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Abstract

In classical eyeblink conditioning a subject learns to blink to a previously neutral stimulus. This
conditional response is timed to occur just before an air puff to the eye. The learning is known to
depend on the cerebellar cortex where Purkinje cells respond with adaptively timed pauses in their
spontaneous firing. The pauses in the inhibitory Purkinje cells cause disinhibition of the cerebellar
nuclei, which elicit the overt blinks. The timing of a Purkinje cell response was previously thought
to require a temporal code in the input signal but recent work suggests that the Purkinje cells can
learn to time their responses through an intrinsic mechanism that is activated by metabotropic
glutamate receptors (mGIuR7).
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Background

It has long been suspected that the cerebellum has an important role in movement timing [1,
2] and this has become increasingly clear in the context of eyeblink conditioning. Classical
eyeblink conditioning has been a widely used experimental model of associative learning
and has also proven to be a good model of motor timing [2]. When a conditional stimulus
(CS), such as a tone, is repeatedly succeeded by an unconditional stimulus (US) that elicits a
blink reflex, the subject learns to emit a conditioned blink in response to the CS. This
conditioned response (CR) not only precedes the US so that it protects the eye, it does so
with a high degree of temporal precision, reaching its maximum amplitude close to the time
of the (expected) US onset. This holds for CS-US intervals from about 100 ms to about a
second [3-5], and for many animal species including mice [3, 6-8].
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Work by several groups, using lesions, pharmacological inactivation and electrophysiology,
has shown that the main mechanisms underlying eyeblink conditioning reside in the
cerebellum (reviewed in [8-10]). For a long time there were conflicting views about the
relative importance of the cerebellar cortex and the nuclei. A series of papers by Yeo et al.
showed that the critical learning site was most likely in the cortex [11, 12] while others
argued that the associative memory trace was in the deep cerebellar nuclei (DCN) [13, 14],
or in both sites [15]. However, there was consensus that CRs would not be adaptively timed
without the cerebellar cortex; even if CRs remain after inactivation or lesions of the
cerebellar cortex, they lose their characteristic temporal profile [16, 17].

Purkinje cell activity

Models of motor learning in the cerebellum have focused on the role of the Purkinje cells,
the output neurons of the cerebellar cortex. These are inhibitory projection neurons that are
driven by intrinsic mechanisms to fire at high rates of 50-100 Hz in vivo [18]. Influential
theories of Marr and Albus [19, 20], proposed that the synapses between parallel fibers
(carrying the CS signal, Fig. 1A) and Purkinje cells would undergo plastic change when
activated in conjunction with climbing fiber input carrying the US signal. It was generally
assumed that as a result of conditioning, the CS would come to elicit a pause in the Purkinje
cell around the time of the US, and that this pause could, by disinhibiting downstream
neurons of the deep cerebellar nuclei, cause a well-timed conditioned blink (Fig. 1B).

A recent study using transient optogenetic inhibition of Purkinje cell firing provides strong
support for the idea that pauses in Purkinje cell activity can generate overt movements via
“disinhibition” of the cerebellar nuclei [21]. The kinematics of eyelid movement were
tightly controlled by the number of Purkinje cells that were inhibited, as well as the intensity
and duration of inhibition. The resulting increase in DCN activity showed a strong linear
correlation between both the size and speed of eyelid movements, such that there was a
direct mapping between graded suppression of Purkinje cell firing, the consequent increases
in DCN firing and the regulation of movement kinematics.

The idea that a pause in Purkinje cell activity drove the CR was originally met with
resistance. Indeed, some of the early recording studies appeared to directly contradict it.
Both increases and decreases in Purkinje cell activity were reported during CR generation
[22-24]. This heterogeneity of Purkinje cell responses in previous studies could stem from
sampling from cerebellar microzones with different physiological properties [25] or
different functional connectivity [26-28]. The results become much more uniform if we
consider the activity of Purkinje cells in a part of a zone within the cerebellar cortex, the C3,
that has been shown to control eyeblink movements and be critical for conditioning [12, 21,
29-31]. Virtually all Purkinje cells in this area pause or strongly suppress their firing during
the CR (Fig. 1C) [27, 28, 32-34].

The pause response of Purkinje cells mimics most of the salient features of the overt
behavioral CR, including adaptive timing (Fig. 2). For instance, this “Purkinje cell CR” is
acquired during paired CS-US presentations, extinguished during CS alone presentations
and is very quickly re-acquired during paired presentations after extinction [27].

Curr Opin Behav Sci. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johansson et al.

Page 3

Furthermore, Purkinje cell firing reaches its minimum about 50 ms before the expected
onset of the US for a range of CS-US intervals and returns to baseline just after the US even
if the CS continues (Fig. 2B-D) [28, 34, 35]. Like the behavioral CR, the Purkinje cell CR
changes its timing if the interval between the CS and US is changed (Fig. 2E-F) [35]. When
the expected delays in the motor pathway to the eyelid are taken into account [36], these
results provide strong support for the hypothesis that a properly-timed suppression of
Purkinje cell firing is the main determinant of the timing of the CR[26].

How do Purkinje cells learn to pause at the right time?

Contemporary theory is dominated by the assumption that during the interstimulus interval,
granule cells of the cerebellar cortex have time-varying activity that transmits a temporal
code to the post-synaptic Purkinje cell [2, 37, 38]. In these models, a unique and highly
reproducible set of granule cells becomes active at each time step after the CS is presented,
and it is the evolving granule cell population activity vector that represents the passage of
time (Fig. 3A). A number of computational models have been proposed in which these time-
varying patterns of granule cell activity during the CS could be driven by delay lines [39,
40], oscillations [41], variability in response kinetics [42] or network interactions [43, 44].
The key in all these models is that because each Purkinje cell receives parallel fiber inputs
from many granule cells whose activity is varying in time (Fig. 3A, orange), it can learn to
pause at the “right” time by selectively modifying the strength of those parallel fiber
synapses that are active around the time of the US (Fig. 3A, dashed red lines),

Because granule cells are very small and densely packed, it has been difficult to record their
spike activity in behaving animals and test if the population generates time-varying patterns
of activity in response to a CS. Recent work suggests that unipolar brush cells (UBCs),
which provide excitatory input to granule cells and other UBCs, can respond with a range of
latencies after stimulation [45], raising the possibility that they could be used as delay lines
to generate time-varying patterns of activity[39, 40]. However, in vivo experiments have
shown that the latency of granule cells to sensory stimulation is very uniform [46, 47].

Another possibility, suggested by a number of computational models [37, 38, 43, 44], is that
inhibitory inputs from Golgi cells could be used to sculpt temporal patterns in granule cells.
Recently, it has been shown that the main time constant over which the spontaneous firing
of Golgi cells has an effect in vivo is on the order of seconds [48]. This time constant could
allow Golgi cell activity to set excitability levels and increase the fidelity of granule cells on
long time scales [49-51]. However, this scale is probably too long for generating temporal
patterns in the 10-100 millisecond range. Sensory-driven activation of Golgi cells also
causes a phasic inhibition of granule cells [52] that may be important for performing sparse
encoding without loss of information [53], and for modulating the size and reproducibility of
sensory responses [54]. Whether this phasic inhibition is able to generate time-varying
activity of granule cells in response to sensory stimulation is currently unknown.

Given all these considerations, it is important to ask whether Purkinje cells are capable of
achieving motor timing without time-varying patterns of granule cell inputs [55].
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Is there a timing mechanism inside the Purkinje cell?

A recent study provides evidence for a radically new view of the mechanisms for motor
timing in the cerebellum [56]. Contrary to the predictions of existing models, pairing a CS
consisting of direct stimulation of the parallel fibers (Fig. 4A) with a US consisting of direct
climbing fiber stimulation led to a Purkinje cell CR that was adaptively timed. That is, the
cell reached maximum suppression <75 ms before the onset of the US regardless of CS-US
interval (Fig. 4B). This was an unexpected finding because with direct stimulation of
parallel fibers, any temporal patterns of granule cell activity are presumably bypassed.
Although stimulation-driven antidromic activation of granule cells could generate time-
varying patterns of activity, these patterns are likely to be overridden by the regular
repetition provided by the train of parallel fiber stimuli. In addition, parallel fiber stimulation
will activate inhibitory interneurons of the cerebellar cortex, including Golgi, stellate and
basket cells. However, these cells are not necessary for the observed timing because
blocking GABA-ergic inhibition had no effect on the Purkinje cell CRs (Fig. 4F-G).

The timing of the Purkinje cell CR exhibited a key property that provides some clues about
the underlying mechanisms. After training with a parallel fiber CS of 300 ms in duration, the
Purkinje cell CR had the same time course on probe trials, whether the CS lasted for 20 ms
or 800 ms [56] (Fig. 4 C-E). These results echo the findings of previous reports indicating
that the time course of both the Purkinje cell CR [57] and the behavioral CR [58] is
determined by the initial part (<20 ms) of the CS, and therefore is insensitive to any
temporally patterned CS input. In addition, both interneuron inhibition [56] (Fig. 3 F-G) and
AMPA/kainate receptors in the parallel fiber to Purkinje cell synapses can be blocked
without disrupting the Purkinje cell CR [59]. These data strongly suggest that when parallel
fiber stimulation is used as the CS, the main mechanism underlying the adaptive timing of
the Purkinje cell CR is within the cell itself.

What kind of intrinsic cellular mechanisms might underlie the adaptive timing of the
Purkinje cell CR? Fiala and colleagues [60] proposed a spectral timing model in which each
Purkinje cell has a fixed number of metabotropic receptors (mGIluR1), but this number
varies across Purkinje cells. A particular receptor density is assumed to produce a rise in the
intracellular CaZ* concentration with a particular latency, and when the concentration
reaches a threshold level, it turns on a hyperpolarizing current through Ca?*-activated K*
channels that results in properly timed pause in Purkinje cell firing. In this spectral model,
each individual Purkinje cell is predisposed to learn a particular interstimulus interval that is
given by the fixed number of mGIuR1 receptors on its membrane, and timing would thus be
accomplished by selecting the right set of Purkinje cells. However, this model is inconsistent
with previous data showing that any Purkinje cell can learn any interstimulus interval [35,
56] (Fig. 2E-F).

Steuber & Willshaw improved the original spectral model of Purkinje cell timing by
suggesting that the number of mGIuR1s could be adaptively regulated during learning [61].
With paired CS-US presentations the learning mechanism adjusts the mGIuR1 density, and
hence the onset latency of the rise in Ca2*, to match the interstimulus interval. However, this
model cannot explain double peaked responses observed in single Purkinje cells trained with
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multiple intervals [28, 35, 56]. This model is also inconsistent with recent findings showing
that the mGIuR1 can be blocked in vivo without disrupting the Purkinje cell CR [59].

An alternative intrinsic mechanism for cerebellar motor timing is based on the discovery that
activation of mGIuR?7 receptors is necessary for generating the Purkinje cell CR [59]. In this
model (Fig. 3B), activation of mGIuR7 initiates a biochemical signaling cascade whose
latency to on- and offset of the voltage response is adjustable. This time course is under the
control of a learning mechanism that selects a subset of molecular components for synthesis
or activation [62]. If the onset of the CS initiates a predictable and evolving biochemical
process (Fig. 3B, orange sphere), US onset at different time points in this process could
signal the induction of interval-specific changes to the cascade from receptor activation to
voltage response. In this way, different molecular components with particular properties
(e.g. that adapt the duration of ion channel open states) are selected so that the time course
of the Purkinje cell CR matches the CS-US interval (Fig. 3B, “PC spikes™). In a sense, this
could be seen as a molecular version of a delay-line mechanism. The theoretical difference
from published delay-line mechanisms is that distinct lines being “tapped” by the US are not
potentiated or depressed. Instead, they prompt synthesis (or activation) of distinct molecules.

Conclusions

During conditioning, the Purkinje cells controlling a particular muscle learn to generate a
movement in response to the CS and to adjust the timing so that it reaches its maximum just
before the onset of the US. Recent work indicates that to do this, Purkinje cells do not
require time-varying patterns of granule cell activity. Instead, individual Purkinje cells
appear to be equipped with an intrinsic cellular mechanism that allows them to create a
memory of the time between the CS and US in the absence of any temporal code in the
parallel fiber input. Whether time-varying patterns of granule cell inputs may also contribute
to cerebellar timing, particularly in situations where dynamically modulated sensory and
proprioceptive information is readily available [63], remains an open question. It is also
likely that circuit-level interactions at the level of the inferior olive could play an important
role in adjusting cerebellar-dependent motor timing [37, 64] but a full discussion of this
topic is beyond the scope of this review.

The work summarized above provides a plausible account of how the cerebellar cortex
learns to emit an adaptively timed movement. We would like to suggest that analogous
mechanisms might explain how the Purkinje cells can learn to send signals to the motor and
premotor cortex and that such signals can either initiate movements or correct ongoing
movement. In this way, the cerebellar cortex can also fine-tune the timing of movements
generated by the forebrain.
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1. Timing of conditional eyeblinks determined by pauses in cerebellar Purkinje
cells

Blink-controlling Purkinje cells learn to pause during eyeblink conditoning
Conditional Purkinje cell pause responses are adaptively timed

Timing of Purkinje cell pauses determined by intrinsic cellular mechanisms
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Figure 1.
Pauses in Purkinje cell activity (A) Cerebellar circuit. Pc: Purkinje cell. pf: Parallel fiber. cf:

climbing fiber. mf: mossy fiber. In: inhibitory interneuron. Gc: Golgi cell. Gre: granule cell.
AIN: anterior interpositus nucleus. 10: inferior olive. (B) EMG record of blink CR. (C)
Upper panel, Purkinje cell record before training, lower panel: typical Purkinje cell CR.
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Figure 2.
daptive timing of blink CRs and Purkinje cell CRs. (A) Average time courses of conditional

blinks (nictitating membrane responses) in rabbits trained with different interstimulus
intervals (125 — 1000 ms) adapted from [65]. (B-D) Purkinje cell CRs after conditioning
with interstimulus intervals between CS and US onsets (ISI, blue shading) of 150 ms, 300
ms or 500 ms. (E-F) Time course of Purkinje cell CRs in the same cell after training with
interstimulus intervals (IS1) of 300 ms (E) and after switching to 500 ms (F). Adapted from
[27].
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Figure 3.
Schematic representation summarizing the features of two types of timing models. (A)

timing mechanisms based on time-varying patterns of granule cell activity. Active parallel
fibers (orange), and parallel fibers active around the time of the US (red dashed lines), are
shown at 5 different times during the CS-US interval (B) timing mechanism intrinsic to the
Purkinje cell. The onset of the CS activates a subset of parallel fibers (left, orange) that
trigger a biochemical cascade (expanding orange sphere) whose time course can be adjusted
as a result of learning to reach a target threshold (red dashed circle) at the time of the US.
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Figure 4.

Adaptive timing of Purkinje cell CRs with parallel fiber CS. (A) Experimental setup. CS
was electrical stimulation of parallel fibers lying on a beam terminating on the recorded
Purkinje cell (pf CS). Off-beam pf stimulation activated inhibitory interneurons (In). (B)
Purkinje cell activity after conditioning with three different 1Sls, 150, 200 and 300 ms.
Curves and shading show mean and SEM (adapted from [56]), C-E) raster plots showing
time course of Purkinje cell firing using a pf CS of 20, 300 or 800 ms in a cell previously
trained with ISI = 150 ms. (F-G) Effect of GABA antagonist Gabazine on suppression of
Purkinje cell firing elicited by off-beam pf stimulation (F), and lack of effect on Purkinje

cell CR elicited by the CS (G).
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