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INTRODUCTION

In considering the neural bases of temporal information processing, two distinct
guestions should be kept in mind. First, it is important to distinguish between those
tasks in which timing is explicitly represented and those tasks in which the temporal
properties are an implicit, emergent property. For example, a baseball pitcher must
rotate his shoulder forward before his hand releases the ball. While the time at which
each of these events should occur may be explicitly represented, it is also possible
that this temporal information is implicit: the actions needed to release the ball may
be initiated once the forward action of the arm reaches a particular position or
velocity. Even in repetitive movements, it may not be necessary to postulate an
explicit timing mechanism. For example, when people repetitively swing their arm
in a pendular motion, the preferred rate of oscillation can be predicted simply by
consideration of biomechanical factors such as the length and mass of the arm.!

Nonetheless, it seems reasonable to assume that there are motor tasks in which
timing is explicitly controlled. For example, while biomechanical analyses can
predict the preferred rate of oscillation, people are capable of adjusting that rate.
Indeed, an impressive feature of the literature on repetitive movements is that people
are able to produce such movements over a wide range of frequencies.2* Models of
this phenomenon generally postulate an explicit timing mechanism with an adjust-
able rate parameter.’ Explicit timing would also seem necessary for certain percep-
tual tasks, such as when people are asked to judge which of two tones is longer in
duration. A variety of mechanisms have been proposed to account for performance
on these tasks, all sharing the feature of an explicit timing device.

Assuming that there are tasks in which timing is explicitly controlled, we can then
turn to the second question. Specifically, does this set of tasks involve the operation
of a common timing mechanism, or are there multiple timing mechanisms in the
brain? Neuropsychological research has tended to favor the latter answer, with
researchers pointing to the fact that damage to a wide range of neural systems can
disrupt performance on tasks that involve temporal information processing.” These
results have led Richelle et ai.8 to conclude that we should “admit that there are as
many clocks as there are behaviors exhibiting timing properties” (p. 90). However,
conclusions such as this may be ill-advised. As noted previously, behaviors that
exhibit temporal regularities need not require the operation of an internal clock.
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Moreover, the plethora of neural disabilities associated with impaired performance
on timing tasks may simply reflect the fact that these tasks require the integration of
a number of cognitive operations, only one of which may be devoted to the rep-
resentation of temporal information.

These two questions have shaped the framework for our research strategy on
timing. We have chosen tasks that not only appear to require explicit timing, but are
also as simple as possible in order to reduce the importance of nontemporal pro-
cesses. Our initial research with healthy young adults led to the hypothesis that these
tasks involve the operation of a common internal clock, and our subsequent patient
research indicated that the cerebellum is the critical neural structure associated with
this timing mechanism. More recently, we have shifted our focus to investigate the
generality of the cerebellar timing hypothesis. This issue can be approached on two
fronts. First, we can use a new set of tasks to assess whether the integrity of the
cerebellum is necessary for successful performance, thus indicating the role of timing
in these tasks. Second, we can reexamine tasks that have been associated with the
cerebellum to see whether the timing hypothesis provides a parsimonious interpreta-
tion of the data.

THE CEREBELLUM AS AN INTERNAL CLOCK

Two tasks have been central to our research. The first, a production of time task,
is a repetitive finger-tapping task. Each trial begins with the presentation of a series
of computer tones, separated by isochronous intervals. The intertone interval in our
research has varied from 325 ms to 550 ms. By pressing a response key, the subject
attempts to synchronize his or her responses with the tones. After a series of paced
responses, the tones cease and the subjects’ task is to continue tapping at the target
rate until they have produced 30 unpaced intertap intervals (ITIs). Our primary
measure is the variability of the standard deviation of the ITIs. Given that the target
ITI is arbitrarily defined, we assume that this task requires explicit control of the
timing of the response.

The second task is a perception of time task. On each trial two intervals are
presented, a standard and a comparison interval. The intervals can be unfilled,
marked at the beginning and end by either 50-ms tones or light flashes, or filled, in
which case the interval is represented by the duration of a continuous tone or visual
stimulus. The subjects’ task is to indicate whether the comparison interval is shorter
or longer than the standard interval. The duration of the comparison interval is
varied, and responses to the different values are collected. From the obtained psycho-
physical function, a difference threshold can be estimated to provide a measure of
temporal acuity on this task. For example, if the standard interval is 400 ms, a subject
with good temporal acuity might have a difference threshold (1 standard deviation)
of 25 ms, whereas a subject with poor acuity might have a difference threshold of
35 ms.

A significant correlation between performance on the motor and perception
timing tasks is found in healthy young adults.” People who were consistent on the
repetitive-tapping task also had lower difference thresholds on the time-perception
task. Significant correlations were also obtained when subjects performed the re-
petitive-tapping task with different effectors (hand, foot, forearm), whereas little
correlation was observed when comparing performance on this task with that mea-
sured on other motor tasks that did not require precise timing.!? These results suggest
that there is a common timing mechanism that is utilized in both perception and
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action, a result that meshes with our intuition. The lack of correlation between the
repetitive-tapping and the nontiming motor tasks indicates that the correlations
between the timing tasks cannot be attributed to general factors such as motivation.

Evidence of an internal clock that is shared by both motor and perceptual systems
raises the possibility that this function might be dependent on a restricted set of
neural structures. That is, if a common internal clock is associated with a certain
neural structure, then lesions of this structure should disrupt performance on both
motor and perceptual tasks that require precise timing. Positive results, of course,
would not only provide converging evidence for a common timing mechanism, but
would also be an important first step in identifying the neural bases of this form of
timing.

To explore this issue, we tested three different patient groups on the repetitive-
tapping and auditory time-perception tasks.!! The three groups were (1) patients with
lesions that included premotor cortical areas (n = 8), (2) patients with Parkinson’s
disease (n = 30), and (3) patients with cerebellar lesions (n = 30). While all of these
patients had suffered a loss of coordination, the control of timing is presumably only
one component of coordination. We were interested in whether the tapping task
would yield any dissociations in performance. In particular, normal performance on
the tapping task for one of these groups would suggest that the affected neural
structures for that group are not part of an internal timing mechanism.

Two of the patient groups, the cortical patients and the cerebellar patients, were
impaired on the tapping task in comparison to age-matched control subjects (F1G. 1).
The mean standard deviation for these groups was approximately 50 percent higher
than that obtained from the control subjects. In contrast, the Parkinson patients
performed comparably to the control subjects. A subset of the Parkinson patients
were tested in a second session after having skipped their t.-DOPA medication for
about 16 hours. While these patients showed a severe exacerbation of Parkinson
symptoms in the off medication state, their performance on the tapping task was
unchanged (but was significantly altered on a second motor task measuring their
ability to produce isometric force pulses).

The finding that two patient groups were impaired on the tapping task is prob-
lematic. There are at least two interpretations of these results. One possibility is that
timing may be a distributed process, dependent on the normal functioning of both
cortical and cerebellar structures. Alternatively, since the tapping task may be dis-
rupted by other functional deficits that do not involve timing, only one (or neither)
of these structures may be involved in timing. For example, the patient may be able
to time the movements, but may have difficulty in executing the movements. Thus,
the perception task is critical in determining if the deficits on the tapping task truly
reflected a deficit in timing, since there were no motor requirements in this task.

The results of the perception task supported the hypothesis that timing was not
a distributed process. Only the patients with cerebellar lesions were impaired on this
task (F1G. 2). Whereas the difference threshold for control, Parkinson, and cortical
patients was about 30 ms, the value for the cerebellar group was 46 ms. An important
control task emphasized that this deficit was specific to timing. When judging the
loudness of a variable pair of tones in comparison to the loudness of a standard tone
pair, the cerebellar patients performed as well as the control subjects. An unexpected,
but important finding was that the cortical patients were impaired on this task
(perhaps because some of the lesion extended into primary or secondary auditory
areas). Thus, the two perception tasks yielded a double dissociation. The cerebellar
patients were selectively impaired on the time-perception task, while the cortical
patients were selectively impaired on the loudness-perception task. In neuropsycho-
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FIGURE 1. Mean standard deviation of intertap intervals on the repetitive tapping task for
age-matched control subjects and three neurological groups with movement disorders. (From
Ivry and Keele.!! Reproduced by permission.)

logical research, double dissociations provide the strongest evidence that a particular
mental operation (e.g., timing) is specifically associated with a neural system (e.g.,
the cerebellum).

Taken together, the impaired performance of the cerebellar patients on the re-
petitive-tapping and time-perception tasks provided evidence that the cerebellum
could be characterized as an internal timing mechanism. A role for the cerebellum
in temporally coordinating motoric events has been suggested by other re-
searchers.'>13 A timing hypothesis can also provide an account of many of the
symptoms observed in cerebellar patients. For example, electromyography has in-
dicated that intentional tremor and dysmetria result from abnormal timing of an-
tagonist muscle activity to counteract the forces generated by agonist muscles.!415
The finding that cerebellar patients were impaired on a purely perceptual task was
more surprising given the traditional association of this neural structure with motor
control. Our hypothesis is that the prominent role of the cerebellum in motor control
is because most coordinated actions require fine timing. More important, the com-
putational capabilities of this structure are not restricted to the motor domain, but are
also accessible to nonmotor tasks that are dependent on precise timing. In other
words, the domain of cerebellar function is not defined in terms of tasks (e.g., motor
control), but in terms of the computation performed by this structure (e.g., timing).
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FIGURE 2. Mean standard deviation on a time perception (top panel) and a loudness
perception (bottom panel) task. The scores were obtained using the parameter estimation by
sequential testing procedure (PEST). (From Ivry and Keele.!! Reproduced by permission.)
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In subsequent research, we have sought to replicate these results, to identify those
regions within the cerebellum that are most essential for timing, and to assess
whether the cerebellum plays a role in other tasks that require timing. In one study,
patients with focal cerebellar lesions, either in medial or lateral regions, were tested
on the repetitive-tapping task.!® Since the lesions were unilateral, each patient could
serve as his or her own control by comparing performance when tapping with a finger
on the impaired side with his or her performance when tapping with a finger on the
unimpaired side. A mathematical model was used to determine whether the increased
variability when tapping with the affected hand was due to a timing deficit or a
problem in motor implementation.® A second double dissociation was found in this
study. The model indicated that the source of the deficit for patients with medial
lesions was due to problems in implementation, whereas the source of the deficit for
patients with lateral lesions was due to a problem in timing. This result is consistent
with the pattern of neural connectivity of the cerebellum.!”'® Medial regions project
primarily to spinal structures that are associated with motor execution. In contrast,
lateral cerebellar regions project to regions of the cerebral cortex, including areas
associated with motor planning.

In extensions of our perceptual results, patients with cerebellar lesions were
tested on the time-perception task under various conditions (unpublished data). First,
as in the original study, unfilled intervals were marked by 50-ms auditory clicks. In
the second condition, the standard and comparison duration were continuous tones
creating filled intervals. In the third condition, the temporal stimuli were signaled by
the illumination of a light for a variable duration. The patients performed more
poorly than control subjects in all three conditions. As before, no difference was
found between the patients and control subjects on a nontemporal perception task,
the loudness perception task.

A different population of subjects with coordination problems provided further
evidence of the role of the cerebellum in timing. A significant proportion of children
are diagnosed as developmentally clumsy. Clumsiness, however, can take many
forms and there is some evidence that the symptoms may reflect subclinical neu-
rological disorders. In our study, two groups of clumsy children were identified:
those with soft neurological signs consistent with basal ganglia dysfunction and
those with soft neurological signs of cerebellar dysfunction. Only the children with
cerebellar symptoms were impaired on the repetitive-tapping and time-perception
tasks.19.20

Given the inherent limitations in human neuropsychological research, we are
currently developing an animal model to investigate the neural mechanisms of time
perception. In our first experiment, twelve rats were trained on a time-discrimination
task in which they were rewarded for pressing one lever following the presentation
of a visual stimulus for 360 ms and a second lever following the presentation of a
670-ms visual stimulus. One of these two stimuli were presented on half of the trials.
On the other trials, a range of probe durations were presented and responses to these
stimuli were not rewarded. From the responses to the complete set of stimuli, a
psychometric function can be plotted and used to estimate a point of subjective
equality and a standard deviation for each rat. Following extensive training on this
task, bilateral cerebellar lesions were made in eight of the animals. The lesions were
targeted for the lateral cerebellar nuclei (dentate and interpositus) given that output
from the neocerebellum must pass through these nuclei. Four other animals received
sham lesions.

In this initial experiment, the lesioned animals were significantly impaired in
comparison to either their presurgery performance or the postsurgery performance of
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the sham group (FiG. 3). As in our human studies, cerebellar lesions increased the
variability of the rats’ responses. In addition, the point of subjective equality, the 50
percent point in the psychometric functions, was shifted to an carlier point in time
for seven of the eight rats with cerebellar lesions. For some of the animals, the
deficits were relatively long lasting, extending throughout the two month postsurgery
testing period. For others, recovery appeared to be complete by the end of the
experiment.

In further studies, we plan to determine if the rate of recovery is correlated with
the foci of the lesions. Furthermore, we also need to conduct some important control
experiments, such as demonstrating that cerebellar lesions do not produce a general
impairment in the rats’ performance on psychometric testing. For example, if a
stimulus parameter such as brightness was varied, we would not expect to observe
any deficit following cerebellar lesions. Finally, we are attempting to identify the
boundary conditions of the cerebellar timing system. Rats are being simultaneously
trained on two duration discrimination tasks, a short-range timing task and a long-
range timing task. In the short-range task, the durations are centered around 525 ms;
for the long-range task, the durations are centered around 33 s. We predict that
cerebellar lesions will selectively impair performance on the short-duration task and
not the long-duration task. Such a result, coupled with previous findings implicating
cholinergic systems in timing tasks on the order of 10-30 s222 would begin to
identify dissociable neural mechanisms of timing.

The tapping and time-perception results had led to the cerebellar timing hypoth-
esis. Given this hypothesis, the role of the cerebellum in other tasks that require
temporal information processing can be investigated. Ivry and Diener?? found that
patients with cerebellar lesions were impaired in judging the velocity of a moving
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FIGURE 3. Mean standard deviation for experimental {(n=8) and sham (n=4) rats on the
time-perception task. The scores were obtained using the method of constant stimuli. (Un-
published data.)
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visual stimulus (Fic. 4). In three experiments, subjects had to judge the relative speed
of a display of moving dots. They were instructed to maintain fixation during the
stimulus presentation to eliminate any effects that might be due to the aberrant eye
movements observed in cerebellar patients. Performance on this task was similar for
patients who were unable to maintain fixation. Moreover, errors on the perceptual
task were not correlated with electroocular activity. These results suggest that the
deficit in the velocity perception task are not the indirect consequence of a motor
problem in controlling eye movements.

The velocity perception study provides an example of how the issue of implicit
and explicit timing can be investigated. Velocity, by definition, requires an analysis
of information over time. However, the temporal information need not be explicitly
represented. Velocity detectors could be hardwired, with different activation thresh-
olds being associated with inputs arising from neighboring spatial locations.

However, the timing capabilities of the cerebellum might be exploited for com-
puting precise velocity information. The activity in some neocerebellar Purkinje cells
is correlated with the speed of a moving visual stimulus, independent of the motion
effects introduced by eye, head, and body motion.?* These cells could thus be
generating a viewer-independent representation of the stimulus motion that would be
essential for generating predictive pursuit or saccadic eye movements, functions that
are known to be impaired in cerebellar patients.”-?7 These findings suggest that
problems in generating predictive eye movements following cerebellar lesions may
arise from deficits in computing velocity information. If this hypothesis is correct,
then on the basis of parsimony, we would infer that velocity perception requires the
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FIGURE 4. Mean standard deviation for age-matched control subjects and patients with
cerebellar lesions on two visual-perception tasks. In the control task, the stimuli were similar
to the motion task, but the position of the comparion stimulus was shifted relative to the
position of the standard stimulus. Temporal information processing was assumed to only be
required in the motion task. (From Ivry and Diener.?? Reproduced by permission.)
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explicit processing of temporal information and that because of this requirement, the
cerebellum is an integral part of the process.

CEREBELLAR TIMING IN SPEECH PERCEPTION AND PRODUCTION

Speech perception and speech production are, of course, preeminent examples of
tasks in which information must be processed over time. The logic that guided our
research on velocity perception can also be applied to these task domains. We have
investigated one speech phenomenon that might be expected to utilize an explicit
timing mechanism: the perception and production of voicing in consonant—vowel
syllables. In producing voiced phonemes such as /b/ and /d/, the vocal cords begin
to vibrate at approximately the same time as the release of airflow. In contrast, the
vocal-cord vibration is delayed in the production of unvoiced phonemes such as /p/
and /t/. The time between airflow release and vocal-cord vibration is referred to as
voice-onset time (VOT). In English, the VOT for the syllable “ba” is approximately
0 ms, whereas the VOT for the syllable “pa” is about 40 ms.

Using a speech synthesizer to generate the formants associated with “ba” and
“pa,” a continuum of speech sounds can be created by varying VOT (done by
deleting information in the vicinity of the fundamental and first formant). A seminal
result in speech perception is that such continua are perceived categorically.?® Below
a critical VOT value, subjects consistently perceive “ba”; above that value, the
percept is consistently “pa,” and the boundary from one percept to the other is much
steeper than that observed with nonspeech stimuli containing similar frequency
information.

To determine if the cerebellar timing mechanism was involved in the perception
of VOT, cerebellar patients were tested on a “ba-pa” continuum.?® For control pur-
poses, the patients were also tested on a “ba-da” continuum. For these stimuli, the
synthetic manipulation is of the second and third formant transitions, with the
temporal events being constant. On both continua, the performance of the cerebellar
patients was similar to that of age-matched control subjects (Fic. 5). This null result
was replicated in a second group of patients (unpublished data).

Different interpretations of these null results are raised when considering the
issue of implicit versus explicit timing. On the one hand, VOTs may be explicitly
computed. If so, the lack of a deficit would indicate that the requisite processing falls
outside the domain of the cerebellar timing system. It has been argued that speech
perception involves dedicated processors.?® Perhaps one of these processors may be
specialized for computing temporal information in the speech signal.

On the other hand, the timing differences between voiced and voiceless pho-
nemes may only be represented implicitly. These differences may be correlated with
a different acoustic cue, one that is exploited by psychological processors involved
in speech perception. For example, there are marked spectral differences between
voiced and voiceless phonemes, with the former having much greater power in the
lower frequency region.*2 A psychological operation that analyzed the distribution
of energy in the frequency spectrum at signal onset should be able to determine if
a sound is voiced or voiceless without needing any explicit representation of tem-
poral information (other than be able to note the onset of a signal). If this were the
case, then the null results for the cerebellar patients could simply reflect the fact that
precise timing is not needed for this speech-perception task.®

While we have not identified any speech-perception deficits in cerebellar patients,
the timing hypothesis does offer a parsimonious account of certain aspects of the
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subjects and patients with cerebellar lesions. Top panel is for the “ba-pa” continuum in which
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speech disorders observed in these patients. Cerebellar dysarthria is characterized by
inconsistency in the articulation of phonemes and heightened variability in the
control of rate and stress.3 We hypothesized that if cerebellar dysarthria were due
to a selective deficit in temporally coordinating events across different articulators,
then errors in articulation should conform to a predictable distribution. Specifically,
errors should be distributed on the voicing dimension and not in terms of place of
articulation (“ba” versus “da”). For example, if, due to poor temporal coupling, the
initiation of vocal-cord vibration was delayed when attempting to say “ba,” the
percept might be “pa.” A problem in temporally coordinating the actions underlying
voicing and consonantal release would not lead a “ba” to be heard as a “da.” The
temporal structure of these two syllables is similar; they differ in terms of the
configuration of the positioning of the lips and tongue.

These predictions were supported in two analyses.?” When healthy subjects la-
beled the patients’ productions, mispercepts were almost always along the VOT
dimension and rarely along the control, spectral dimension (TABLE 1). For example,
if the patient said “ba,” the judge was much more likely to hear it as “pa” than “da.”
Of the 26 labeling errors in this task (13 percent of total productions), 88 percent
were due to errors along the voicing dimension. Moreover, acoustic measurements
of VOT in the productions of cerebellar patients were significantly more variable
than those obtained from age-matched controls. Spectral events, measured during the
steady-state vocalic portion of the syllables, revealed fewer differences between the
patients and control subjects.

At first glance, the speech results might seem at odds with the claim that the cer-
ebellum operates as an internal timing mechanism. The timing hypothesis was moti-
vated by the finding that cerebellar patients show a dual deficit in both production and
perception tasks that require precise timing. In the speech domain, the timing hypoth-
esis can account for at least some aspects of the patients’ production problems, but
these same patients were unimpaired on the speech-perception task. While this dis-
crepancy may indicate problems for the cerebellar timing hypothesis, it is also pos-
sible that the critical factor is that the cerebellum is only involved when the task re-

TABLE 1. Errors in Perceptual Classifications of Syl-
lables Produced by Patients with Cerebellar Dysarthria

Stimulus Response Total
Controls
Voiced Voiceless 2
Voiceless Voiced 0
Total Voicing Errors 2
Labial Alveolar 3
Alveolar Labial 1
Total Place Errors 4
Patients
Voiced Voiceless 12
Voiceless Voiced 11
Total Voicing Errors 23
Labial Alveolar 0
Alveolar Labial 3

Total Place Errors 3
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quires explicit timing. It seems reasonable to assume that this is the case in the re-
petitive-tapping task. As with other complex movements, the problems seen in the
speech of cerebellar patients can be attributed to the need for precise temporal co-
ordination between the activity of different muscle groups. However, even if timing is
explicitly controlled in the production of actions such as speech, the perception of
these actions need not involve the representation of temporal information.

CEREBELLAR TIMING AND SENSORIMOTOR LEARNING

The cerebellum has been assumed to play a major role in sensorimotor learning,
While the first evidence came from studies examining adaptation of the vestibulo-
ocular reflex,? recent work has involved a classical conditioning paradigm.637 In
this paradigm, a conditioned stimulus (CS), such as a tone, is repeatedly paired with
an unconditioned stimulus (US), such as an airpuff, delivered to the cornea. The
airpuff will trigger an unconditioned response (UR), the retraction of the nictitating
membrane. Over trials, the tone will come to elicit a similar response (CR). Nu-
merous studies have now demonstrated that acquisition and/or retention of the CR
is severely disrupted or even abolished following cerebellar lesions. Since the UR
remains intact, the effect is attributed to a learning deficit rather than a motor deficit.
The learning hypothesis is further supported by studies indicating that the cerebellum
is a plausible site for integrating information from pathways conveying signals
associated with the US and CS.38

It is important to ask why the cerebellum is critical for the acquisition and
retention of conditioned responses. A first proposal might be that the cerebellum is
essential for learning the simple, reflexivelike responses elicited in conditioning
paradigms. If this hypothesis were correct, then the cerebellum would be expected
to play a role in all forms of classical conditioning. This hypothesis is refuted by the
available evidence. In the eyeblink paradigm, the CS not only comes to elicit an
eyeblink CR, but it also becomes associated with other fear-related CRs, such as a
decrease in heart rate. Cerebellar lesions have no effect on the heart-rate response.®”

The dissociation between the eyeblink and heart rate CRs indicate that only a
subset of conditioned responses is dependent on the cerebellum. One hypothesis that
would account for this dissociation would be that the cerebellar learning domain is
restricted to responses dependent on the skeletal musculature. Autonomic responses
(such as heart rate) are assumed to be mediated by other neural systems. An alter-
native hypothesis is that the cerebellum is essential when the task requires the animal
to represent the temporal relations between different stimuli. That is, the cerebellum
is critical for learning tasks that require explicit timing.

Consider the eyeblink paradigm. The conditioned eyeblink is only adaptive if it
occurs prior to the airpuff, allowing the animal to reduce the negative effects of the
aversive US. The animal must then learn the temporal relationship between the CS
and US in order to be able to produce an anticipatory CR. That the animal is learning
about the timing between the two stimuli rather than simply linking the CR to the
first stimulus is shown by studies that manipulate the CS—US interval. Over a range
of CS—US intervals, the peak amplitude of the CR occurs just prior to the onset of
the US. Thus, the time at which the CR peaks is directly related to the CS-US
interval.%® In conditioning of autonomic responses, such as changes in heart rate,
there is only a weak correlation between CR latency and the CS-US interval.

Thus, there are two different accounts of the cerebellar role in learning. One
hypothesis focuses on the task domain, postulating that the cerebellum is essential
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for learning skeletal responses. The other hypothesis emphasizes a computational
mechanism, postulating that the cerebellum will be required when the task requires
the representation of precise temporal information. A recent unpublished study by
Steinmetz provides an initial unconfounding of these two hypotheses.

Rats were ftrained on one of two operant conditioning tasks.* The stimulus and
(overt) response was the same in both tasks. A 1-s tone was presented and the animal
had to press a lever during that 1-s interval in order to receive a reinforcement. What
differed between the two groups was the nature of the reinforcer. For the positive
condition, rats received food if they responded prior to the termination of the tone.
For the negative condition, rats were shocked if they failed to respond before the end
of the tone.

Separate groups of rats were trained to comparable levels of performance on the
positive and negative tasks. The animals in both groups were then given bilateral
cerebellar lesions. A striking dissociation was evident during postsurgery testing.
Whereas the lesions produced a marked impairment in performance on the negative
task, performance on the positive task was unaffected. This result is at odds with
predictions derived from a hypothesis emphasizing the importance of the cerebellum
for learned skeletal responses. In both conditions, the response is a single lever press.
The lesions, however, only disrupted learning in one condition.

Examination of the response topography suggests that the dissociation observed
by Steinmetz may be accounted for by the timing hypothesis (Fic. 6). While the
response is always a lever press, the time at which the response occurs is different
for the two groups. Rats trained in the positive condition, appear to respond as
quickly as possible: their response latencies are skewed toward the initial half of the
1-s tone interval and appear to form a simple reaction time distribution. In contrast,
the distribution of response latencies in the negative condition are skewed toward the
end of the 1-s tone interval. In this condition, the rats appear to be delaying their
responses for as long as possible. It is unclear why there is this difference in the
distribution of the response latencies. For whatever reason, in the positive condition,
the rats obtain the reward as quickly as possible, and in the negative condition, they
respond at the last possible moment. (Perhaps evolutionary pressures have acted to
create this difference. If food is available, one must act fast to beat competitors. If
punishment is imminent, delay taking avoidance action in the hope that an external
agent will intervene.) These distributions suggest that the animal requires explicit
timing in only the negative condition. Thus, the selective effects of cerebellar lesions
may be the result of the timing demands in the negative condition. The null results
for the positive condition would reflect the fact that the critical associative process
for this group is not dependent on the explicit representation of temporal information.

Steinmetz’s experiment may have inadvertently unconfounded the skeletal mus-
culature and timing hypotheses. However, it is important to note that a second
confound remains. All of the cases in which the cerebellum is associated with
learning not only require precise timing, but also involve situations where the animal
must learn an avoidance response. That is, in all of these conditions, the animal is
able to use an external error signal (airpuff, retinal slip, or shock) to modify its
behavior. Perhaps the cerebellum is essential for learning avoidance responses in-
volving the skeletal musculature.’” The cerebellum was not involved in the condition
where the rat presses the lever in order to obtain a food reward, but here there is really
no error signal (other than internal states associated with hunger or frustration).

What is needed are experiments that unconfound timing and error correction.
Together with Steinmetz, we are currently conducting such an experiment. In the
positive-timed condition, we are setting up a situation where the rat must time a
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APPETITIVE CONDITIONING IN RATS
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Reinforcer |
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Reinforcer 17
(If response is not made)

EYE BLINK CONDITIONING IN RABBITS

CS Tone | |

Conditioned
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FIGURE 6. Schematic diagram of the temporal relationship between the stimuli and re-
sponse in three animal learning paradigms (see text). Note that the animals’ responses are
delayed until the end of the tone in the shock-conditioning and eye-blink-conditioning para-
digms.

response in order to receive a food pellet. To do this, the stimulus is again a 1-s tone,
but the rats are only reinforced when they respond during the last 300 ms of the
stimulus. In a negative-untimed condition, the interval between the tone onset and
shock is varied. We expect this variation will make the rats respond as quickly as
possible, thus removing the need to do any timing. If timing is the critical factor, then
lesioned animals should show a learning impairment in the positive-timed condition.
If error correction is important, then the lesions should only disrupt performance in
the negative-untimed condition.

CONCLUSIONS

The research reviewed in this chapter offers some resolutions to the two questions
posed in the Introduction. Studies with healthy subjects indicated a correlation
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between performance on movement and perception tasks that required precise tim-
ing. This evidence bolstered our assumption that these tasks involve the explicit
representation of temporal information. Neuropsychological studies indicated that
the cerebellum was a critical neural structure for representing this information.
Further patient and animal research has provided one means of assessing whether
other tasks require the explicit representation of temporal information. These studies
have demonstrated that the timing hypothesis can provide a parsimonious account of
a number of seemingly disparate functions associated with the cerebellum.

Two points, however, should be kept in mind in considering the generality of the
cerebellar timing hypothesis. First, it would be unreasonable to assume that the
cerebellum is involved in all tasks that require the explicit representation of temporal
information. This information occurs over a variety of scales, and the cerebellar
timing system may be capable of representing this information over a limited tem-
poral range. If the domain of the cerebellum was originally limited to the coordina-
tion of action, then its timing capabilities may have been constrained by evolutionary
processes to a range relevant for motor control. Second, it cannot be inferred from
the timing hypothesis that there is a single timing mechanism in the cerebellum.
Rather, the hypothesis is offered as a general computational description of cerebellar
function. It is reasonable to suppose that this computational capability is distributed
throughout the cerebellum, with different regions representing the temporal informa-
tion utilized in different tasks.
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