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Abstract

Recent studies of sensorimotor processing have benefited from decision-making paradigms that 

emphasize the selection of appropriate movements. Selecting when to make those responses, or 

action timing, is important as well. Although the cerebellum is commonly viewed as a controller 

of movement dynamics, its role in action timing is also firmly supported. Several lines of research 

have now extended this idea. Anatomical findings have revealed connections between the 

cerebellum and broader timing circuits, neurophysiological results have suggested mechanisms for 

timing within its microcircuitry, and theoretical work has indicated how temporal signals are 

processed through it and decoded by its targets. These developments are inspiring renewed studies 

of the role of the cerebellar loops in action timing.

Introduction

Research on the cerebellar control of movement has focused on within-movement dynamics, 

characterizing how the cerebellum adjusts the degree and timing of muscle activations 

needed to achieve spatial accuracy. In addition to fine, muscle-level control, the cerebellum 

also contributes to inter-movement timing, or deciding when to move [1, 2]. This effector-

level control – which we will call action timing – relies on distributed brain circuits 

involving the basal ganglia and cerebral cortex in addition to the cerebellum [3–12]. A 

challenge for behavioral neuroscience is to reconcile the evidence from across the brain to 

reveal the underlying networks for action timing and the cerebellum’s participation in them. 

A good start is to review what is known about the flow of temporal information in cortical 

and subcortical circuits. We will evaluate the position of the cerebellum in timing circuits 

and compare signals related to the timing of behavior in the inputs and outputs of the 

cerebellum. We limit the scope of this review to processes involved in the initiation of single 

movements, although action timing of multiple movements in parallel (e.g. hand-eye or 
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bimanual coordination) or serially (e.g. coordination of tapping in timed sequences) is also 

of interest.

The cerebellum is part of a larger timing network

The schematic in Fig. 1A gives a basic overview of connectivity between the cortex, basal 

ganglia, and cerebellum. Major cerebellar afferents derive from brainstem nuclei that receive 

outflow (often collaterals of descending projections) from extended cerebral cortical regions 

and the basal ganglia. The basal ganglia and cerebrum, in turn, receive afferent input from 

thalamic structures targeted by cerebellar nuclei [13, 14, 15●]. A recent study from our 

laboratory [16●] demonstrated a strong correlation between oculomotor timing and neural 

activity in one of the nuclei, the dentate nucleus (DN). In monkeys trained to initiate 

saccadic eye movements to a visual target after an uncued, learned interval, a large 

proportion of DN neurons produced smooth ramps of activity up to and peaking at the 

initiation of the self-timed movement (Fig. 1B). While this was the first quantified report of 

such activity in the cerebellum, comparable ramps have been found in nearly every other 

brain area where similar tasks have been studied, including parietal cortex [17] (for example, 

Fig. 1C), motor cortex [18, 19], premotor cortex [20], supplementary motor cortex [21], pre-

supplementary motor cortex [21], and prefrontal cortex [24]. Responses of neurons recorded 

at the input stages of the basal ganglia (specifically, regions of the striatum) [22, 23], also 

show similar responses (Fig. 1D). Finally thalamic nuclei that receive feedback projections 

from the cerebellum, basal ganglia or cerebral cortex exhibit ramping responses as well [24] 

(Fig. 1E). Work in computational neuroscience has added to these findings, showing that 

timing-related ramping activity can arise from dynamics embodied by recurrent excitatory 

connections in the cerebral cortex [25]. Other models show how different sorts of temporal 

representation might arise in the cerebellum [26, 27], or basal ganglia [28, 29●].

One begins to sense a chicken-and-egg problem when attempting to explain cerebellar 

contributions to action timing. If upstream timing representations are transmitted to the 

cerebellum, deficits in action timing associated with cerebellar lesions [1, 30, 31] could be 

simply a function of inaccurate decoding by cerebellar circuits. Inappropriate temporal 

signals would then carry forward into behavior via projections from the cerebellar nuclei to 

downstream motor structures in the cerebral cortex, the brainstem and spinal cord. 

Alternatively, the cerebellum may help generate temporal signals, distributing them to 

recipient motor circuits (Fig. 1A). Moreover, both cerebral cortical and cerebellar circuits 

seem capable of refining temporal signals, to the extent that in vivo and in vitro studies 

demonstrate that they can generate temporally precise outputs given temporally imprecise 

inputs [32, 33]. Similar evidence is lacking for basal ganglia circuits, although 

computational models implicate them in related forms of information processing for the 

generation of timing signals [28, 29●]. In addition, aforementioned reports of ramping-like 

activity in regions of motor thalamus that receive input from the cortex, cerebellum or basal 

ganglia, suggest that this information is transmitted, with little discernible difference, 

between all of these structures.

In the next sections, we present outstanding issues that we believe must be addressed to 

grasp the specific contributions of cerebellar circuits to action timing. We posit that 
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understanding the signals passed between structures in carefully controlled behavioral 

paradigms can answer many of these questions, based on the success of this approach in 

answering earlier questions in cerebellar motor control.

How are timing signals emanating from the cerebellum decoded?

It is well accepted that cerebellar output is necessary for well-timed movements, based on 

myriad cerebellar lesion, degeneration, and inactivation studies [1, 2, 31, 34–37]. But at the 

level of information processing, how is cerebellar activity used? To begin answering this 

question, we need to know which cerebellar output pathways are influencing action timing 

and what signals are sent along these pathways. By describing the temporal representations 

conveyed to the motor periphery, we can investigate how they might be decoded. To 

illustrate this point, consider cerebellar studies on eyeblink conditioning. Pharmacological 

inactivation experiments showed that cerebellar circuits, in tandem with brainstem circuits, 

are necessary for learning to execute conditioned eyeblink responses that are timed to the 

predicted occurrence of air puffs [38, 39]. Notably, recording studies have shown that during 

eyeblink conditioning, pauses in Purkinje cells responses promote bursts of activity in deep 

cerebellar nuclear neurons (Fig. 2), which drive the conditioned eyeblink response via the 

red nucleus [40–44]. These pauses (for Purkinje cells) and bursts (cerebellar nuclear 

neurons) are modified via conditioning to generate the temporal structure of the eyeblink 

response [45], while convergent motor inputs to downstream brainstem circuitry regulates 

other movement parameters [44].

Similar pharmacological studies – or more sophisticated genetically-based pathway 

manipulations [39, 46, 47] – are needed to clarify whether there is similar cerebellar 

involvement in interval timing, perceptual timing, and the timing of multiple movements in 

sequences. Future studies will also need to consider the signals passed along cerebellar 

output pathways to see how temporal information is communicated to downstream areas. 

Such data are required to guide our understanding of how this information is decoded by 

target structures. As an example, consider our study of the DN (Fig. 1B). The timing-related 

ramping activity we recorded in DN may be conveyed, at least in part, through projections to 

the intermediate layers of the superior colliculus, an area responsible for triggering eye 

movements [48]. If so, does the superior colliculus use incoming ramping activity as a 

timing signal to trigger eye movements? How might it convert this activity into suitably-

timed saccade-related bursts? A solution could potentially be derived from a model 

framework developed for decision-related ramping activity [49]. Questions like these are 

likely to arise for all efferent pathways along which timing related information leaves the 

cerebellum. A fruitful avenue of research, in this regard, is to develop circuit-specific 

decoding models that are capable of extracting timing related information from ramps (i.e. 

accelerating firing rates) or other temporal representations. Just as we have models of how 

elements of the timing circuit generate temporally precise outputs, we need models for how 

each element of the timing circuit can readout temporally precise inputs.
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What does the cerebellum do with the information it receives?

Understanding the input to the cerebellum is another important piece of the puzzle. There is 

essentially no data on signals entering the cerebellum during self-timed movements. A few 

related studies are promising, however. In the case of trace eyeblink conditioning, at the 

level of mossy fibers, the combination of persistent activity related to the memory of 

conditioned stimulus and phasic activity triggered by its onset may allow the cerebellum to 

learn the temporal representation necessary to execute timed eyeblink responses [33, 50, 

51●]. Previously mentioned models suggest how these mossy fiber inputs can be converted 

into the temporally precise representations required to drive timed eyelid movements, via 

dynamics in the granule cell layer of the cerebellum alongside plasticity at the granule cell-

Purkinje cell synapse [27]. Transposing those findings to our own work on self-timing, we 

may expect that inputs to the cerebellar cortex consist of similar combinations of persistent 

and phasic activity produced by associative cortices. These might then be transformed, by 

the cerebellum, into ramping output via the same or similar computations in granule cell 

layer microcircuitry [27, 52●●].

In the case of trace eyeblink conditioning, the cerebellum exploits inherent temporal 

dynamics (e.g. persistent activity) from cerebral cortical inputs to calculate when to move. 

Structures antecedent to the cerebellum may perform similar roles. One example is the 

inferior olive, which provides the second category of cerebellar afferents, climbing fibers, 

that may convey a readout of elapsed time based on sensory information [53, 54]. More 

generally, as mentioned above, many cortical and subcortical structures that innervate the 

cerebellum contain timing related information. It would not be surprising to find many 

examples of timing-related information at the input to the cerebellum. Interpreting such 

signals would be difficult, however, given that the cerebellum is reciprocally connected with 

these other structures through polysynaptic and heavily collateralized pathways. Indeed, the 

output of the cerebellum targets multiple structures, some of which in an apparent closed-

loop manner (Fig. 1A). This leads to a situation where the cerebellum receives, via the 

brainstem, a mixture of sensory and motor inputs that includes refined cerebellar signals. To 

identify non-cerebellar contributions, we therefore need to understand the effect of 

cerebellar feedback on its targets. One way we can achieve this is by experimentally 

interrupting feedback loops, as has been done for eyeblink conditioning [51●]. This could 

help determine if the cerebellum is truly receiving and utilizing timing-related input signals.

Is the cerebellum involved in specific types of motor timing?

The cerebellum need not be required for timing all types of movements. A classic example 

comes from cerebellar patients with impaired action timing in the sub-second time range, but 

not for longer durations [55]. Also, cerebellar lesions may result in selective timing 

impairment of discrete movements, as opposed to continuous movements [56]. Finally, 

temporal aspects of movement dynamics may be preserved in cerebellar ataxia [57]. 

Unfortunately, while many studies of motor timing have separately examined rhythmic 

tapping or interval timing abnormalities in patients with disorders or lesions of the 

cerebellum, frontal cortex, or basal ganglia, only a handful of studies have tried to compare 

behavioral responses in the same paradigm [55, 58, 59, 60●●, 61]. The same is true in the 
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context of animal physiology, where very few studies have attempted to study responses 

across brain areas using a single paradigm. Millisecond level self-timing of responses has 

been studied in the context of eye movements in the cerebellum and central thalamus, as 

mentioned before, but in few other places. Arm movements typically have been studied in 

animals using longer duration time intervals, complicating interpretation of similarities 

between structures. These examples suggest that there is a clear need to hone in on specific, 

uniformly implemented paradigms in future research. Studies in this realm can take a cue 

from studies on eyeblink conditioning, which has used one paradigm to unravel the networks 

which underlie the timing of trace conditioning [38].

Conclusions

Our current understanding of the action-timing network is summarized in Figure 3. Many 

questions are now on the horizon for investigations concerning cerebellar contributions to 

action timing. Below, we have attempted to explicitly state some of the salient physiological 

and computational problems that have been highlighted in this review. To researchers in 

timing, we hope they will be seen as interesting avenues of research to pursue in the coming 

years. To non-timing aficionados, we believe they reveal how timing provides a window into 

how cerebellar circuits contribute to motor control in general.

Open questions

1. How do signals along cortico-pontine or subthalamo-pontine pathways 

code for the self-timing of movements, if at all?

2. Is timing-related information present at the mossy fiber input to the 

cerebellum?

3. How do circuits decode ramping activity? Can these decoding 

computations be instantiated in biologically realistic models for each 

module of the motor control circuitry?

4. How do neural responses in the cerebral cortex, cerebellum, and basal 

ganglia compare during the performance of self-timed vs. rhythmic 

tapping?

5. How do neural responses in the cerebral cortex, basal ganglia and 

cerebellum compare when tested on movements requiring supra-second vs 

millisecond timing?
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• Action timing deficits result from cerebellar damage, but their causes 

are unclear.

• The cerebellum is interlinked with many structures that convey timing 

information.

• One timing signal, ramping activity, is particularly common throughout 

the network.

• Parsing the cerebellar role in action timing thus requires a network-

wide approach.

• Recent input-output analyses of the cerebellum are clarifying its role in 

timing.
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Figure 1. 
Circuits and signals for action timing. (A) Schematic view of the circuits connected to the 

cerebellum for action timing. IO, inferior olive; DN, dentate nucleus; RN, red nucleus; Put., 

putamen; STN, subthalamic nucleus. Long-lead activity that ramps up before self-timed 

movements is found throughout those circuits, including (B) the caudal DN [16●], (C) the 

lateral intraparietal area (LIP) [17], (D) the striatum [23] and (E) the motor thalamus [24]. 

Figure from [17] adapted by permission from Macmillan Publishers Ltd: http://

www.nature.com/neuro/, Nature Neuroscience, copyright 2006. Figures from [23] and [24] 

adapted with kind permission from Springer Science and Business Media and the Society for 

Neuroscience, respectively.
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Figure 2. 
Timing signals in cerebellar microcircuitry. Raster plots and response histogram are 

illustrated for (A) a Purkinje cell following a paired electrical conditional stimulus–

unconditional stimulus protocol [62], and (B) an anterior interpositus nucleus neuron 

following eyeblink conditioning [42]. Activity patterns associated with the conditioned 

response (CR) include well-timed pauses for Purkinje cells and well-timed bursts for nuclear 

neurons. ISI, interstimulus interval; CS, conditional stimulus. Figures from [62] and [42] 
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adapted with kind permission from the Proceedings of the National Academy of Sciences 

and the American Physiological Association, respectively.
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Figure 3. 
Schematic representation of the distributed circuit for action timing. The thalamus is omitted 

for conciseness. Color codes represent the multiple signal streams that flow through the 

cerebral cortex, basal ganglia and cerebellum. Generalized recurrent connectivity (input 

arrows) implies that all structures (rectangles) read out signals and operate at multiple time 

scales. Their specific contributions (output arrows), however, impact separate levels of 

action timing.
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