately on cessation of CS + US pairing, when CSs
were presented alone (Extended Data Fig. 1i).

Acentralfeature of eyeblink conditioning is the appropriate timing
ofthe CR, sothatits peak generally coincides with the expected time of
thearrival of the US®**%, This appropriate timing was also observed for
learning to an optogenetic US (Fig. 1k,| and Extended Data Fig. 1j,k,p).
Moreover, when the interval between CS and CF-ChR2 US onset was
shifted from 300 ms to 500 ms, mice adapted the timing of their
learned responses®*®* (Fig. 1m).

Theseresultsindicate that optogenetic CF activationis sufficient
tosubstitute foranairpuffUStoinstruct delayed eyeblink conditioning.

Optogenetic Purkinje cell stimulation can drive learning
Optogenetic stimulation of Purkinje cells has previously been shown
to instruct motor adaptation of limb and eye movements®***5, To
investigate whether this was also true for delayed eyeblink condition-
ing, we placed an optical fiber at the eyelid region of the cerebellar
cortex of transgenic mice expressing ChR2 under the L7 Purkinje
cell-specific promoter (L7-Cre;Chr2 mice; Fig. 2a,b). Consistent with
previous studies***%7 in vivo electrophysiological recordings
confirmed anincrease in Purkinje cell SSpk activity at the onset of
low-medium intensity optogenetic stimulation, followed by a slow
decrease below the baseline firing rate on cessation of the stimulation,
without significant changes in CSpk activity (Fig. 2c,d and Extended
Data Fig. 2a-d).
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Fig.1|Optogenetic CF stimulationinstructs eyeblink conditioning. a, Left:
experimental scheme. The traditional airpuff US was replaced by laser stimulation
and paired witha visual CS. Right: cerebellar circuit and experimental strategy.

b, Optical fibersimplantedin either the left 10 or right eyelid region of the
cerebellar cortex, where Purkinje cells were recorded. ¢, Example sagittal section
of cerebellar cortex (similar expression was observed in 15 mice). ChR2 (green)
expression in CF inputs to Purkinje cells (magenta) (Extended Data Fig. 1).

d, SSpkand CSpk Purkinje cell waveforms during spontaneous and laser epochs.
e, Electrophysiological traces from a Purkinje cell showing SSpks (gray dots) and
CSpks (red dots) during CF-ChR2 laser stimulation in 10 (CF-ChR2-10, blue).

f, Population histogram of SSpk firing rate (gray) and CSpk probability (p(CSpk))
(red) (n =74 trials, N = 4 units from 2 mice). CSpks: spontaneous versus laser,
'P=0.02, paired Student’s t-test; SSpks: spontantaneous versus laser, P= 0.22
nonsignificant (NS), paired Student’s t-test. g,h, As for e and f, respectively, but for
CF-ChR2-LE animals (CF-ChR2-LE-10; n =102 trials, N = 8 cells from 2 mice). CSpks:
spontaneous versus laser, P=0.01, paired Student’s ¢-test; SSpks: spontaneous

Time from CS onset (s)

Time from CS onset (s)

Time from CS onset (s)

versuslaser, P=0.11NS, paired Student’s ¢-test. i, Average eyelid closure

traces +s.e.m. (shadows) from CS + US trials of the first training session showing
no reflexive eyeblink to CF-ChR2-10 stimulation (N = 7 mice, blue) and very small
eye twitchiin CF-ChR2-LE-10 animals (N =4 mice, light blue). norm, normalized.

Jj, The %CR across daily training sessions + s.e.m. (shadows) for CF-ChR2-10 (N=7
mice, blue) or CF-ChR2-LE-10 (N =4 mice, light blue) laser US training. Controls:
wild-type mice (no ChR2 expression) with fiber in10 and laser US (N =2 mice,
black). The %CR at the last learning session (all two-sample Student’s ¢-tests):
CF-ChR2-10 versus controls, “"P=1.7726 x 10™* (7 versus 2 mice); CF-ChR2-LE-10
versus controls, “P=4.0836 x 107 (4 versus 2 mice); CF-ChR2-10 versus CF-ChR2-
LE-I0, P=0.115NS (7 versus 4 mice). k, Average eyelid closures + s.e.m. (shadows)
from CS-only trials of sessions 2, 4 and 8 for CF-ChR2-10 experiments showninj.
The shaded rectangle indicates time US would have appeared. 1, Same ask but for
sessions 2,4 and 6 of CF-ChR2-LE-10. m, Average eyelid closures + s.e.m. (shadows)
from CS-only trials after training to a 300-ms (blue, N =4 mice) and 500-ms (green,
N=4mice) CS+USISI. Peak time: P = 0.01, paired Student’s t-test.

The post-stimulation inhibition of Purkinje cell SSpks is consist-
ently observed on optogenetic stimulationinvivo*** ", but notin vitro
with synaptic activity blocked®*’®, and probably reflects synaptically
mediated network effects” 7. In the eyelid region of the cerebellar
cortex, eyelid closures are associated with decreasesin the Purkinje cell
SSpk firing rate’>*%, Consistent with this, and with previous optogenetic
studies®™*°, we found that optogenetic Purkinje cell stimulation with
low-medium laser intensities resulted in eyelid closures on stimulus
offset and that their amplitudes scaled as a function of laser intensity
(Fig. 2e).

When a visual CS was consistently paired with a US consisting of
optogenetic stimulation of Purkinje cells that drove increased SSpk
activity at onset and a blink at laser offset (Pkj-ChR2; Fig. 2f), robust
CRsgradually emerged (Fig. 2g,h). Rates of learning and CR amplitudes
were comparable to those obtained with an airpuff US*® (%CR at last
learning session: Pkj-ChR2 versus airpuff US controlsin Extended Data
Fig.1o0,P=0.92NS, Student’s t-test) and also with the CF-ChR2-US used
in Fig. 1j (%CR at last learning session: Pkj-ChR2 versus CF-ChR2-10,
P=0.24 NS, Student’s t-test; Pkj-ChR2 versus CF-ChR2-LE-10, P=0.75
NS, Student’s t-test). Notably, CRs were timed so that the peak eyelid
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Fig. 2| Optogenetic stimulation of Purkinje cells can substitute for aUS
todrivelearning. a, Experimental scheme. L7-Cre;ChR2 mice were used to
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(p(CSpk)) (red; n =44 trials, N =2 cells from 2 mice) (see Extended Data Fig. 2d

for statistics). e, Average eyelid closures + s.e.m. (shadows) evoked by low and
medium-power Pkj-ChR2 stimulation. Note the blink at stimulus offset. Peak
amplitude of evoked blink: low versus medium power, P=0.047, paired Student’s
t-test (N=4mice). f, Average eyelid closures * s.e.m. (shadows) on CS + US
trialsin the first training session showing the blink evoked by Pkj-ChR2-US laser
stimulation (V=4 mice). g, The %CR across training sessions * s.e.m. (shadows)
to aPkj-ChR2 US (N =4 mice, plotted as in Fig. 1j). h, Average eyelid traces + s.e.m.
(shadows) from CS-only trials of sessions 2,4 and 7 of the experimentsin g.

closure coincided with the expected time of the onset of optogenetic
stimulation (Fig. 2h).

Theresults of Fig. 2 suggest that direct optogenetic perturbation of
Purkinje cells can substitute foranairpuffUStoactasaninstructive signal
to drive eyeblink conditioning. However, they do not allow us to disen-
tangle possible contributions of increases and/or decreases in Purkinje
cell SSpks or evoked eyelid closures. In the next set of experiments, we
systematically altered the temporal relationships between these candi-
dateinstructive signals by varying laser timing, duration and intensity.

Onset of Purkinje cell stimulation drives learning

The well-timed CRs observed in eyeblink conditioning are thought to
be a consequence of plasticity mechanisms acting within the cerebellar
cortex that associate postsynaptic calcium events (usually CSpks) in
Purkinje cells with a particular set of parallel fiber inputs active within
a particular temporal window from the onset of the CS**7>¢'7* We
first asked whether learning to an optogenetic Pkj-ChR2 US would
yield well-timed CRs to different CS-US intervals (Fig. 3a,b). Indeed,
extending theinterstimulus interval (ISI) between CS and Pkj-ChR2-US
onset from 200 ms to 400 ms revealed appropriate corresponding
shiftsin CR timing (Fig. 3c,d).

Having thus established thatlearned responses to an optogenetic
Purkinje cell (Pkj) US can be appropriately timed, we next varied the
duration of laser stimulation (Fig. 3e and Extended Data Fig. 2b-e) to
determinewhether CRsweretimedtomatchtheincreaseinSSpkactivity
at the onset of Pkj-ChR2 stimulation, or its offset and the associated
blink. To do this, we compared conditions in which the onset of Purkinje
cell stimulation was presented at the same ISl relative to the CS, but
the offset (and its respective blink) differed by 200 ms (Fig. 3e,f and

Extended DataFig.2b-e). The CR amplitudes and timings wereidentical
in the two groups (Fig. 3g,h). This result suggests that events associ-
ated with the onset of optogenetic stimulation, and not the decrease
in the SSpk rate or the corresponding blink evoked at laser offset, are
crucial for learning driven by optogenetic stimulation of Purkinje cells.

We next exploited the interrelationship of laser power, SSpk modu-
lation and timing of the evoked blink to further disambiguate which
consequences of the onset of optogenetic stimulation were responsible
for optogenetically drivenlearning. At higher powers, laser stimulation
induces a pause in Purkinje cell SSpk activity at laser onset (Extended
DataFig. 2f-h), probably owing to depolarization block™”®. Consistent
with this and the well-established relationship between Purkinje cell
SSpkinhibition and eyelid closures, we found that increasing laser
intensity also led to atemporal shiftin the timing of the optogenetically
evokedblink—from laser offset to laser onset (Extended Data Fig. 2j). We
took advantage of this feature to compare learning under conditionsin
which the timing and duration of the optogenetic US stimulation were
identical, but laser power was adjusted to invert the direction of SSpk
modulation and shift the timing of the evoked blink from laser offset
to laser onset (Fig. 3i,j). As in the experiment presented in Fig. 3e-h,
here, too, we found that CR timing depended only on the timing of
laser onset, and not the timing of the evoked blink on the paired tri-
als (Fig. 3k,1). This again suggests that the relevant instructive signal
for learning occurs at the onset, and not the offset, of Purkinje cell
optogenetic stimulation. Moreover, because the switch from
increases in SSpk activity to pauses in SSpk activity is evoked by laser
onsetat highintensities (Extended Data Fig. 2f-h), it further dissociates
laser onset from the modulation of Purkinje cell SSpks as the relevant
instructive stimulus for learning.
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Fig.3|Learning evoked by optogenetic Purkinje cell stimulation is temporally
coupled to stimulation onset and not evoked blinks or SSpk modulation.
a,e,i, Schemes for Pkj-ChR2-US experiments in which stimulation onset timing,
duration and intensity were varied systematically to dissociate candidate
instructive signals (Extended Data Fig. 2). a, US onset shifts to obtain CS + USISIs
0f200 ms (yellow) or 400 ms (orange). b, CS + US trials before training, showing
evoked blinks occurring at US offset in the two conditions (N = 4 mice for each ISI,
+s.e.m.inshadows). ¢, CS-only trials after training, showing the dependence of
timing of learned eyelid closures on timing of US onset. d, Timing of peak eyelid
closures occurring later for the longer ISI. Peak time: 200-ms versus 400-ms
ISI,"P=0.009, two-sample Student’s t-test (4 versus 4 mice). Shaded rectangles
indicate laser US duration and dashed lines blink onset. Each dot is one mouse; the
box plots indicate median (center bar) and 25th to 75th percentiles (bottom and
top borders), with whiskers extending to data extremes. e, US duration adjusted

sothat CS + US onset times were identical, but US offset (and blink) timing varied
withrespect to the CS.f, US-evoked blinks on CS + US trials occurring at stimulus
offset (note temporal correspondence with blinks in b, +s.e.m.) (Extended Data
Fig.2b-e).gh, Learned CRs (g), and timing (h), showing timing dependence

not onstimulus offset or the evoked blink, but, rather, stimulation onset (peak
time:100-ms versus 300-ms duration, P= 0.87 NS, two-sample Student’s ¢-test,

4 versus 2 mice). i,j, Laser intensity adjusted (i) to evoke a blink (j) (associated
withadecrease in SSpks; Extended Data Fig. 2f-h) either at laser offset (orange
+s.e.m., as above) or, with higher intensities, at laser onset (lime green ts.e.m.,
N=3mice).Laser US timings and durations were identical in the two conditions.
kI, Learned CRs (k) showing timing dependent only on time of stimulation onset
and not varying with the timing of the evoked blink (I) (peak time: high versus
medium laser power, P=0.67 NS, two-sample Student’s ¢-test, 4 versus 3 mice) or
the direction of SSpk modulation (Extended Data Fig. 2f-h).

Takentogether, the results of Figs. 2 and 3 suggest that, although
Purkinje cell optogenetic stimulation can substitute for an airpuff
US to drive eyeblink conditioning, the effective instructive stimulus
driving this learning is tightly linked to the onset of laser stimula-
tion, but independent of either the direction of SSpk modulation
or the blink that it evokes. One possible explanation for this finding
would be if Pkj-ChR2 stimulation elevates dendritic calcium, trigger-
ing CSpk-like events that are capable of driving learning, as has been
recently demonstrated for VOR adaptation*. Consistent with this
possibility, we observed electrophysiological signatures of CSpk-like
events at the onset of Pkj-ChR2 stimulation at higher stimulation
intensities (Extended Data Fig. 2i).

If Pkj-ChR2-US stimulation drives eyeblink learning through
the generation of dendritic CSpk-like events, then we would predict
that Purkinje cell SSpk modulation driven by synaptic inputs rather

than direct optogenetic stimulation might not be sufficient toinduce
learning, even if it were strong enough to evoke a blink. To test this
prediction, we replaced direct Pkj-ChR2 stimulation with optogenetic
stimulation of cerebellar granule cells, the axons of which form paral-
lel fiber inputs to Purkinje cells (Gabra6-ChR2; Fig. 4a,b). As we have
previously shown®?, granule cell stimulation drives a blink at laser
onset, consistent with net inhibition of Purkinje cells via molecular
layer interneurons” (Fig. 4c). Although this stimulation effectively
modulated Purkinje cell SSpks (Fig. 4d,e) and drove ablink (Fig. 4c,f),
it did not generate a CSpk-like-event (Fig. 4d,e), and pairing it with a
visual CS did not result in learning (Fig. 4f-h).

The most parsimonious interpretation of the data presented in
Figs. 2-4 and Extended Data Fig. 2 is that optogenetic stimulation of
Purkinje cells drives eyeblink conditioning through cell-autonomous,
CSpk-like events associated with stimulation onset*®.

Nature Neuroscience | Volume 27 | May 2024 | 940-951

944


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-024-01594-7

a Gabra6-Cre;ChR2 b <
/ \ Parallel fibers 0.8 4
’E‘ == High
5 0.6 1 — Medium
[e]
e Granule ¢ 2 — Low
Visual CS 5 ,Q 3 X 044
| 2 = =
= !
- 3 Mossy g 0.2 q
Laser US £ fibers 3
S >
w 0
Cerebellar — . .
{nuclei 0 01 02 03
Inferior .
olive Time from laser onset (s)
d Gabra6-ChR2 f g h
o mo o o © CI0EISE000 ©00E0 O OGN0 .
RN IR RS R A T ATHY, CS+US session 1 100 CS-only
(R FITTTTITTTTITTTTIT 0.8 { == Gabras-chr2 == Gabra6-ChR2 _ - Late
S 80 | E 0.4+
oemee ¢ 000 ®e ocoome o000 S 06 9]
Ll Ld Loddombocbeddod ool £ £
I T T T T 2 & 60 o
e 3 044 o 3 02
S~ 50 z 2?2 el
2 T E s o
» O & 0+ i)
< 02 ‘ — ; 0 +-0-0-0-0-0-0-0-0 ‘ ‘ ‘
2 0 0.3 0.6 (o] 2 4 6 8 0 0.3 0.6
% 0 Time from CS onset (s) Sessions Time from CS onset (s)

-0.1 0 0.1 0.2 0.3 0.4

Time from laser onset (s)

Fig. 4| Optogenetic stimulation of cerebellar granule cells drives a blink

but notlearning. a, Experimental scheme. Gabra6-Cre;ChR2 mice were used to
photostimulate cerebellar granule cells, which served as a US for conditioning.

b, Example coronal sections (representative of six mice) of cerebellar cortex
showing expression of ChR2 in granule cells (Gabra6-ChR2, magenta; Pkj-
calbindin, green) and fiber placement in the eyeblink area of the cerebellar cortex
(white arrow). ¢, Gabra6-ChR2 laser stimulation evoking intensity-dependent
eyelid closures at stimulation onset (+s.e.m. in shadows). Peak amplitude of
evoked blink: medium versus high power, 'P=0.03, paired Student’s t-test (N =6
mice).d, Example electrophysiological traces of Purkinje cell SSpk (gray dots)

and CSpk (red dots) modulation to Gabra6-ChR2 laser stimulation (purple
shading). e, Population histograms (n = 56 trials, N = 3 cells from 2 mice) showing
decrease in SSpks (spontaneous versus laser, "P=1.28 x 107, paired Student’s
t-test) and no change in CSpks (spontaneous versus laser: P=1NS, paired
Student’s t-test) on laser stimulation. f, Average eyelid closures + s.e.m.
(shadows) on CS + US trials of the first training session showing the blink

evoked by Gabra6-ChR2 laser stimulation (purple, N = 6 mice). g, The %CR
across sessions + s.e.m.inshadow (N = 6 mice). h, Average eyelid traces + s.e.m.
(shadows) from CS-only trials of the last training session showing no learning
(purple, N=6 mice).

Optogeneticinhibition of the 10 blocks eyeblink conditioning
We next used several complementary approaches to ask whether CF
activityisrequired for delayed eyeblink conditioning to a sensory air-
puffUS. First, toinhibit CFs specifically at the time of the US, we injected
avirus that allows for expression of the optogenetic inhibitor Jaws™
under control of the CaMKIla promoter (AAV-CaMKII-Jaws) into the IO
of wild-type mice (Fig. 5a). We observed selective labeling of neurons
inthelOand CFsinthe cerebellar cortex (Fig.5b). As before, an optical
fiber was placed in the dorsal accessory 10.

Photoinhibition of CFs blocked airpuff-driven CSpks (Fig. 5¢c-g)
and alsoreduced spontaneous complex spiking during laser presenta-
tion (Fig.5g). Moreover, laser inhibition of CFs at the time of the airpuff
US completely prevented learning in CF-Jaws animals (Fig. 5h-j, green),
whereas control mice expressingJaws in CFs that did not receive laser
inhibition learned normally (Fig. 5h-j, black). Notably, the learning
impairment could not have been the result of an overall inability to
respondto the US, because the reflexive blink to the airpuff US (UR) was
intact (Fig. 5i). We conclude that optogenetic inhibition of CF signaling
blocks learning to a natural, sensory airpuff US.

Subtle reductions in CF signaling eliminate learning

The simultaneous global silencing of CFs through the optogenetic
inhibition that we used in Fig. 5 is a dramatic manipulation that could
have unexpected consequences for the olivocerebellar circuit. Our
final experiment, however, provided additional, unexpected evidence
that intact CF signaling is essential for associative cerebellar learning
under natural conditions.

Surprisingly, we found that the CF-ChR2-expressing animals from
Fig.1,whichlearned well to an optogenetic US, were unable tolearnin
traditional eyeblink experiments using a sensory airpuff US, even in
the absence of any laser stimulation (CF-ChR2-puff; Fig. 6a—d); the %CR
atthelastlearning session: CF-ChR2-puffversus airpuff US controlsin
Extended DataFig.10,"P=1.98 x 107, Student’s t-test. In other words,
simply expressing ChR2in CFs completely blocked normal behavioral
learning. This surprising result held true despite the facts that, as we
have already shown: (1) ChR2 expression was specific to CFs in these
mice (Fig. 1c and Extended Data Fig. 1); (2) spontaneous Purkinje cell
CSpks were generally observed in these animals (Fig. 1d-f); (3) CSpks
were readily evoked by CF optogenetic stimulation (Fig. 1d-f); (4) the
mice displayed intact behavioral URs (blinks) to the airpuff (Fig. 6¢),
indicating intact sensory processing; and, of course, (5) CF-ChR2
animals had learned well to an optogenetic CF-ChR2-US (Fig. 1j k).

Although we had used standard parameters for viral ChR2 expres-
sion***37° and there was no obvious anatomical, physiological or behav-
ioralindication of ChR2 overexpression, we next asked whether lower
levels of ChR2 expression in CFs (CF-ChR2-LE; Fig. 1g-I) could restore
learning to a sensory US. Remarkably, this fivefold reduction of viral
titer fully restored the ability to learnto a sensory airpuff US (Fig. 6a-d);
the %CR at the last learning session: CF-ChR2-LE-puffversus airpuff US
controlsin Extended DataFig. 1o, P= 0.12NS, Student’s ¢-test.

To understand how simply expressing ChR2 at moderate levels
in CFs could have such astriking and selective impact onlearningtoa
natural sensory US, we quantitatively compared electrophysiological
recordings from Purkinje cells in CF-ChR2, CF-ChR2-LE and control
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Fig. 5| Inhibition of the 10 that blocks airpuff US-driven CSpks eliminates
eyeblink conditioning. a, Experimental scheme. Photoinhibition of CFs during
airpuffUSin CS + US trials. (Duration was randomized to avoid consistently
timed rebound excitation; Methods.) Wild-type animals were injected with
AAV-CamKII-Jaws in the 10 where an optical fiber was also placed to photoinhibit
CFs.b, Example sagittal section of cerebellar cortex. Similar expression was seen
ineight mice. Jaws (green) is expressed in CF inputs to Purkinje cells (magenta).
¢, Two example electrophysiological traces from a Purkinje cell with identified
SSpks (gray) and CSpks (red) in response to airpuff stimulation (red shading).

d, Population histogram of SSpks (gray) and CSpks (red) (n =29 trials, N = 4 units
from 2 mice). e,f, Same as cand d, respectively, but paired with CF-Jaws laser
inhibition (green; n = 68 trials, same units asin cand d). Spontaneous SSpk rate
pre-and duringlaser epochs (P=0.42 NS, paired Student’s t-test, N = 4 units).

g, Top: average probability of CSpks in airpuff-only versus airpuff + laser trials

('P=0.028, paired Student’s t-test, N = 4 units). Bottom: spontaneous CSpk
rate pre- and during laser epochs (P=0.026, Student’s t-test, N = 4 units). Each
circle represents a unit, linked through conditions by a dotted line; the black
solid circles and line represent the average. h, The %CR across sessions + s.e.m.
(shadows) with and without CF-Jaws laser inhibition (green and black,
respectively, N =4 mice for both). The %CR at the last learning session: CF-Jaws
versus controls, "P=0.0015, two-sample Student’s t-test. Control animals
expressed Jaws in CFs but no laser was presented. i, Average eyelid closure
traces * s.e.m. (shadows) from CS + US trials of the last training session of the
experimentshownin hrevealing an absence of learning in the laser inhibition
condition despite the intact unconditioned reflex to the airpuff US. The shaded
rectangleindicates where in the trial the US (red) and the laser (green) appeared.
Jj,Same as for i, but for CS-only trials. The shaded rectangles indicate where US
and laser would have appeared.

mice (Fig. 6e-h and Extended Data Fig. 3). We analyzed spontaneous
SSpks and CSpks as well as responses to airpuff stimuli delivered to the
eye. In control conditions, CSpks are relatively infrequent, with alow
average spontaneous firing rate and substantial variation across cells
(Fig. 6e). We observed subtly lower spontaneous CSpk rates in Purkinje
cells of CF-ChR2 mice compared with controls, whereas no significant
reductionwas observed in CF-ChR2-LE mice (Fig. 6e). Remarkably, we
also found that some (4 of 15) units with moderate CF-ChR2 expression
that showed clear, short-latency CSpks on CF-ChR2 stimulation did

not exhibit any spontaneous CSpks throughout the duration of our
recordings (Fig. 6e). This surprising finding indicates that the common
method of identifying Purkinje cells based on the presence of sponta-
neous CSpks would obscure the consequences of CF-ChR2 expression
for climbing fiber-Purkinje cell transmission.

We next analyzed the patterns of activity evoked by a sensory
airpuff US (Extended Data Fig. 3a-f). There was a dramatic reduction
in the probability of CSpks evoked by an airpuff stimulus in CF-ChR2
mice (Fig. 6f). This was true across the population of Purkinje cells that
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Fig. 6 | Moderate ChR2 expressionis associated with subtle reductions

in CF signaling and abolishes learning to asensory US. a, Experimental
scheme. A visual CS was paired with a sensory airpuff US in a traditional classic
conditioning experiment in CF-ChR2 animals. b, CF-ChR2-puff animals, without
any photostimulation, unable to learn to anairpuff US (blue, N = 6 mice), but
recovered learning (CF-ChR2-LE-puff, light blue, N = 4 mice) on lowering ChR2
expression. Shadows correspond to +s.e.m. (%CR at the last learning session: CF-
ChR2-puffversus CF-ChR2-LE-puff, “P=7.75 x 107%, two-sample Student’s ¢-test).
¢, Animals with both expression levels exhibiting robust UR blinks on CS + US
trials (CF-ChR2-puff, blue, N = 6 mice and CF-ChR2-LE-puff, light blue, N = 4 mice,
+s.e.m.inshadows).d, Average eyelid traces + s.e.m. (shadows) from CS-only
trials of the last training session revealing no learning in CF-ChR2-puff animals
(blue, N = 6 mice and CF-ChR2-LE-puff, light blue, N = 4 mice). e, Spontaneous
(Spont.) CSpk firing rate for each Purkinje cell recorded from control (black,

N =26 cells from 4 mice), CF-ChR2-LE (light blue, N =20 cells from 4 mice) and
CF-ChR2 (blue, N =15 units from 5 mice) mice. Controls versus CF-ChR2: 'P=0.04,
two-sample Student’s t-test (26 versus 15 cells); controls versus CF-ChR2-LE:
P=0.24 NS, two-sample Student’s t-test (26 versus 20 cells). f, Probability of an
airpuff-evoked CSpk for each Purkinje cell recorded. Controls versus CF-ChR2:
"'P=0.00003, two-sample Student’s t-test (26 versus 15 cells); controls versus CF-
ChR2-LE: P=0.16 NS, two-sample Student’s t-test (26 versus 20 cells). g,h, SSpk
statistics for each Purkinje cell recorded from control (black), CF-ChR2-LE (light
blue) and CF-ChR2 (blue) mice. g, SSpk spontaneous firing rate: controls versus
CF-ChR2, P=0.41NS, two-sample Student’s t-test (26 versus 15 cells); controls
versus CF-ChR2-LE, P=0.07 NS, two-sample Student’s t-test (26 versus 20 cells).
h, SSpk coefficient of variation (CV). Controls versus CF-ChR2: P= 0.33 NS, two-
sample Student’s ¢-test (26 versus 15 cells); controls versus CF-ChR2-LE: P=0.26
NS, two-sample Student’s ¢-test (26 versus 20 cells).

werecorded from these mice, including those with normal spontane-
ous CSpk rates (Extended Data Fig. 3g). In contrast, no systematic
reductioninairpuff-evoked complex spiking was observed in the lower
expression CF-ChR2-LE animals (Fig. 6f and Extended Data Fig. 3h).
Furthermore, ontrialsin which anairpuff did evoke Purkinje cell CSpks,
the responses were delayed in Purkinje cells recorded from CF-ChR2,
but not CF-ChR2-LE, mice (Extended Data Fig. 3d,f,i).

Importantly, none of the differences in complex spiking observed
in CF-ChR2 animals was associated with differences in Purkinje cell
SSpks including average SSpk firing rate, coefficient of variation or
the pause in SSpks after a CSpk (Fig. 6g,h and Extended Data Fig. 3j).
We also found no differences in the proportion of CSpks occurring
within200 ms of each other (CSpk doublets®’; Extended Data Fig. 3k)
or in the number of spikelets within each CSpk waveform (Extended
DataFig.3l,m).

Discussion

The CF hypothesis for learning has dominated the cerebellar field
for over 50 years'™, yet definitive proof—or disproof—has remained
elusive. Conflicting evidence, competing models and insufficiently
precise tools for neural circuit dissection have sowed substantial con-
troversy and confusion. In particular, although multiple experimen-
tal approaches have yielded data consistent with the theory, others

have provided support for analternative model, in which Purkinje cell
SSpkmodulation, rather than CSpks, provides critical instructive sig-
nals for learning**°****, Moreover, although sensorimotor errors that
drivebehavioral learning are often reflected in CF-driven Purkinje cell
CSpk activity, the correlational nature of most of these studies, com-
bined with the unusual spiking statistics of CSpks, has complicated a
definitive interpretation of CSpks asinstructive signals®*. In the present
study, we systematically manipulated distinct circuit elements to dis-
sociate CF-driven CSpk signaling from Purkinje cell SSpk modulation
and reflexive movements (Fig. 7). Our findings reveal excitatory CF
inputs as necessary and sufficient instructive signals for associative
cerebellar learning.

As has been recently shown for VOR adaptation®®***¥, we found
that optogenetic stimulation of either CFs or Purkinje cells can sub-
stitute for a sensory US to drive eyeblink conditioning (Figs. 1and 2
and Extended Data Fig. 1). In both cases, learning was independent
of an evoked blink (Figs. 1-3 and Extended Data Figs. 1and 2). How-
ever, additional experiments varying opto-Pkj-US laser intensity
and duration revealed that learning to a Purkinje cell optogenetic US
was temporally coupled to optogenetic US onset, regardless of the
direction of Purkinje cell SSpk modulation or the timing of an evoked
blink (Fig. 3). Further experiments in which Purkinje cell SSpk modu-
lation was achieved indirectly, through optogenetic stimulation of
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granule cells, also failed to induce learning (Fig. 4). These findings
suggest that optogenetic stimulation of Purkinje cells probably drives
learning through the generation of CSpk-like dendritic calcium sig-
nals*® (Extended Data Fig. 2i), rather than through modulation of SSpk
output. This could then also explainwhy CF-ChR2-expressing animals
cannotaccess Purkinje cell instructive signals to achieve even minimal
learning, as we have shown in Fig. 6.

Beyond demonstrating their sufficiency asinstructive signals for
learning, multiple aspects of our data point to the necessity of intact
CF signaling for delayed eyeblink conditioning. First, Jaws-mediated
optogenetic inhibition of CFs, specifically during the presentation of
anairpuff US, completely abolished learning (Fig. 5). But perhaps the
strongest evidence for the necessity of CF instructive signals came
from our unexpected finding that simply expressing ChR2 in CFs—in
the absence of any optical stimulation—reduced CSpk probability and
completely obliterated learning to anairpuff US (Fig. 6). The complete
absence of learning to a sensory US in these animals was particularly
surprising, given the relative subtlety of the effects on complex spiking
and the ability of these mice to learn to an optogenetic CF US (Fig. 1).

The exact mechanism of suppression of CF signaling by ChR2
expression remains to be determined. Our results point to adecrease
in action potential generation within CFs themselves, rather than
the postsynaptic generation of CSpks within Purkinje cells, because
the probability of complex spiking was decreased, particularly in
responsetoasensory US, whereas CSpk waveforms were not affected
(Extended Data Fig. 31) and the ability to induce CSpks with optogenetic
stimulation of CFs was spared. Such changes could also be associated
with decreased synchrony across the CF population. Furthermore,
decreases in CF activity may also alter the likelihood that CFs fire in
bursts, or doublets*®, under some conditions, although we did not see
evidence for this in spontaneous CSpks (Extended Data Fig. 3k), and
thedrasticreductionin the evoked complex spiking that we observed

made it impossible to address the potential further contribution of
suchamechanism.

One of the most striking aspects of the ChR2 expression effect
was its exquisite sensitivity to expression levels—a fivefold reduction
inviral titer was enough to restore both normal complex spiking and
learning to anairpuffUS. Itis well known that viral gene delivery® and
expression of ChR2 and other membrane proteins can alter neuronal
morphology and physiology®>* in ways that are still not fully under-
stood. It is possible that 10 neurons may be particularly vulnerable,
forexample, due to their high levels of electrical coupling®*®¥, which
could explain the failure of many previous attempts to target CFs”.
The use of adeno-associated virus (AAV)*' and/or of the CaMKIla
promoter may also have contributed, for instance by driving particu-
larly strong expression levels® or through perturbing endogenous
CaMKII function in the 10%%. However, the transgene itself appeared
to be critical, because we did not observe a similar phenomenon
when using the AAV with the CaMKIla promoter to drive Jaws expres-
sion (Fig. 5h).

The discovery that small changes in ChR2 expression levels can
have drasticbehavioral consequences hasimportantimplications for
experiments using optogenetic circuit dissection more broadly. For our
purposes, CF-ChR2 expression provided an unexpectedly powerful and
selective tool for reducing evoked CSpks, without affecting Purkinje
cell simple spiking, while only subtly reducing spontaneous complex
spiking. Still, the effects on complex spiking that we observed were not
immediately obvious (Fig. 1) and depended on comprehensive quan-
titative analysis, which was possible only because cell-type-specific
activity patterns in the cerebellar circuit and their relationship to
relevant sensorimotor signals have previously been exceptionally well
characterized. Thus, although we were able to exploit this unexpected
effect as an unparalleled opportunity to assess the contributions of
evoked CF signalingto cerebellar learning, our findings also highlight

Nature Neuroscience | Volume 27 | May 2024 | 940-951

948


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-024-01594-7

the major challenge of identifying circuit tools that allow neuroscien-
tists to cleanly isolate and manipulate specific neural signals within
complex networks.

Taken together, our results reconcile many previous, apparently
contradictory, findings and suggest that CF-driven CSpk events provide
essential instructive signals for cerebellar learning (Fig. 7).

Our findings also raise important questions about how sensori-
motor errors are encoded in the cerebellum to support a full range
of cerebellum-dependent behaviors. In particular, it is possible that
parallel fiber inputs may provide instructive signals independent of
CFinputinsome cases. For instance, whole-body movements like loco-
motion generate robust activation of mossy fiber inputs®°. There is
evidence that coincident input from spatially clustered parallel fibers
can elicit dendritic calcium events in Purkinje cells’**, which could
drive cerebellar plasticity in the absence of CF inputs’**. Although
we were not able toinduce such an effect via optogenetic stimulation
of granule cells (Fig. 4), it remains possible that, during some forms
of cerebellum-dependent learning, such as motor adaptation®?%,
sufficiently high levels of parallel fiber activation could instruct parallel
fiber plasticity.

Similarly, although our results reveal anecessary role for CF-driven
Purkinje cell CSpks, they do not rule out a possible role for additional
plasticity mechanismsin the cerebellar nuclei’”, which may be impor-
tant for some forms or components of learning, for instance across time
scales**'%°71%% Previous work has suggested that cerebellar learning
may consist of multiple stages, with initial learning in the cerebellar
cortex (driven mainly by CF inputs) leading to changes in Purkinje cell
output that then sculpt plasticity in the cerebellar nuclei**'°°. The
relative contributions of cortical versus nuclear plasticity may vary
across stages of learning or for different forms of cerebellar learning
that progress on different time scales—from short-term motor adapta-
tion over seconds and minutes'”?*'%! to eyeblink conditioning, which
takes days'®?, to long-term motor adaptation after prolonged wearing
of prism goggles'*?, for example.

Regardless of possible contributions from additional mecha-
nisms, our findings establish an absolute requirement for CF instruc-
tive signals in associative cerebellar learning and suggest that initial
CSpk-driven plasticity could be an essential prerequisite for later stages
of cerebellar learning to proceed.
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Methods

Animals

All procedures were carried outinaccordance with the European Union
Directive 86/609/EEC and approved by the Champalimaud Centre for
the Unknown Ethics Committee and the Portuguese Direcao Geral de
Veterinaria (ref. nos. 0421/000/000/2015 and 0421/000/000/2020).
Mice were kept in transparent cages with high-efficiency particulate
airfiltersonareversed12-hlight:12-h dark cycle, at 21 °C under relative
humidity of 50% with free access to food and water. All procedures and
experiments were performed in male and female mice aged approxi-
mately 12-14 weeks.

Mouse lines. Wild-type C57BL/6) mice were obtained from Jackson
Laboratory (strainno.000664). Selective ChR2 expressionin Purkinje
cells (L7-Cre;ChR2; Figs. 2 and 3 and Extended Data Fig. 2), granule
cells (Gabra6-Cre;ChR2; Fig. 4) and glutamatergic neurons within the
10 (vGlut2-Cre;ChR2; Extended Data Fig. 1) were obtained by cross-
ing specific Cre driver lines with ChR2-EYFP-LoxP mice (strain no.
012569 from Jackson Laboratory'®*) to generate cell-type-specific,
ChR2-expressing transgenic animals (Supplementary Table1). Crelines
were: for Purkinje cells, L7-Cre strain no. 004146 fromJackson Labora-
tory**'%; for granule cells, Gabra6-Cre (MMRRC 000196-UCD*>*#106107).
and for glutamatergic neurons (within the 10), vGlut2-Cre (strain no.
016963 from Jackson Laboratory®%'0510%),

Surgical procedures

For all surgeries, animals were anesthetized withisoflurane (4% induc-
tion and 0.5-1.5% for maintenance), placed in a stereotaxic frame
(David KopfInstruments) and a custom-cut metal head plate was glued
to the skull with dental cement (Super Bond, C&B). At the end of the
surgery, mice were also administered a nonsteroidal anti-inflammatory
and painkiller drug (carprofen). After all surgical procedures, mice were
monitored and allowed ~1-2 d of recovery.

Viral injections. CFs were targeted”®*® by injecting 250 nl of AAV1.
CaMKIla.hChR2(H134R)-mCherry. WPRE.hGH (Addgene, catalog
no. 26975 (ref. 110)) or AAV8.CamKII.Jaws-KGC.GFP.ER2-WPRE.SV40
(UPen, catalog no. AV-8-PV3637 (ref. 78)) into the left dorsal accessory
10, which has been previously implicated in eyeblink conditioning
(rostrocaudal (RC) -6.3, mediolateral (ML) —0.5, dorsoventral (DV)
5.55 (refs. 25,26,28)). For the ChR2 virus, we initially diluted the stock
virus 1:10 in artificial cerebrospinal fluid (aCSF) to yield a final titer of
1.31 x10" GC mlI™ (genome copies per ml) in line with previous stud-
ies®. For the low-expression (LE) conditions we diluted the virus an
additional 5x toyield afinaltiter of 2,62 x 10" GC mI™, TheJaws virus was
dilutedinaratio of 1:10 in aCSF toyield a final titer of 1.47 x 10> GC ml™.
CF-ChR2 and CF-Jaws mice started the behavioral and electrophysi-
ological experiments 6 weeks after injection to allow time for virus
expression and stabilization®,

For optogenetic manipulations (Supplementary Table 1), optical
fibers with 100-um core diameter and 0.22 numerical aperture (NA;
Doriclenses) were lowered into the brain through small craniotomies
performed with a dental drill and positioned at either the right cer-
ebellar cortical eyelid region (RC -5.7, ML +1.9, DV -1.5)°**** or at the
left dorsal accessory 10 (RC -6.3, ML -0.5, DV -5.5), which has been
previously implicated in eyeblink conditioning®?*'"', Correct fiber
placement in both the cerebellar cortex and the 10 was functionally
verified before experiments by the presence of an evoked eyeblink in
therighteyeinresponse to moderate intensity laser stimulation (when
possible; see below) and subsequently confirmed histologically. Only
animals with good opsin expression and precise fiber targeting were
keptinthe study.

For in vivo electrophysiological recordings, a disposable 3-mm
biopsy punch was used to perform a craniotomy over the right
cerebellar cortical eyelid region (RC -5.7, ML +1.9 (refs. 56,58,59)).

The craniotomy was covered with a 3-mm glass coverslip with four
small holes where the electrode could pass through, and then by a
silicon-based elastomer (Kwik-cast, WPI) that was easily removed just
before recording sessions.

Behavioral procedures

The experimental setup for eyeblink conditioning was based on pre-
vious work>***, For all behavioral experiments, mice were head fixed
and walking on a Fast-Trac Activity Wheel (Bio-Serv). ADC motor with
an encoder (Maxon) was used to externally control the speed of the
treadmill. Mice were habituated to the behavioral setup for at least
4 d before training, until they walked normally at the target speed of
0.1 ms™and displayed no external signs of distress. Eyelid movements
of the right eye were recorded using a high-speed monochromatic
camera (Genie HM640, Dalsa) to monitor aregion of 172 x 160 pixel*at
900 frames per s. We visually monitored whole-body movementsviaa
webcam continuously throughout each experiment. Custom-written
LabVIEW software, together with a NI PCIE-8235 frame grabber and a
NI-DAQmx board (National Instruments), was used to synchronously
trigger and control the hardware.

Acquisition sessions consisted of the presentation of 90 CS + US
paired trials and 10 CS-only trials. The 100 trials were separated by a
randomized intertrial interval of 10-15 s. Unless otherwise stated, CS
and US onsets on CS + US paired trials were separated by a fixed ISI of
300 ms and both stimuli co-terminated. The CS was a white light LED
positioned -3 cmdirectly in front of the mouse. The sensory USwas an
airpuff (276 kpa, 50 ms) controlled by a Picospritzer (Parker) and deli-
veredviaa27Gneedle positioned ~-0.5 cmaway fromthe cornea of the
right eye of the mouse. Airpuff direction was adjusted for each session
of each mouse so that the US elicited a strong reflexive eyeblink UR.

Behavioral analysis. Videos from each trial were analyzed offline
with custom-written MATLAB (MathWorks) software®. The distance
between eyelids was calculated frame by frame by thresholding the
grayscaleimage and extracting the minor axis of the ellipse that delin-
eated the eye. Eyelid traces were normalized for each session, from
0 (maximal opening of the eye throughout the session) to 1 (full eye
closure achieved under airpuff treatment). Trials were classified as
containing CRs if an eyelid closure with normalized amplitude >0.1
occurred >100 ms after CS onset and before US onset.

Optogenetic stimulation and inhibition

Light from 473- or 594-nm lasers (LRS-04730r LRS-0594 DPSS, Laser-
Glow Technologies; excitation and inhibition, respectively) was con-
trolled with custom-written LabView code. Predicted irradiancelevels
for the 100-pum diameter, 0.22-NA optical cannulae used in our study
were calculated using the online platform: https://web.stanford.edu/
group/dlab/optogenetics. All laser powers are comparable to those of
pl‘eViOUS Studi6528'29'47'48'53'56'112.

For Pkj-ChR2 (Figs.2 and 3 and Extended Data Fig. 2), Gabra6-ChR2
(Fig. 4) and vGlut2-ChR2-10 (Extended Data Fig. 1) experiments, laser
power was adjusted for eachmouse and controlled for each experiment
using a light power meter (Thorlabs) at the start and end of each ses-
sion. For the Pkj-ChR2 experiments of Figs. 2 and 3a-h and Extended
Data Fig. 2b-d, laser intensity was adjusted to elicit an intermedi-
ate eyelid closure, and no other body movements, at stimulus offset
(1-3 mW, maximumi irradiance of 95.5 mW mm™). For the Pkj-ChR2-high
(blink at laser onset) experiments of Fig. 3i-1 and Extended Data
Fig. 2e-h powers ranged from 8 mW to 12 mW, maximum irradiance
0f381.8 mW mm™. For the Gabra6-ChR2 experiments of Fig. 4, intensi-
ties were up to 6 mW, irradiance 0f190.9 mW mm (causing a blink at
laser onset and no other body movements). For the vGlut2-ChR2-10
of Extended Data Fig. 1, laser power was adjusted to elicit ablink (and
no other body movements) at laser onset (vGlut2-ChR2-10:1-3.3 mW,
maximum predicted irradiance of 105 mW mm™).
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For the CF-ChR2 experiments of Fig. 1, because these animals
did not blink (or present any other body movements) to laser
stimulation (Fig. 1i), the power was set to 6 mW (maximum predicted
irradiance 0f190.9 mW mm™). This power was confirmed with elec-
trophysiology to reliably drive Purkinje cell CSpks. The same power
was also used for all CF-ChR2-LE experiments, which exhibited asmall
eyelid twitch (and no other body movements) in response to laser
stimulation (Fig. 1i).

When optogenetic stimulation was substituting for a sensory
US, where possible we adjusted the timing (onset and duration) of the
laser stimulation so that the reflexive blinks would most closely match
thoseelicited by asensory US (50-ms airpuff delivered to the eye). For
Pkj-ChR2 and Gabra6-ChR2 experiments, 100-ms laser stimulation best
elicited ablink similar to that of the airpuff. As Pkj-ChR2-med stimula-
tion elicits a blink at the offset of laser stimulation, whereas GC-ChR2
elicits a blink at the onset of laser stimulation (owing to Purkinje cell
inhibition via molecular layer interneurons), the onset of the laser
stimulation was also adjusted specifically for those experiments. For
the CF-ChR2 experiments of Fig. 1, as there was no laser-driven blink
(Fig.1i), we kept the 100-ms laser duration and matched the timing of
laser stimulation/CSpk onset.

For the CF-Jaws experiments of Fig. 5, as these animals did not blink
or present any other body movement to laser inhibition, the power
was set to 6 mW (maximum predicted irradiance 0f190.9 mW mm™).
This power was confirmed with electrophysiology to reliably block
airpuff-driven Purkinje cell CSpks. For these inhibition experiments,
laser started at the time of airpuff onset and laser duration were ran-
domized between 300 ms and 400 ms to avoid consistently timed
rebound excitation’®,

Electrophysiological recordings

All recordings were performed in vivo, in awake mice. Cell-attached,
single-cell recordings were made using long-shanked borosilicate glass
pipettes (Warner Instruments) pulled on a vertical puller (Narishige
PC-100) and filled with saline solution (0.9% NaCl, typical resistances
between 4 MQ and 5 MQ). An Optopatcher (A-M Systems) was used
for simultaneous optogenetic stimulation and electrophysiological
recordings. Laser light (with the same blue or yellow laser used for the
behavioral optogenetic manipulations) was transmitted through an
opticfiber (50-pmcore diameter) inserted inside the glass pipette until
it could fit, ~5 mm from the tip. The Optopatcher was oriented toward
the cerebellar eyeblink region with a motorized four-axis microman-
ipulator (PatchStar, Scientifica). Craniotomies were filled with saline
and connected to the ground reference using a silver-chloride pellet
(Molecular Devices).

Recordings were performed with a Multiclamp 700B amplifier
(Axon Instruments) in its voltage-clamp configuration, with a gain of
0.5V nA™and low-pass Bessel filter with a 10-kHz cut-off. The current
offset between the interior and exterior of the pipette was always
kept neutral to avoid passive stimulation of the cells. All recordings
were sampled at 25 kHz from the output signal of the amplifier using
a NI-DAQmx board and Labview customized software. We observed
subtly lower spontaneous CSpk rates (a typical criterion for identi-
fying Purkinje cells in electrophysiological recordings), in Purkinje
cells of CF-ChR2 mice compared with controls. As a result of this,
for all CF-ChR2 (and CF-ChR2-LE) experiments, Purkinje cells were
identified based on the presence of a laser-triggered CSpk rather
than spontaneous CSpks, to avoid selection bias resulting from the
absence of spontaneous complex spiking (Fig. 6). Spikes were sorted
offline using customized Python code for SSpks and amodified Un’Eye
neural network™ for CSpks.

Histology
All experiments included histological verification of injection and
fiber placementand transgene expression levels. After the experiments,

animals were perfused transcardially with 4% paraformaldehyde
and their brains removed. Brain sections (50 pm thick) were cut in a
vibratome and stained for Purkinje cells with chicken anti-calbindin
primary antibody (catalog no. 214006 SYSY) at dilution 1:300 and
anti-chicken Alexa Fluor-488 (catalog no. 703-545-155) or Alexa Fluor-
594 (catalog no. 703-585-155) secondary antibodies from Jackson
Immunoresearch (bothatdilution1:800). General cell nuclear labeling
was also made using DAPI. Brain sections were mounted on glass slides
with mowiol mounting medium and imaged with x5, x10 or x20 objec-
tives. Brainslices from experiments where CFs were targeted were also
imaged with an upright, confocal, laser point-scanning microscope
(Zeiss LSM 710), using a x10 or x40 objective.

Statistical analysis

Data are reported as mean * s.e.m. and statistical analyses were per-
formed using the Statistics toolbox in MATLAB. Two-sample, two-tailed
or paired Student’s t-tests (specified in each case) were performed for
all comparisons unless otherwise indicated. Differences were consid-
ered significantat: ' P< 0.05,"P<0.01and P < 0.001. Data distribution
was assumed to be normal but this was not formally tested. No statisti-
calmethods were used to predetermine sample sizes; sample sizes are
similar to those reported in previous publications®***, Data collection
and analysis were not performed blind to the conditions of the experi-
ments. Mice were randomly assigned to specificexperimental groups
without bias. No animals with validated histology or data points were
excluded from analysis.

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

Data availability
All datasets in the present paper are publicly available at https://
gin.g-node.org/jerburi/ClimbFiber_InstructSignals (ref. 114).

Code availability
All codes used for analysis are available from the lead author upon
request.
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Extended Data Fig. 1| Multiple genetic and anatomical strategies for
targeting 10 neurons. a, Experimental scheme. b-f, Histological examples
representative of 11 CF-ChR2 mice with 1O fiber, 4 with Ctx fiber. b, Coronal
section showing fiber placement (white arrow), in eyelid area of right cerebellar
cortex. ¢, Sagittal section showing ChR2 expression in climbing fiber projections
tothe cerebellar cortex. d, Coronal, and e, sagittal sections showing CF-ChR2
expression and optical fiber placement (white arrow) in left 10. f, Coronal section
showing ChR2 expression in left 10. g, Electrophysiological traces from a Purkinje
cellwith identified SSpks (grey dots) and CSpks (red) during CF-ChR2 laser
stimulation in cerebellar cortex (CF-ChR2-Ctx, blue). h, Population histogram

of SSpks (grey) and CSpks (red) (n =211 trials, N =15 units from 5 mice). CSpks:
spont. vs laser, P =1.82e-06***, paired t-test; SSpks: spont. vs laser, **P = 0.002,
paired t-test. i, %CR +-SEM over training (51-S8) and extinction sessions (E1-E4)
of animals with CF-ChR2 stimulation in IO (CF-ChR2-10, solid line, N = 3 mice)

or cerebellar cortex (CF-ChR2-Ctx, dotted line, N =4 mice) as US. %CR in S8:
CF-ChR2-10 vs CF-ChR2-Ctx, P = 0.71n.s., two-sample t-Test (3 vs 4 mice).
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1, Conditioning was unilateral (right eye blue, left eye red; N =2 mice).

m, Experimental scheme for experiments stimulating glutamatergic 10
neurons as US (vGlut2-ChR2-10). n, Average eyelid closures +SEM (shadows)

on CS + US trialsin the first training session showing blink evoked by vGlut2-
ChR2-10 stimulation (N = 3 mice). 0, %CR + SEM for learning to vGlut2-ChR2-10
stimulation (green, N =3 mice) and controls (expressing ChR2 but without laser
stimulation, learning to airpuff-US). %CR at last session: vGlut2-ChR2-10 vs
controls, P =0.94n.s., two-sample t-test (3 vs 3 mice). p, Average eyelid closure
traces +SEM (shadows) from CS-only trials of sessions 2,4,6 for vGlut2-ChR2-10-
US (N=3mice).
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Extended Data Fig. 2| Varying intensity and duration of Purkinje cell
optogenetic stimulation to dissociate stimulation onset, simple spike
modulation, and evoked blinks. a, Experimental scheme for pairing a visual
CS with optogenetic Purkinje cell-US. b,c, Example electrophysiological traces
(b) and histogram (c) from a Purkinje cell with identified SSpk (grey dots) and
CSpk (red) inresponse to 300 ms medium intensity Pkj-ChR2 laser stimulation
inthe cerebellar cortex (Pkj-ChR2-Ctx-med; corresponds to Fig. 3e-h). d, SSpk
rate (top) and CSpk rate (bottom) pre-, during- and post- laser epochs for the
recordingsin (b,c) and Fig. 2d (N = 3 units from 2 mice). SSpks: spont. vs during
laser, P =0.4.8e-7***, paired t-test; spont. vs after laser, P = 0.0003***, paired
t-test. CSpks: spont. vs during laser, P = 0.22n.s., paired t-test; spont. vs after
laser, P =0.87n.s., paired t-test. Each orange circle and line represents a unit,
linked through conditions; the black solid circles and line represent the average.
e, Average eyelid closures +SEM (shadows) to 300 ms Pkj-ChR2-Ctx medium
intensity laser stimulation (N = 2 mice, shading represents laser stimulation).
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f-j Higher intensity Pkj-ChR2-Ctx laser stimulation was used to evoke a pause in
simple spikes and a short-latency evoked blink at stimulus onset (corresponds
to Fig. 3i-1). This stimulation elicited electrophysiological signatures of complex
spike-like events at laser onset*® and, with alonger and more variable delay, at
laser offset (likely due to rebound from release of Purkinje cell inhibition via
olivo-cerebellar loop. f,g, SSpk and CSpk traces and histograms (N = 2 units from
2mice). h, Same asind, but for high intensity Pkj-ChR2-Ctx laser stimulation.
SSpks: spont. vsduringlaser, P = 9.9e-17***, paired t-test; spont. vs after laser,

P =9.86e-20***, paired t-test. CSpks: spont. vs during laser, P =1.335e-15***,
paired t-test; spont. vs after laser, P = 2.45e-14***, paired t-test. i, SSpk (grey) and
spontaneous CSpk (red) waveforms. Yellow trace represents complex spike-like
events at laser stimulation onset; note the correspondence to spontaneous
CSpk waveforms (red).j, Pkj-ChR2 laser stimulation at higher intensities yields
ablinkat stimulus onset (N = 3 mice, shading represents laser stimulation, +SEM
inshadows).
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Extended Data Fig. 3 | Purkinje cell responses to an airpuff stimulus in
controls and CF-ChR2 animals with different expressionlevels. a, b, Example
electrophysiological traces and population histograms (N = 26 units from 4 mice)
of Purkinje cell SSpks (grey) and CSpks (red) from control mice in response to
anairpuff. c,d, Same as a,b but for low ChR2-CF expression levels (CF-ChR2-LE;
N =20 units from 4 mice). e,f, Same as c¢,d but for standard CF-ChR2 expression
(N =15 units from Smice). g, p(CSpk) to airpuffvs. spontaneous CSpk rate

for each Purkinje cell of controls vs. mice with standard CF-ChR2 expression
(CF-ChR2). h,Same as g, but comparing controls vs. mice with low CF-ChR2
expression (CF-ChR2-LE). i, Normalized cumulative histogram of timing of the
first CSpk after airpuff onset (grey: controls N = 26 cells from 4 animals; light
blue, CF-ChR2-LE, N =20 cells from 4 animals; blue: CF-ChR2 N =15 cells from

5mice); controls vs CF-ChR2, P =0.03* KS-test; controls vs CF-ChR2-LE,

P= 0.67n.s., KS-test. Shaded rectangle indicates time of airpuff (red). j, Average
pause in SSpks after a CSpk: controls vs CF-ChR2, P = 0.15n.s., two-sample t-test;
controls vs CF-ChR2-LE, P = 0.24n.s., two- sample t-test. k, Average CSpk doublets
(2 CSpks occurring within 200 ms of each other) ratio to total number of CSpks
during spontaneous and airpuffepochs; controls vs CF-ChR2,P = 0.14n.s.,
two-sample t-test (15 cellsin 5 mice); controls vs CF-ChR2-LE, P= 0.24n.s.,
two-sample t-test (20 cellsin 4 mice). I, m, Average number of airpuff-driven
and spontaneous CSpk spikelets, respectively. (All two- sample t-test) Airpuff:
controls vs CF-ChR2, P=0.5n.s.,15 cellsin 5 mice; controls vs CF-ChR2- LE,
P=0.3n.s.,20 cellsin4 mice. Spont.: controls vs CF-ChR2, P = 0.1n.s. 15 cells

in 5 mice; controls vs CF-ChR2-LE, P = 0.1n.s., 20 cells in 4 mice.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  All data was collected using custom-written code in LabView. Code is available from the corresponding author upon request.

Data analysis All data was analyzed using custom-written code in Matlab (MathWorks) and Python version 3.6. All code is available from
the corresponding author upon request.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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All datasets in this paper are publicly available at: https://gin.g-node.org/jerburi/ClimbFiber_InstructSignals (ref. 114).
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Reporting on sex and gender n/a
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample sizes; sample sizes are similar to those reported in previous publications, as in
Catarina Albergaria N Tatiana Silva Dana M Darmohray Megan R Carey (2020) Cannabinoids modulate associative cerebellar learning via
alterations in behavioral state. elife 9:e61821.

Statistical tests were run after data collection.

Data exclusions  No data points were excluded.

Replication Findings were replicated successfully across separate sets of animals in our experiments (details in methods and in the statistics
summary found in Supplementary Table 2).

Randomization  Mice were assigned to specific experimental groups without bias.

Blinding Due to genotype requirements no blinding was used but mice were assigned to specific experimental groups without bias and no animals
were excluded.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IXI D ChlP-seq
Eukaryotic cell lines IXI D Flow cytometry
Palaeontology and archaeology IXI D MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used - Chicken anti-calbindin primary antibody #214006 from Synaptic Systems (dilution 1:500, ~0.1 ml per slice).
- Anti-chicken Alexa488 #703-545-155 secondary antibodies, from Jackson Immunoresearch (dilution 1:800, ~0.1 ml per slice).
- Anti-chicken Alexa594 #703-585-155 secondary antibodies, from Jackson Immunoresearch (dilution 1:800, ~0.1 ml per slice).




Validation

PRIMARY ANTIBODIES:

Chicken anti-calbindin #214006, Synaptic Systems

Amot and Yap1 regulate neuronal dendritic tree complexity and locomotor coordination in mice. Published and validated in IHC.
Tested species: mouse. PubMed ID: 31042703

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Female and male mice obtained from The Jackson Laboratory (WT C57BL/6J #000664; ChR2-EYFP-LoxP #012569; L7-Cre #004146;

vGlut2-Cre #016963) and MMRRC (Gabra6-Cre #000196-UCD), with approximately 12-14 weeks of age at time of surgery, were used.

The study did not involve wild animals.
Both females and males were used indiscriminately, since no sex effect was observed.
The study did not involve samples collected from the field.

All procedures were carried out in accordance with the European Union Directive 86/609/EEC and approved by the Champalimaud
Centre for the unknown Ethics Committee and the Portuguese Diregdo Geral de Veterinaria (Ref. No. 0421/000/000/2015 and
0421/000/000/2020).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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