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Summary

It is widely assumed that the complexity of neural circuits enables them to implement diverse
learning tasks using just a few, generic forms of synaptic plasticity. In contrast, we report that
synaptic plasticity can itself be precisely tuned to the requirements of a learning task. We found
that the rules for induction of long-term and single-trial plasticity at parallel fiber-to-Purkinje cell
synapses vary across cerebellar regions. In the flocculus, associative plasticity /n vitro and in vivo
is narrowly tuned for an interval of ~120 ms, which compensates for the specific processing delay
for error signals to reach the flocculus during oculomotor learning. In the vermis, which supports a
range of behavioral functions, plasticity is induced by a range of intervals, with individual cells
tuned for different intervals. Thus, plasticity at a single, anatomically-defined type of synapse can
have properties that vary in a way that is precisely matched to function.

Introduction

The algorithm used by a neural circuit to learn is defined by both the circuit-level properties
and the rules governing the induction of synaptic plasticity. It has been widely assumed that
a few basic synaptic rules, when embedded in the appropriate circuit architecture, can
support the full repertoire of learning, in all of its complexity. In contrast, we provide
evidence that the synaptic plasticity rules themselves can be highly specialized to match the
functional requirements of a learning task.

The fundamental requirement of associative learning is to store information about the
correlations between events. Throughout the nervous system, synaptic plasticity mechanisms
have been described that can capture the correlations between coincident or nearly
coincident events (Feldman, 2012). However, behavioral observations indicate that the brain
is also able to associate events that are separated in time, with exquisite temporal precision.
For example, during feedback-based learning, a delayed error signal must selectively modify
synapses active at the specific, earlier time when the neural command leading to an error
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was generated, a challenge known as the temporal credit assignment problem (Sutton and
Barto, 1981). In throwing a ball, for example, there is a delay of a few hundred milliseconds
for the ball to reach the target and visual feedback about the accuracy of the throw to reach
the nervous system. Nevertheless, the timing of the finger movements controlling the release
of the ball can be learned with remarkable precision - a difference of just 10 ms can cause
the throw to be too high or too low (Hore et al., 1996).

Previously described mechanisms of synaptic plasticity do not seem to have the properties to
support such temporally precise learning across delays, without additional, circuit-level
timing mechanisms. Known mechanisms of associative synaptic plasticity that have precise
timing requirements, such as those underlying spike timing dependent plasticity (STDP), are
all tuned for neural events occurring within a few tens of milliseconds of each other
(Feldman, 2012). Other forms of synaptic plasticity have been described that can associate
neural events across longer intervals, but with much less temporal precision (Chen and
Thompson, 1995; Debanne et al., 1998; Safo and Regehr, 2008). Therefore, circuit-level
mechanisms have been hypothesized to enable known, coincidence-based plasticity
mechanisms to support temporally precise learning about events that are separated in time
(e.g. Mehta et al., 2002). Here, we show that synaptic plasticity in the cerebellum is itself
tuned to meet the dual demands of temporally precise learning in the face of delayed
feedback.

During cerebellum-dependent learning, delayed feedback about performance errors is
conveyed to the cerebellum by its climbing fiber input. Each spike in a climbing fiber
produces a “complex spike” and concomitant calcium influx in its Purkinje cell targets.
Repeated pairings of climbing fiber (CF) activation with the activation of parallel fiber
synapses onto the Purkinje cells results in depression of the parallel fiber-to-Purkinje cell
(PF-to-PC) synapses (Ito, 2001; Linden, 1994). Thus, error signals carried by the climbing
fibers are thought to sculpt away, through associative synaptic depression, PF-to-PC
synapses that were active around the time that an error was generated.

The induction of plasticity at PF-to-PC synapses has been characterized as having broad
timing requirements, with associative synaptic depression induced when climbing fiber and
parallel fiber activation are coincident, and also when the climbing fiber activation precedes
parallel fiber activation or is delayed by as much as two hundred milliseconds (e.g. Chen and
Thompson, 1995; Safo and Regehr, 2008). These studies were conducted almost exclusively
in the cerebellar vermis, where the climbing fibers encode error signals of multiple
modalities and hence a broad range of feedback delays. This heterogeneity makes it difficult
to determine the functionally relevant feedback delay for a given climbing fiber in vitro, and
hence to assess the match between the feedback delay and the temporal requirements for the
induction of synaptic plasticity. To overcome this challenge, we characterized plasticity at
PF-to-PC synapses in a more functionally homogenous region of the cerebellum, the
flocculus. We discovered that the rules governing associative plasticity at PF-to-PC synapses
in the flocculus are different than in the vermis, and precisely compensate for delays in the
error signals in the intact circuit during learning.
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Results

Heterogeneity in the rules for long-term plasticity at cerebellar parallel fiber-to-Purkinje
cell synapses

We compared long-term plasticity at PF-to-PC synapses in the cerebellar flocculus with
plasticity at PF-to-PC synapses in the cerebellar vermis, in acute slices from adult mice (Fig.
1A-D). We monitored the change in the amplitude of the parallel fiber-elicited EPSP in
individual Purkinje cells induced by repeated, coincident pairings of a single stimulus to the
parallel fibers and to the climbing fibers (300 times at 1 Hz, parallel fiber - climbing fiber
(PF-CF) interval of 0 ms; Fig. 1A, /ef?). Consistent with previous reports (e.g., Hansel et al.,
2006; Ito, 2001), coincident stimulation induced robust Long Term Depression (LTD) in
slices of the cerebellar vermis (Fig. 1A, righi). In the cerebellar flocculus, however, the
results were strikingly different. Instead of inducing LTD, coincident activation of parallel
fibers and climbing fibers induced Long Term Potentiation (LTP) (Fig. 1A, center). LTP is
the non-associative form of plasticity at the PF-PC synapses, which is induced by parallel
fiber activation alone in the vermis (Lev-Ram et al., 2002) and the flocculus (Fig S1A).
Hence, the rules governing the induction of associative, climbing fiber-driven plasticity at
PF-to-PC synapses are different in the cerebellar flocculus and the cerebellar vermis.

Long-term associative plasticity in the flocculus in vitro: Temporal requirements matched
to behavioral function

Our finding that coincident parallel fiber and climbing fiber stimulation failed to induce LTD
in the flocculus was surprising, given the multiple lines of evidence for a role of climbing
fiber-triggered LTD in flocculus-dependent learning (e.g., Boyden et al., 2006; Hansel et al.,
2006; Ito, 2001; Kimpo et al., 2014; Medina and Lisberger, 2008). However, /n vivo, the
activation of climbing fibers by performance errors would be delayed relative to the parallel
fiber activity that caused the error, rather than coincident. Therefore, we tested whether LTD
could be induced in the flocculus when climbing fiber activation was delayed, as would
occur /n vivo during learning. The function of the flocculus is to regulate the smooth eye
movements that stabilize images on the retina (Ito, 2001; du Lac et al., 1995), therefore
retinal image motion represents a performance error. Visual feedback about such errors is
encoded by climbing fibers in the flocculus at a delay of about 120 ms (Fig. S1B; Maekawa
and Simpson, 1973; Raymond and Lisberger, 1998; Stone and Lisberger, 1986). /n vivo
experiments have suggested that there must be some form of compensation for this delay in
order to support the adaptive recalibration of eye movements observed across a range of
visual and vestibular stimulus frequencies (Ramachandran and Lisberger, 2005; Raymond
and Lisberger, 1998, 2000). More specifically, it can be estimated that it would be optimal
for climbing fiber activity to induce plasticity at synapses active ~120 ms earlier (Fig. S1B).

Consistent with this circuit-level constraint on feedback-based learning, robust LTD was
induced in floccular slices when parallel fibers were activated 120 ms before the climbing
fibers (Fig. 1B). Thus, plasticity at PF-to-PC synapses in the flocculus not only differs from
plasticity at PF-to-PC synapses in the vermis, but also compensates for the relevant error
signal delay.
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These results, from experiments in which PF-to-PC synaptic strength was measured in
current clamp (Fig. 1A,B, S1Ci,D), were replicated in additional experiments that measured
synaptic strength in voltage clamp (Fig. 1C, S1Cii,D). In addition, the tuning of LTD in the
flocculus to the PF-CF interval was tested by comparing four different intervals (Fig. 1C): 0
ms (coincident, purple), 100 ms (dark blue), 120 ms (/ight blue) and 150 ms (green).
Although a climbing fiber delay of 120 ms relative to the parallel fibers induced robust LTD,
neither a climbing fiber delay of 100 ms, nor a delay of 150 ms was effective at inducing
LTD. Thus, the tuning of LTD for the PF-CF interval was remarkably selective, with a
narrow window for associative plasticity of at most a few tens of milliseconds.

To test the generality of this timing requirement, we compared the effectiveness of
coincident versus delayed climbing fiber activation when it was paired with a brief, high-
frequency train of parallel fiber stimulation (5 PF stimuli at 100 Hz, paired with the CF, 300
times at 1 Hz; Fig 1D). When PF trains were paired with coincident climbing fiber
stimulation (PF-CF interval 0 ms), PF-to-PC synapses in the flocculus underwent a robust
LTP (Fig. 1D, purple) rather than the LTD that was previously reported in the vermis for
similar pairing protocols (Safo and Regehr, 2008; Wang et al., 2000). However, if parallel
fiber trains were instead paired with climbing fiber stimulation delayed by 120 ms, there was
a transient potentiation of PF-to-PC synapses in the flocculus, followed by LTD (Fig. 1D,
light blue). Notably, the synapses that underwent pairing at a PF-CF interval of 120 ms were
less potentiated/more depressed than those that underwent coincident PF-CF pairing
throughout the entire post-pairing period (Fig. 1D, S1Ciii). LTD was pathway specific (Fig.
S1E), as previously described for LTD in the vermis (Ekerot and Kano, 1985; see also
Linden, 1994). Moreover, the LTD induced in the flocculus using both single parallel fiber
pulses and trains appeared to be expressed post-synaptically, as previously described for
cerebellar LTD (e.g., Finch and Augustine, 1998), since there was no change in the paired-
pulse ratio (Fig S1D i-iii).

Single-trial, short-term associative plasticity in the flocculus in vitro: Temporal
requirements matched to behavioral function

It was recently reported that a single spike in a climbing fiber /n vivo can induce plasticity
(Kimpo et al., 2014; Medina and Lisberger, 2008; Yang and Lisberger, 2010). We tested
whether there was short-term plasticity at the PF-to-PC synapses in response to a single
pairing of parallel fiber and climbing fiber activation (see also Brenowitz and Regehr, 2005),
which could support the single-trial plasticity observed /n vivo during motor learning.

In slices from the mouse cerebellar flocculus, the change in the strength of the PF-to-PC
EPSP was measured from test stimuli delivered 1 s before and 1 s after a single pairing of
parallel fiber and climbing fiber activation (Fig. 2A, S2A). These single trials were delivered
at an inter-trial-interval of 7 s (see Supplemental Experimental Procedures), and the change
in the PF-to-PC EPSP measured on single trials was averaged over ~25 trials for each
pairing condition. As a control, the PF-CF pairing was replaced by a PF stimulus alone (Fig
2B, S2A-C, no CF), or a climbing fiber stimulus alone (Fig. S2D, no PF), in which case
there was no change, on average, in the PF-to-PC EPSP. However, a single pairing of
climbing fiber activation 120 ms after parallel fiber activation induced a significant
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depression of the PF-to-PC EPSP (Fig. 2B, Fig. S2Aii, S2Bii-iv, S2D /ight blue). This
single-trial synaptic plasticity was not only rapidly induced, but also recovered rapidly,
returning to baseline prior to the next trial (Fig. S3B). The rapid recovery allowed multiple
PF-CF intervals to be tested on the same cell. On average, PF-CF intervals of 0, 100 and 150
ms induced significantly less depression than an interval of 120 (Fig. 2B, see Fig. S2E,F for
additional controls). Hence, the temporal specificity for the PF-CF interval in the flocculus
was similar for the induction of LTD by multiple PF-CF pairings and for the induction of
short-term depression by a single PF-CF pairing.

During associative learning in vivo, plasticity of floccular Purkinje cells exhibits precise
compensation for feedback delays

The single-trial depression observed at PF-to-PC synapses in response to a single PF-CF
pairing /n vitro provides a candidate mechanism for trial-to-trial changes in Purkinje cell
firing observed /n vivo. During oculomotor learning, a spike in a climbing fiber on one trial
is associated with a suppression of firing in its Purkinje cell target on the next trial (Kimpo et
al., 2014; Medina and Lisberger, 2008; Yang and Lisberger, 2010, 2014). The temporal
precision of this single-trial plasticity reported /n vivo had appeared to be significantly less
than what we found at the PF-to-PC synapses /7 vitro (hundreds of milliseconds vs. tens of
milliseconds). However, previous studies of trial-to-trial changes /n vivo had aligned on the
trial start time, whereas the /n vitro results (Fig. 1, Fig. 2B) suggested that plasticity might
occur at synapses active in a specific time window preceding the climbing fiber spike.
Therefore, we aligned changes in Purkinje cell firing during VOR learning in rhesus
monkeys (Kimpo et al., 2014) to the time of the climbing fiber spike in the preceding trial
(Fig. 2C, Fig. S2G, Supplemental Experimental Procedures). If there was no spike in a given
climbing fiber on one trial, then there was no detectable change in the firing rate of its
Purkinje cell target on the next trial (Fig. 2C, no CF, black trace). However, if there was a
spike in the climbing fiber on one trial, then there was a reduction in the Purkinje cell firing
rate on the next trial (Fig. 2C, CF, blue trace). Remarkably, the reduction in firing occurred
at a time within the trial corresponding to ~120 ms prior to the time of the climbing fiber
spike on the previous trial, and then rapidly returned to baseline before the time of the
climbing fiber spike. This suggests that /7 vivo, a climbing fiber spike triggers plasticity at
synapses active ~120 ms earlier, and not at synapses active coincidently. Accompanying the
changes in Purkinje cell firing were adaptive changes in eye velocity that were also precisely
timed (Fig. 2D), and slightly delayed relative to the altered Purkinje cell responses,
suggesting a causal relationship.

Thus, in vivo, single-trial, climbing fiber-triggered plasticity in the flocculus of rhesus
monkeys has temporal properties similar to the single-trial depression of the PF-to-PC
synapses in floccular slices from mice. Both have the temporal precision to precisely
compensate, to within a few tens of milliseconds, for the ~120 ms delay in the error signals
carried by climbing fibers during eye movements in both species (Fig. S1B). In addition, it
suggests that there is sufficient temporal precision in the patterns of activation of the parallel
fibers to provide a substrate for the temporally precise plasticity (Fujita, 1982; Medina and
Mauk, 2000; Yamazaki and Tanaka, 2009; but see Johansson et al., 2014).
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Heterogeneity in the rules for single-trial, short-term plasticity at cerebellar parallel fiber-
to-Purkinje cell synapses

As observed for LTD, we found that the induction of single-trial depression at the PF-to-PC
synapses is governed by different rules in the cerebellar vermis than in the flocculus.
However, by leveraging the ability to test an individual cell with multiple PF-CF intervals,
we uncovered temporal precision of the single-trial plasticity in the vermis comparable to
that in the flocculus.

In contrast to the flocculus, a broad range of PF-CF intervals was effective at inducing
single-trial synaptic depression at PF-to-PC synapses in the vermis. A single, coincident PF-
CF pairing (Fig. 3A, 0 ms), as well as climbing fiber stimulation delayed by intervals as long
as 150 ms relative to parallel fiber stimulation, induced significant depression at PF-to-PC
synapses, as measured in the population average (Fig. 3A; Fig. S3A). This broad temporal
window for the induction of single-trial depression at PF-to-PC synapses in the vermis is
similar to what has been described previously for long-term depression (LTD) at the same
synapses (e.g., Safo and Regehr, 2008). However, broad tuning at the population level
masked precise temporal requirements for the single-trial plasticity in individual cells.

The cells recorded in the vermis (Fig. 3A) were sorted according to their preferred PF-CF
interval, i.e. the one that produced the biggest single-trial depression (Fig. 3B). Notably,
cells that preferred a given interval underwent no significant depression at any of the other
PF-CF intervals (Fig. 3B, repeated measures ANOVA).

The tuning of plasticity to the PF-CF interval was quantified with a selectivity index, Sl
(Fig. 3F):

SI_ DPref - DNoanf

D

Pref

where Dp.or= depression at the preferred interval, and Dpyyqpr0¢= average depression at non-
preferred intervals.

At the population level, the selectivity index was close to zero in the vermis, indicating
almost no selectivity, whereas the selectivity index was 0.6 for the flocculus, indicating
considerable selectivity (Fig. 3F, /eft). However, when the selectivity index was calculated
for individual cells, the mean was greater than 0.6 in both regions, and not significantly
different between the two regions (Fig. 3F, right). Thus, individual cells in both regions were
tuned for the PF-CF interval. The key difference between regions is that in the flocculus, the
majority of cells prefer the same, behaviorally relevant climbing fiber delay of 120 ms,
whereas in lobules VV/V1 of the vermis, different cells prefer different intervals.

We leveraged this variability across cells to look for electrophysiological correlates of the
preferred interval for inducing synaptic depression. Cells that preferred different PF-CF
intervals had no detectable difference in the baseline EPSP amplitude or spatial localization
within lobules V and VI (Fig. S3Ci,ii). However, one electrophysiological signature was
identified that predicted the amount of depression. In individual cells, the extent to which the
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Purkinje cell depolarized during the complex spike elicited by CF stimulation varied with
the PF-CF interval (Fig. 3D), and the PF-CF interval that induced the greatest depolarization
of the Purkinje cell tended to be the one that induced the greatest single-trial depression
(Fig. 3D,E, S3D). Previously, the size of the complex spike has been correlated with the
amplitude of the calcium transient and the induction of plasticity (e.g., Kitamura and
Héusser, 2011; Mathy et al., 2009; Wang et al., 2000; Yang and Lisberger, 2014). Our results
extend these previous observations by showing that the size of the complex spike, as
measured by the amount of depolarization, varies with the PF-CF interval.

Discussion

Our findings prompt a rethinking of the common assumption that the properties of synaptic
plasticity are uniform across an anatomically-defined type of synapse. Given the
“crystalline” cytoarchitecture of the cerebellum, it has been widely assumed that the
properties of synaptic plasticity that have been described in the vermis apply throughout the
cerebellum. However, there are known differences in gene expression, Purkinje cell firing
rates, and behavioral functions of different cerebellar regions (Cerminara et al., 2015), and a
report that some regions exhibit less PF-to-PC LTD than others (Wadiche and Jahr, 2005).
Our results suggest that all regions of the cerebellum may undergo PF-to-PC LTD, but the
rules for the induction of this plasticity may be different. We found different rules for
depression of the PF-to-PC synapses in different functional regions of the cerebellum
(flocculus vs. vermis; Fig 1A, 2B, 3A), and even different cells within a small region
(lobules V/V1 of vermis; Fig 3B).

In the vermis, associative synaptic depression can be induced by a wide range of delays
between parallel fiber and climbing fiber activation. This wide range of effective delays may
reflect the wide range of delays in the error signals carried by the different climbing fiber
inputs to the cerebellar vermis, which supports behavioral functions ranging from postural to
cognitive (Menghini et al., 2013; Stoodley et al., 2012). For example, climbing fiber inputs
to lobules V/VI of the vermis, where the /n vitro studies of single-trial synaptic plasticity
shown in Fig. 3A-F were conducted, carry signals ranging from spinal afferent signals with
latencies as short as 10-30 ms (Berthoz and Llinas, 1974), to cognitive signals with
presumably much longer latencies (Menghini et al., 2013).

In the flocculus, tuning to the PF-CF interval was much more uniform, so that it was evident
in the population average as well as in individual cells. Depression was reliably induced by a
climbing fiber delay of 120 ms, and not by coincident climbing fiber activation or by
climbing fiber delays just a few tens of milliseconds greater or less than 120 ms. Tuning for
the same, 120 ms delay was observed in the flocculus over a wide range of conditions: using
trains of parallel fiber stimuli as well as single parallel fiber stimuli during LTD induction, in
separate experiments measuring LTD in current clamp and voltage clamp, for short-term as
well as long-term plasticity, and /n vivo as well as /n vitro. This tuning for the PF-CF
interval provides a synaptic mechanism for the circuit to solve a major component of the
temporal credit assignment problem, by precisely compensating, to within a few tens of
milliseconds, for delays in the feedback about errors carried by climbing fibers /n vivo (Fig.
S4A, B).
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The synaptic plasticity we describe expands the known repertoire of cellular mechanisms
available to neural circuits for making associations between non-coincident events over a
wide range of time intervals (Fig. 4A, B). Other, known forms of plasticity with precise
timing requirements for induction, such as STDP, are tuned for inter-event intervals close to
coincident (Fig. 4A). Such forms of plasticity provide a mechanism for distinguishing the
orderin which neurons fire, and hence causality. In contrast, the narrow tuning of plasticity
at the PF-to-PC synapses to much longer intervals provides a mechanism, not just for
distinguishing the order, but also for encoding the precise timing between neural events.

The discovery of precise tuning of synaptic plasticity to a behaviorally-relevant inter-event
interval was facilitated by the uniform and well-characterized function of the cerebellar
flocculus. However, each region of the cerebellum may contain an array of synaptic
detectors that are tuned, either through evolution or through metaplasticity, so that the
population tiles the range of parallel fiber-climbing fiber intervals relevant for the behaviors
supported by that region (Fig 4C). It is intriguing to speculate that such tuning may be a
more widespread property of synapses throughout the brain. In the particular case of
Purkinje cells, all synapses onto a given cell may be tuned to the same interval, determined
by the characteristic delay of the error signals carried by the single climbing fiber input to
that cell. However for other types of neurons, even different synapses onto the same cell
might obey different plasticity rules, if the synapses are part of different circuits. Thus, a
diversity of synaptic learning rules may work in conjunction with circuit-level mechanisms
to learn the temporal correlations between events in the natural world.

Experimental Procedures

See Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Synaptic plasticity rules are not uniform, but tuned to specific circuit
function.

Different rules at different cerebellar parallel fiber-to-Purkinje cell
synapses.

Synaptic plasticity can precisely compensate for circuit delays of
>100ms.

Provides a mechanism for solving temporal credit assignment problem.
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Fig. 1. Induction rules for cerebellar LTD are different in the flocculus than the vermis and are
tuned to climbing fiber delay

Long-term plasticity at parallel fiber-to-Purkinje cell (PF-to-PC) synapses was induced with
repeated pairings of parallel fiber (PF) and climbing fiber (CF) activation (300 times at
1Hz). The PF-CF pairing interval was varied, as indicated by schematics on /eft of each
panel, and corresponding colors. A) Coincident PF and CF stimulation (0 ms PF-CF interval,
purple), induced long-term potentiation (LTP) of PF-to-PC synapses in the cerebellar
flocculus (center), but long-term depression (LTD) of PF-to-PC synapses in lobules V/V1 of
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the cerebellar vermis (right). B) Left, center: In the flocculus, LTD was induced when CF
stimulation was delayed by 120 ms relative to PF stimulation (/ight blue). Right: Average
EPSP amplitude in the last ten min of current clamp recordings in the flocculus when the
PF-CF pairing interval was 0 ms vs. 120 ms. ***p < 0.001, Mann-Whitney. C) Long-term
plasticity at PF-to-PC synapses in the flocculus, measured in voltage clamp, for different PF-
CF pairing intervals: 0 ms (purple) and 100 ms (dark blue) induced LTP, 120 ms (/ight blue)
induced LTD, and 150 ms (green) induced no significant plasticity. * p < 0.05, Kruskal-
Wallis analysis of variance on ranks followed by pairwise Dunn’s test. D) Long-term
plasticity at PF-to-PC synapses in the flocculus, induced by pairing trains of PF stimulation
(5 at 100 Hz) with CF stimulation (300 times at 1Hz). A PF-CF interval of 0 ms (purple)
induced LTP, whereas 120 ms (/ight blue) induced LTD. * p < 0.05, Mann-Whitney test. n =
number of cells. Insets show EPSPs or EPSCs from an example cell just prior to plasticity
induction (black), and 30 min later (color), scale bars: 5 mV or 200 pA, 20 ms. All panels
are Mean £ S.E.M. (See also Fig. S1A-F))
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Figure 2. Similar temporal tuning of single-trial plasticity in the flocculus in vitro and in vivo
A) The synaptic response in the Purkinje cell to parallel fiber (PF) stimulation was compared

before (EPSP1) and after (EPSP3) a single pairing of PF and climbing fiber (CF)
stimulation. Stimulus artifact and spike elicited by CF truncated, scale bar is 10 mV. B)
Change in the amplitude of EPSP3 relative to EPSP1 (AEPSP, mean £ S.E.M.) for different
PF-CF pairing intervals and for controls with no CF stimulation (no CF). Single-trial
depression of parallel fiber-to-Purkinje cell synapses in the flocculus was selectively induced
by a 120-ms PF-CF pairing interval. Number of cells is indicated in each bar. * p < 0.05
repeated measures ANOVA on ranks, followed by pairwise post-hoc Student-Neuman-Keuls
comparison. C, D) Trial-to-trial changes in Purkinje cell firing (C) and eye movement
responses (D) in vivo during oculomotor learning were precisely timed to compensate for
delays in the error signals carried by climbing fibers. Pairs of consecutive trials were
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analyzed by subtracting the Purkinje cell’s simple spike firing rate or the eye movement
response during the second trial of the pair from that on the first trial, averaged across trials
of a given type, and then across cells. If there was a spike in the climbing fiber on the first
trial of the pair (CF, blue traces), there was a decrease in Purkinje cell firing and a change in
the eye movement response on the next trial, at a time corresponding to ~120 ms before the
time of the CF spike on the first trial. If there was no spike in the climbing fiber (no CF,
black traces), there was no trial-to-trial change. Dotted lines indicate 95% confidence
intervals determined by bootstrap. All panels are Mean = S.E.M. See also Supplemental
Experimental Procedures, Fig. S2A-G.
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Figure 3. In the vermis, single-trial depression at the parallel fiber-to-Purkinje cell synapses is
induced by a range of parallel fiber-climbing fiber pairing intervals

A) Single-trial synaptic plasticity in the vermis, measured as in Fig 2A,B. * p < 0.05,
repeated measures ANOVA, followed by pairwise post-hoc Student-Neuman-Keuls
comparison. B) Cells in A were sorted according to the PF-CF interval that induced the
maximum depression, the “preferred interval” (arrowheads). There was no significant
depression at any PF-CF interval except the preferred interval, for any subgroup of cells
(repeated measures ANOVA), n = number of cells. C) 7gp. traces from a single cell,
showing different amount of Purkinje cell depolarization for different PF-CF pairing
intervals (indicated by color). This cell showed maximal depression for a PF-CF interval of
150 ms. Spike truncated. Bottom: grey shading indicates the area measured to quantify the
Purkinje cell depolarization. D) Purkinje cell depolarization for each PF-CF interval in each
sub-group of cells; cells sorted as in Baccording to the interval inducing the greatest
depression (highlighted). E) Synaptic depression (A EPSP) in each cell for each PF-CF
interval was correlated with the amount of Purkinje cell depolarization during PF-CF
pairing. See also Fig. S3D. F) A selectivity index (SI), quantifying the tuning of single-trial
depression for the PF-CF pairing interval was calculated for the population averages shown
in Fig 2B, 3A, and for the individual cells contributing to those averages, Sl=
(Depressionprefarred — AVQ. Depressionnon-preferred)! DEPIESSIONpraforred), (S€€ Supplemental
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Experimental Procedures). The population average (/ef?) reveals no selectivity in the vermis
(selectivity index very close to zero), in contrast to the flocculus; however, the selectivity
index for individual cells in the vermis was not significantly different from that in the
flocculus (right, Mann-Whitney test). All panels are Mean + S.E.M. See also Fig. S3A-D.
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Figure 4. Synaptic mechanisms for learning a range of behaviorally relevant temporal

correlations

A) Schematic based on previous findings of spike timing-dependent plasticity (STDP),
showing precise induction of plasticity for short inter-event intervals, centered around
coincident pre- and post-synaptic inputs (Bi and Poo, 1998; Markram et al., 1997). B)
Schematic based on previous findings in the cerebellum, illustrating calcium increases
(green; Wang et al., 2000), and synaptic plasticity (LTD, b/ue, Safo and Regehr, 2008)
induced by a broad range of PF-CF intervals, extending out to hundreds of milliseconds. C)
7op: Schematic of plasticity in the cerebellum, based on current data, showing each cell
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narrowly tuned to a single PF-CF interval, and different cells tuned for different intervals,
together spanning a range of >100 ms. Schematics in A-Care on the same time scale.
Bottom: In each region of the cerebellum, the population of cells (colored circles) may tile
the space of functionally relevant intervals for the behaviors supported by that region. In
regions like the flocculus, with a uniform error-signal delay, cells (/ight blue circles) are
more uniformly tuned to a single, behaviorally-relevant interval (See also Fig. S4A, B).
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