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WHAT MAKES US TICK?
FUNCTIONAL AND NEURAL
MECHANISMS OF INTERVAL TIMING

Catalin V. Buhusi and Warren H. Meck

Time and space are the fundamental dimensions of our
existence. Although space is gradually losing its value in a
world of computer networks, cellular phones and virtual
libraries, time is becoming the essence of our times, as
is reflected by ever increasing speed, rate of return and
productivity — concepts that are intrinsically related to
time. Time is also crucial for everyday activities, from
our sleep-wake cycle to walking, speaking, playing and
appreciating music, and playing sports. We can engage
in these activities because, like most animals, we process
and use temporal information across a wide range of
intervals (FIG. 1) — in contrast to, for example, the limited
range of the light spectrum that we can see.

Being able to tell the time is also advantageous for
gathering spatial information. Just as a position in
space can be triangulated by using distance to land-
marks, the GLoBAL POSITIONING sysTEM (GPS) provides
current position by triangulating temporal information
(the difference or coincidence in phase of signals) from
satellites. COINCIDENCE DETECTION is also used by bats,
owls and frogs to form an accurate, topographic rep-
resentation of space from INTERAURAL TIME DIFFERENCES'.
For these species, telling space is telling time. Timing
and time perception are fundamental to survival and
goal reaching in humans and other animals*?, and are
possible over multiple timescales*® owing to the

Abstract | Time is a fundamental dimension of life. It is crucial for decisions about quantity,
speed of movement and rate of return, as well as for motor control in walking, speech,
playing or appreciating music, and participating in sports. Traditionally, the way in which time
is perceived, represented and estimated has been explained using a pacemaker—
accumulator model that is not only straightforward, but also surprisingly powerful in
explaining behavioural and biological data. However, recent advances have challenged this
traditional view. It is now proposed that the brain represents time in a distributed manner and
tells the time by detecting the coincidental activation of different neural populations.

number of biological mechanisms that have evolved
to deal with time.

This article reviews the rapid progress that has
been made in understanding the functional and neural
mechanisms of INTervaL TIMING. Traditionally, the manner
in which durations in the seconds-to-minutes range are
perceived, represented and estimated has been explained
using a pacemaker—-accumulator model”. This model
is relatively straightforward, and provides powerful
explanations of both behavioural and physiological
data'®'2. However, recent advances that challenge the
traditional pacemaker—-accumulator model have come
from studies that use various modern techniques, which
range from drug microinjection and ensemble recording
in genetically modified and wild-type rodents to func-
tional MRI (fMRI) and positron emission tomography
(PET) in neurologically impaired and control humans.
These data indicate that time might be represented in
a distributed manner in the brain, and that telling the
time is a matter of detecting the coincidental activation
of different neural populations.

Multiple timers for multiple timescales

To deal with time, organisms have developed multiple
systems that are active over more than 10 orders of
magnitude with various degrees of precision (FIG. 1a).
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Figure 1 | Timing across different timescales. a | A compilation, which is by no means
exhaustive, of data from various studies?'**1*! that indicate the precision of humans and other

animals in various timing tasks.

Performance is precise (but less flexible) in a narrow range

around 24 h (circadian timing), less precise (but more flexible) in a wide seconds-to-minutes-to-
hours range (interval timing), and is of mixed precision in the sub-second range (millisecond
timing) in which performance is probably linked to the intrinsic properties of the neural system
involved”. b—e | Circadian rhythms!® are most recognizable in nature (b), but interval and
millisecond timing also guide fundamental animal behaviours. For example, although female ring
doves use circadian-timing strategies to coordinate egg incubation, males use interval-timing
strategies® (c). Interval timing is involved in decision making®® (d), and milisecond timing is
central to the playing of music® (e). LTD, long-term depression; LTP, long-term potentiation.

COINCIDENCE DETECTION
The activation of neurons not
by single inputs, but by the
simultaneous activity of several
inputs. For example,
coincidental activation or
inactivation of specific dendritic
inputs might trigger a neuron to
fire, thereby transforming a
time code into a rate code.
Similarly, in the binaural
auditory system, coincidental
activation that results from
hearing a sound with a specific
interaural time difference is
used to transform a time code
into a spatial code.

CIRCADIAN RHYTHMS'?, which operate over the range of the
24-h light-dark cycle, control sleep and wakefulness
as well as metabolic and reproductive fitness (FIG. 1b).
Interval timing in the seconds-to-minutes range is
involved in foraging', decision making®* (FIG. 1d)
and multiple-step arithmetic'®, and has been demons-
trated in birds'®'8, fish", rodents?*??, primates®, and
human infants** and adults®?¢. MILLISECOND TIMING is
crucial for motor control”, speech generation* and
recognition®, playing music*® and dancing (FIG. 1e).
These different timing strategies inform decision
making in both individuals and groups; for exam-
ple, to coordinate egg incubation, male ring doves
use interval-timing strategies whereas females use
circadian-timing strategies (FIG. Lc).

Circadian, interval and millisecond timing involve
different neural mechanisms?®?. In mammals, the cir-
cadian clock that drives metabolic and behavioural
rhythms is located in the suprachiasmatic nucleus
(SCN) of the hypothalamus. This master clock coor-
dinates tissue-specific rhythms according to light
input® and other cues — such as social information®
— that it receives from the outside world. The circadian
timer relies on a molecular network of transcriptional
feedback loops®. On the other hand, interval timing
depends on the intact striatum, but not on the intact
SCN* or cerebellum?®”*, In the interval-timing range,
the striatum and the cerebellum might both be acti-
vated, possibly contributing to different aspects of
performance®* as a function of the sequential stages
of motor memory consolidation®'.

Traditional approaches to interval timing

The scalar property. Three types of behavioural pro-
cedure have traditionally been used to investigate
interval timing in humans and other animals: estima-
tion, production and reproduction. In humans, the
first two protocols tend to rely on verbal instructions or
responses, requiring the participant to translate between
performance and a verbal representation of duration,
which can lead to confounds. A more reliable approach,
which can be used equally well with a wide variety of
animal species®*, is to use a reproduction procedure,
in which the subject is presented with a given criterion
duration and then required to reproduce this duration
(FIG. 2). Typically, the participant’s responses follow a
normal distribution around the criterion duration, and
the width of this response distribution is proportional to
the criterion duration. The way in which the mean and
standard deviation of the response distribution covary is
usually referred to as the scalar property®, and resembles
wesers Law*!, which is obeyed by most sensory dimen-
sions. The scalar property applies not only to behavioural
responses, but also to neural activation as measured by
ensemble recording, or by the haemodynamic response
to timed events measured with fMRI*** (FIG. 2).

The pacemaker-accumulator model. The established
explanation for the scalar property is based on an
internal clock model’, in which pulses that are emitted
regularly by a pacemaker”*-** are temporarily stored
in an accumulator. At the time of reward or FEEDBACK,
the number of pulses that have been received from the
accumulator is stored in reference memory?® (FIG. 3a).
This information-processing (IP) model implements the
scalar expectancy theory*, in that the response is con-
trolled by the ratio comparison between the current
subjective time/clock reading — stored in the accu-
mulator — and a sample taken from the distribution of
remembered criterion durations, which are represented
as the number of pulses from previously reinforced clock
readings stored in reference memory. In this framework,
the scalar property derives from the assumption that the
accumulation error is proportional to the criterion dura-
tion®* (FIG. 3b). The model has some notable advantages:
it is straightforward, thereby encouraging its application
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INTERAURAL TIME
DIFFERENCE

The difference in the time of
arrival of a sound wave at an
animal’s two ears. It ranges from
100 s in gerbils to about 650 ps
in humans and is one of the
sources of information used by
various species to make a
topographic representation of
space.

INTERVAL TIMING
Perception, estimation and
discrimination of durations in
the range of seconds-to-
minutes-to-hours.

CIRCADIAN RHYTHMS
Repetition of certain
phenomena in living organisms
at about the same time each day.
The most thought of circadian
rhythm is sleep, but other
examples include body
temperature, blood pressure,
and the production of hormones
and digestive secretions.

MILLISECOND TIMING
Perception, estimation and
discrimination of durations in
the sub-second range.

WEBER'S LAW

Formulated by Ernst Weber in
1831 to explain the relationship
between the physical intensity of
a stimulus and the sensory
experience that it causes. Weber’s
Law states that the increase in a
stimulus needed to produce a
just-noticeable difference is
constant. Later, Gustav Fechner
(1801-1887) generalized
Weber’s law by proposing that
sensation increases as the
logarithm of stimulus intensity:
S =klogl, where S = subjective
experience, I = physical intensity,
and k = constant.

FEEDBACK

To signal the end of the to-be-
timed duration to the
participant, a feedback signal is
presented. In experiments
involving animals, the feedback
is usually an appetitive stimulus
(for example, food) or aversive
stimulus (for example,
footshock). In experiments that
involve human participants, the
feedback may take various
forms, including verbal reward,
gaining ‘points’, and so on.

(1]
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Figure 2 | The scalar property is a hallmark of interval timing at both the behavioural and neural levels. a | In a typical
duration reproduction procedure known as the ‘peak-interval procedure’, participants receive training trials, during which they
are presented with target stimuli of specific criterion durations (8 s or 21 s in this example), and test trials, in which participants
are asked to reproduce the criterion interval. In test trials the responses typically distribute normally around the criterion interval
with a width that is proportional to the temporal criterion. b | When the response distributions are scaled and superimposed,
they demonstrate the scalar property at the behavioural level***, T*, test criterion. ¢ | The scalar property also applies at the
neural level for the haemodynamic response associated with a participant’s ‘active’ reproduction of a timed criterion, but not
for ‘passive’ responses triggered by a cue associated with an interval that is not timed. fMRI, functional MRI. Panel b modified,
with permission, from REE 25 © (1998) American Psychological Association. Panel ¢ reproduced, with permission from REE. 45

© (2004) Elsevier Science.

to many species and tasks®'%; it has clearly separated
clock, memory and decision stages®, which makes it pos-
sible to map these components onto brain structures'!
and neurotransmitter systems'? and it is surprisingly
successful (considering its simple structure) in terms of
making testable predictions®.

The first investigations of the biological substrates
of the clock and memory stages of the pacemaker-
accumulator IP model used pharmacological manip-
ulations, and provided considerable support for a
dissociation between the clock stage, which is affected
by dopaminergic manipulations, and the memory
stage, which is affected by cholinergic manipulations®
(FIG. 3a). For example, dopaminergic drugs selectively
affect the subjective speed of an internal clock in both
animals®~** and humans® (FIG. 3c), whereas cholinergic
drugs alter memory storage'>*! (FIG. 3f). More specifi-
cally, dopaminergic antagonists produce a deceleration
of the subjective clock speed (FIG. 3d) in proportion to

their affinity for the dopamine D2 receptor®"* (FIG. 3¢),
whereas cholinergic activity in the frontal cortex is
proportional to the absolute error of a TEMPORAL MEMORY
TRANSLATION CONSTANT!'2*® (FIG. 3g/h).

Despite the success of the IP model in explaining
a large set of behavioural and physiological results, its
relevance to the brain mechanisms that are involved in
interval timing is unclear. For example, the idea that
there is a direct and/or exclusive connection between the
dopaminergic system and the speed of an internal clock
has been challenged by studies in which patients with
Parkinson’s disease were asked to time two durations™.
When learning two criterion durations, the responses
tended to migrate towards each other if the patients
were tested off their dopaminergic medication (FIG. 4c).
The connection has also been challenged by the
inconsistency between the relatively modest effects of
dopaminergic drugs on behaviour® and the observed
levels of dopamine release in the striatum in vivo®, and
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Figure 3 | The pacemaker-accumulator model and dopaminergic and cholinergic
synapses. a | Shows an information-processing (IP) model of time perception® implementing the
scalar expectancy theory®. In the model, a dopaminergic pacemaker sends ‘pulses’ to an
accumulator during the training period, and the number of pulses is stored in reference memory
(which depends on the ‘effective level’ of acetylcholine (ACh)). During a trial, the number of pulses
in working memory (current) is compared with that in reference memory. b | The model explains
the scalar property (FIG. 2) by assuming that the estimation error increases in proportion to the
criterion duration (green area). c—e | The effects of the D2 dopamine receptor antagonist
haloperidol are consistent with the slowing down of time accumulation. Acute administration of
haloperidol results in a sudden scalar (proportional to the timed criterion) rightward shift of the
estimated time, whereas its repeated administration (H1, H2 and so on) results in a gradual return
of the estimated time to the criterion duration'? (d). The rightward shift of the estimated time is
proportional to the affinity of the drug for the D2 receptor™ (e). K, affinity coefficient; VEH, vehicle.
f-h | The effects of cholinergic drugs are consistent with effects on reference memory. Repeated
administration of the muscarinic cholinergic receptor antagonist atropine results in a gradual
scalar rightward shift of the estimated time!? (g). The effect is correlated with the activity of
cholinergic neurons in the frontal cortex as measured by sodium-dependent high-affinity choline
uptake (SDHACU)™ (h).

by pharmacological studies that found that, besides
its involvement in the speed of an internal clock,
dopamine also modulates the attentional processing
of temporal information®.

Despite the number of findings that support the
biological plausibility of the pacemaker-accumulator
mechanism®, alternative biological mechanisms have
been evaluated as possible substrates for interval tim-
ing. For example, to address the challenges outlined
above, a number of alternative theoretical models of
interval timing have been proposed, involving NEUrAL
0scILLATORS® 2, sustained neural activation®-%°, network
dynamics® or switching among behavioural states®.
Although most of these theoretical models success-
fully account for some aspects of the behavioural data,
validation of these emerging timing models will require
examination of the relevant neurobiological evidence.

Neural mechanisms of interval timing

Recent findings indicate that it might be necessary to
integrate data from several approaches to reveal the
neural mechanisms of interval timing. The evidence
supports the idea that there are two timing circuits
that can be dissociated: an automatic timing system
that works in the millisecond range, which is used in
discrete-event (discontinuous) timing and involves
the cerebellum; and a continuous-event, cognitively
controlled timing system that requires attention and
involves the basal ganglia and related cortical structures.
Because these two timing systems work in parallel,
suitable experimental controls might be required to
engage (and reveal) each system independently of the
other®®,

Timing in sickness and in health. An impaired ability to
process time in the seconds-to-minutes range is found
in patients with disorders that involve dopaminergic
pathways, such as Parkinson’s disease””°, Huntington’s
disease (HD)” and schizophrenia’’¢. By contrast, the
failure of a neurological disorder — such as cerebellar
injury — to affect the scalar property is taken to indicate
that the affected structures are not essential for proper
interval timing”. Instead, the cerebellum might con-
tain an internal model of the motor—effector system”,
so cerebellar damage could increase variability in
motor and perceptual timing”.

For example, Parkinson’s disease, in which the
nigrostriatal dopaminergic projections degenerate,
disrupts interval timing in a number of ways. Patients
show the scalar property when medicated with L-dopa
(FIG. 4a), but not when tested off-medication (FIG. 4b).
Moreover, patients with Parkinson’s disease are unable
to time two (or more) durations independently: the
reproduced criteria for the two criterion durations tend
to migrate towards each other (FIG. 4¢). This migration
effect is eliminated, and accurate timing is reinstated,
after stimulation of the subthalamic nucleus (FIG. 5d),
which is one of the relay nuclei in thalamo-cortical-
striatal circuits (see the section on electrophysiological
studies, below). Finally, patients with Parkinson’s
disease also show poor timing of motor actions®””.
By contrast, the preservation of the scalar property
after cerebellar lesions (FIG. 4d) supports the view that
the striatum and cerebellum are involved in different
aspects of timing and time perception. Although the
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TEMPORAL MEMORY
TRANSLATION CONSTANT

A parameter in the scalar
expectancy theory that is
responsible for producing scalar
transforms of sensory input
taken from an internal clock
and stored in temporal memory.
It is used to explain systematic
discrepancies in the accuracy of
temporal memory.

NEURAL OSCILLATOR
Repetitive, periodical activation
of a neuron. The intrinsic
mechanisms that control the
period of the oscillator (the
interval between two neuronal
spikes) range from fast ion
currents (for example, 40 Hz
oscillations in sparsely spiny
neurons in the frontal cortex) to
slow transcriptional feedback
loops (for example, 24-h
oscillation in the SCN).

ATTENTIONAL SET

Set of to-be-attended features
that are primed for usein a
specific task, such that
participants would be more
likely to attend to the features in
the attentional set than to other
features of the task.

MOTOR SET

Sets of to-be-activated motor
programs that are primed for
use in a specific task, such that
participants would be more
likely to respond using one of
the motor programs in the
motor set than using other
responses.
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Figure 4 | Interval timing in patients with Parkinson’s disease, Huntington’s disease and cerebellar lesions. a—c | Two
separate causes of failure to time correctly in unmedicated patients with Parkinson’s disease (PD). In a peak-interval procedure
during which participants time 8- and 21-s criterion durations, patients show the scalar property when medicated with L-dopa
(a), but not when tested off-medication, owing to increased variability (larger width function; b). Moreover, when timing the
8- and 21-s durations, unmedicated patients also show inaccurate representation of time — the remembered durations tend to
migrate towards each other (c). d | The scalar property is preserved after cerebellar lesions. e, f | As patients with Huntington’s
disease (HD) approach the age at which they are predicted to develop symptoms (HD close), they show a deficit in interval
timing (panel e) and decreased activation of the basal ganglia, thalamus and pre-supplementary motor area/cingulate (panel f).

HD far, onset of syptoms predicted to be a number of years away. Panels a and b redrawn from REE. 57. Panel ¢ reproduced,
with permission, from REFE. 57 © (1998) MIT Press. Panel d redrawn from REE 37. Panels e and f modified, with permission, from

REE 71 © (2004) American Society of Neuroradiology.

cerebellum is not essential for interval timing, it is
required for correct millisecond timing”.

Another disorder that affects dopaminergic path-
ways is Huntington’s disease, an autosomal-dominant,
neurodegenerative disorder that involves degeneration
of the medium spiny neurons in the caudate nucleus
and putamen. Patients who are approaching the age at
which they are predicted to develop Huntington’s disease
(‘HD close’; FIG. 4¢) perform worse in tests of interval
timing than either control individuals or patients whose
predicted time of disease onset is more than 12 years
away (‘HD far’). In fMRI studies of interval timing
(FIG. 4f), control participants showed activation of the
caudate-putamen, thalamus, pre-supplementary
motor area (pre-SMA) and cingulate cortex. Patients
in the ‘HD far’ group showed similar activation, but
with possible hyperactivation in the pre-SMA and
caudate nucleus, which might explain their relatively
normal timing performance’. By contrast, patients
in the ‘HD close’ group showed decreased activation in
all three foci. Such results complement behavioural®,
pharmacological® and electrophysiological® evidence
that separate brain mechanisms underlie different
components of the interval-timing system®.

Lesion studies. Traditionally, because interval timing
depends on the intact striatum®>""° but not on the intact
cerebellum® %, the cerebellum has been charged with
millisecond timing” and the basal ganglia with interval
timing®%. Despite this simplistic dissociation, two
recent findings have shed new light on the involvement

of the basal ganglia and cerebellum in motor control
and interval timing. In the first study, participants were
required to shift their attention between two streams of
events — one visual and one auditory — both of which
contained target and distractor stimuli. Patients and
control participants were tested under three conditions.
The first was a double-response condition, in which they
were instructed to respond to a target in one dimension,
then to a target in the other dimension, and so forth. The
second was a single-response condition, in which overt
responses were required only to targets in one modality,
while targets in the other modality served as cues for
attention switching without requiring overt responses.
The third condition was a focused condition, in which
participants responded only to targets in one dimension
and did not attend to the other dimension®. Relative
to the focused condition, patients with both Parkinson’s
disease and cerebellar lesions were impaired in the
double-response condition, which indicates that they
might have difficulty with tasks that require rapid switch-
ing of both arrention and moror sets. However, when
the motor demands were reduced in the single-response
task, patients with cerebellar lesions performed better
than those with Parkinson’s disease, which indicates
that cerebellar lesions might cause deficits in switching
the motor set whereas Parkinson’s disease might lead to
deficits in switching the attentional set®.

In another line of research, patients with cerebellar
damage showed deficits in producing discontinuous,
but not continuous, movements, indicating that the
cerebellum might have a specific role in event-based
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Figure 5 | Electrophysiological evidence for the involvement of thalamo-cortico-striatal circuits in the representation of
time and numerosity. The central panel depicts the thalamo-cortico-striatal projections and their neurotransmitter systems. Curved
arrows show neural pathways; dashed arrows indicate data obtained in a specific condition or from the specific brain area. a,b | The
thalamus projects to cortical areas that are involved in the processing of numerosity: the frontal cortex (a) and parietal cortex (b).
Panel a shows the representation of numerosity in the frontal cortex of primates; spike rate varies with number of items. Panel b
shows the neural representation of the second and fifth items in a motor sequence in the primate parietal cortex. ¢ | Cortical areas
send glutamatergic connections to the caudate—putamen, the neural activation of which peaks at the criterion duration in interval-
timing procedures. d | Degeneration of the dopaminergic nigrostriatal projection (as seen in Parkinson’s disease) results in abnormal
processing of temporal information (FIG. 4). Deep brain stimulation (DBS) of the indirect subthalamic projection eliminates the retrieval
deficit but not the encoding distortion. GABA, y-aminobutyric acid; GPe, external segment of globus pallidus; GPj, internal segment
of globus pallidus; NB, nucleus basalis; PFC, prefrontal cortex; PPC, posterior parietal cortex; SMA, supplementary motor area; SNc,
substantia nigra pars compacta; SNr, substantia nigra pars reticulata; STn, subthalamic nucleus; X, denotes degeneration of
nigrostriatal projection in Parkinson’s disease. Panel a reproduced, with permission, from REE. 99 © (2002) American Association for
the Advancement of Science. Panel b reproduced, with permission, from REE 97 © (2002) Macmillan Magazines. Panel ¢ drawn
using data from REE. 101. Panel d drawn using data from REE 142.

timing®7%%. Together, these studies suggest that separate
timing circuits can be dissociated when continuity, motor
demands and attentional set are manipulated*"5*%,

Electrophysiological studies. The thalamo-cortical-
striatal circuits that include the basal ganglia, the pre-
frontal cortex (PFC) and the posterior parietal cortex
(PPC) have been shown (for example, by brain imaging
studies®*) to be activated both in interval-timing tasks
and in tasks that require integration of some stimulus
dimension over a time interval, such as integration of
somatosensory signals and the counting of events in
numerically based behavioural tasks”. These data are
consistent with the involvement of the basal ganglia,
PFC and PPCin the representation of number, sequence
or magnitude, as well as in interval timing, thereby sup-
porting a mode-control model of counting and timing
in which number and time are processed by the same
neural areas” .

For example, neurons in the PPC were activated
not only during timing tasks*, but also during tasks in
which primates were required to perform a sequence
of movements a number of times; in such tasks, PPC
neurons fired selectively depending on the ordinal
number (position in the sequence) in a block of trials®”
(FIG. 5b). The number-order-magnitude circuit of
which the PPC is a part also includes areas of the PFC,
which extract the quantity of visual field items® (FIG. 5a),
although some recent reports have challenged the
hypothesis that a single parietal region underlies both
symbolic and nonsymbolic number representation in
humans'®.

A recent study investigated the pattern of striatal
firing in a reproduction task in which rats were proba-
bilistically rewarded'®" at two durations, 10 s and 40
s. Probabilistic reward rules have been shown to
have important consequences at the neural level for
dopaminergic neurons in the substantia nigra pars
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DELAYED MATCHING-TO-
SAMPLE TASKS

Presentation of a stimulus is
followed by a delay, after which
a choice is offered and the
originally presented stimulus
must be chosen. With small
stimulus sets, the stimuli are
frequently repeated, and
therefore become highly
familiar. So, typically, such tasks
are most readily solved by
short-term or working memory
rather than by long-term
memory mechanisms.

compacta (SNc), which project to the striatum'*. Such
a probabilistic task might, therefore, reveal the involve-
ment of nigrostriatal pathways in interval timing.
Although rats responded reliably at both durations,
electrophysiological recordings revealed that two
distinct subsets of striatal neurons were activated,
thereby dissociating motor responses from temporal
coding in the striatum. In one set of striatal neurons
the firing pattern peaked at about the 10-s reward
point (FIG. 5¢), whereas the activity of the other set
of neurons gradually increased throughout the 40-s
interval'®. Similar striatal ramp-like activity has been
observed in DELAYED MATCHING-TO-SAMPLE TASKS before
the anticipated cue'®!*. This indicates that sustained
activity over delay intervals is an important feature of
striatal activation that might be crucial for bridging
the interval between the moment when information is
acquired and the moment when that information can
be used in a decision.

Striatal neurons can code multiple durations, but
only if the PFC s intact. Lesions of the agranular frontal
cortex or the nucleus basalis magnocellularis'® impair
rats’ ability to time two stimuli simultaneously, but not
their ability to time each stimulus sequentially, although
such lesions do cause small, but reliable, changes in the
content of reference memory'®. A recent study inves-
tigated neural activity in the agranular frontal cortex
of rats that had been trained to time two stimuli of
different durations'”. After training, rats were tested
with the two separate stimuli, and with the compound
stimulus. Most neurons (60%) responded only to the
compound stimulus; fewer neurons responded both
to the compound and to the separate stimuli (10%);
and very few neurons responded only to one stimulus
(3%). That a large proportion of cells responded only to
the compound stimulus supports the hypothesis that
the agranular cortex is important for divided attention,
for shifting attention between the two stimuli, and/or
for the dynamic allocation of attention in time'®.

Functional imaging studies. In recent years, func-
tional imaging of millisecond and interval timing has
received considerable interest. Two informative reviews
are noteworthy®*°. The first® analysed the imaging
method (fMRI/PET), target duration (from 0.3 s to
24 s), timing procedure (discrimination, production,
reproduction, generalization, synchronization, detec-
tion of deviants and reproduction of sequences),
stimulus modality (visual or auditory) and control
conditions of a number of studies. The review found
that many studies report activations of areas such as
the basal ganglia and cerebellum during timing tasks,
but that some or all of the supplementary motor area
(SMA), dorsolateral prefrontal cortex (DLPFC), ante-
rior cingulate cortex and right parietal cortex are also
activated, and the authors questioned whether these
brain areas are part of a dedicated timing circuit or are
simply task-specific. They proposed that a brain area
is part of the timing circuit if its activation is sensitive
to parametric aspects of the timing procedure'®'"° or
to variations in timing performance''"'"2,

This definition was successfully used in a recent
study from the same group of researchers, in which
participants were asked to direct their attention to the
duration of an event or to its colour (FIG. 6a), thereby
combining parametric variations in timing perform-
ance and appropriate control conditions (time versus
colour). As expected, areas in the visual cortex showed
a linear increase in activation when participants paid
more attention to the colour of the stimuli (FIG. 6¢,d). In
turn, the SMA showed a linear activation when parti-
cipants paid more attention to time, thereby identifying
this area as part of the timing circuit (FIG. 6b.c). Other
areas, such as the putamen, were also active when
participants paid more attention to time (FIG. 6b).

Another approach that has been used to try to make
sense of the many brain regions that have been reported
to be activated by timing procedures is the grouping
of active areas by the characteristics of the timing pro-
cedure used. Areas can be grouped by, for example,
the duration measured (sub-second/supra-second),
the use of movement to define a temporal estimate,
and the continuity or predictability of the procedure,
under the assumption that repetitive actions require less
attention®. This analysis revealed two clusters of foci.
The ‘automatic timing’ cluster includes areas that were
found to be activated by procedures that required repet-
itive movements and involved the timing of relatively
short durations: these areas include the SMA, primary
motor cortex and primary somatosensory cortex. The
‘cognitively controlled timing’ cluster includes areas
that were found to be activated when the durations used
were longer and the amount of movement required was
limited: these areas include the DLPFC, intraparietal
sulcus and premotor cortex. Interestingly, the brain area
most consistently activated in neuroimaging studies of
interval timing was the SMA, and the basal ganglia and
cerebellum were not identified in either cluster, possibly
because both areas might be continuously active and
their differentiation might require additional control
conditions. Together with the other approaches, the
results of neuroimaging studies indicate that interval
timing engages various neural circuits, whose roles in
temporal or other aspects of tasks are still uncertain.

A coincidence-detection model

The data reviewed above fail to show that the basal
ganglia have an exclusive role in temporal processing.
Instead, the more general role of the basal ganglia might
be to monitor activity in the thalamo-cortico-striatal
circuits, and to act as a coincidence detector that signals
particular patterns of activity in working memory’®!*>!4,
Because such a role lends itself to temporal coding®, a
biologically plausible model of interval timing was
developed to describe timing as an emergent activity
in the thalamo-cortico-striatal loops®***. In this striatal
beat-frequency (SBF) model, timing is based on the
coincidental activation of medium spiny neurons in the
basal ganglia by cortical neural oscillators'® (FIG. 7a,b).
Synchronous cortical activity has been reported'® and
the mechanisms of its generation are currently being
investigated'"’. For example, neurons in the motor
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LONG-TERM POTENTIATION
(LTP). An enduring increase in
the amplitude of excitatory
postsynaptic potentials as a
result of high-frequency
(tetanic) stimulation of afferent
pathways. It is measured both as
the amplitude of excitatory
postsynaptic potentials and as
the magnitude of the
postsynaptic-cell population
spike. LTP is most frequently
studied in the hippocampus and
is often considered to be the
cellular basis of learning and
memory in vertebrates.

LONG-TERM DEPRESSION
(LTD). An enduring weakening
of synaptic strength that is
thought to interact with LTP in
the cellular mechanisms of
learning and memory in
structures such as the
hippocampus and cerebellum.
Unlike LTP, which is produced
by brief high-frequency
stimulation, LTD can be
produced by long-term, low-
frequency stimulation.
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Figure 6 | Differential activation of the circuits involved in the processing of time and colour. An attentional cue directed
participants to allocate their attention solely to time (T), solely to colour (C), equally to time and colour (tc), more to time (Tc) or
more to colour (tC). Participants were presented with two circular stimuli of different durations, the colour of which flickered

randomly in time, and were asked to compare either their duration or colour by responding with a different finger (a)

.b-d | When

comparing time (blue curve), a circuit involving the pre-supplementary motor area (pSMA), dorsal premotor cortex (PMC),
putamen (Put), and frontal operculum (Fop) was activated (b,c). When asked to compare colour (red curve), activation was
observed in visual area V4 (c,d). e,f | The activation of these circuits correlated with decreases in reaction time and response
errors. IT/MT/ST, inferior/middle/superior temporal cortex; PMC, dorsal premotor cortex; Par, inferior parietal cortex. Modified,
with permission, from REF. 143 © (2004) American Association for the Advancement of Science.

cortex increase their synchrony when animals are
trained to expect a ‘go’ signal'’¥, and the synchrony of
neurons in the somatosensory''® and visual cortices'?
is modulated by attention. The cortical oscillators are
assumed to be synchronized at the onset of a trial, and
to oscillate at a fixed frequency throughout the criterion
interval. Experience-dependent changes in cortico-
striatal transmission are assumed to make the striatal
neurons more likely to detect the specific pattern of
activation of cortical oscillators at the time of reward
delivery and/or feedback (FIG. 7b) through cortico-striatal
LONG-TERM POTENTIATION (LTP) and LONG-TERM DEPRESSION
(LTD)""-"%, Under these assumptions, the activity of the
stimulated striatal neurons increases before the expected
time of reward, and peaks at the criterion interval
(FIG. 7d), a result that parallels the ensemble recordings
of striatal neurons in reproduction procedures' (FIG. 7).
Most importantly, simulations show that the SBF model
demonstrates the scalar property® (FIG. 7£g).

In this model, the synchronization of cortical oscil-
lations at trial onset and the experience-dependent
changes in cortico-striatal transmission are ascribed
to the dopaminergic neurons in the SNc and ventral
tegmental area (VTA). This assumption is sup-
ported by studies that have investigated the coding
of a predictive signal by dopaminergic neurons'*
in probabilistic reward tasks'®2. For example, under
conditions in which it is uncertain whether a reward
will be delivered (in FIG. 7e probability of reward is
p =0.75), the activity of dopaminergic neurons shows a
characteristic pattern with a burst at trial onset, a burst
at the expected time of reward and sustained activity
throughout the interval'®. According to the SBF model,
the dopaminergic burst at trial onset could trigger the
synchronization of the cortical oscillators, the sus-
tained activity could reflect attentional activation of the
thalamo-cortico-striatal circuits, and the burst at the
expected time of reward could reflect the updating of
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Figure 7 | The striatal beat-frequency model. Oscillatory cortical neurons (a) project onto striatal medium spiny neurons (b),
which continuously compare the current pattern of activation of cortical cells with the pattern detected at the time of the reward
(coincidence detection). Dopaminergic projections from the substantia nigra pars compacta (SNc) and ventral tegmental area
(VTA) are prominently active at trial onset, possibly implementing a ‘start-gun’ that synchronizes the cortical oscillators;
throughout the interval, possibly modulating corticostriatal transmission; and at the expected time of reward, possibly coding for
an error in reward prediction (c). BG, basal ganglia. Panel d shows five striatal neurons detecting the coincidence of the five
cortical oscillators at the criterion duration. The histogram of activation of a simulated striatal population (d) matches the pattern
of activation recorded in the striatum (e), which peaks at the criterion duration. Large scale simulations indicate that the model

can represent the distribution of responses at different intervals (f),

and that these distributions superimpose in relative time units,

demonstrating the scalar property of interval timing (g). Panel ¢ reproduced, with permission, from REE 102 © (2003) American
Association for the Advancement of Science. Data in panel e taken from REE. 101. Data in panels f and g taken from REE. 85.

cortico-striatal transmission'? (FIG. 7a,c). Despite giving
a comprehensive picture of the neural circuits that are
involved in interval timing, the current instantiation
of the SBF model® has yet to be developed to address
the effect of cholinergic drugs on memory storage'>*',
simultaneous temporal processing'® and the similarities
between counting and timing®**.

Interestingly, coincidence detection and spike count-
ing could be two sides of the same coin. Mathematical
studies indicate that the problem of comparing two
neural spike patterns could be solved by different
strategies, depending on the acceptable discrimination
error'?. At one end of the spectrum, when the desired
discriminative accuracy is high — for example, when
the spike patterns code for continuous variables or
quantities, such as time — the solution involves coinci-
dence detection. At the other end of the spectrum,
when the desired discriminative accuracy is low — for
example, when the patterns code for a discrete variable,
such as number — the solution involves simply count-
ing the spikes in the two spike patterns. This result sug-
gests a continuum between coincidence detection and
spike counting, and supports a mode-control model
of counting and timing in which number and time are
processed by the same neural mechanism®*.

Conclusions

The ability to process temporal information accurately is
crucial for goal reaching, neuroeconomics'®, and the sur-
vival of humans and other animals®’, and requires multi-
ple biological mechanisms to track time over multiple
timescales**. In mammals, the circadian clock that drives
metabolic and behavioural rhythms is located in the
SCN. Another timer, which is responsible for automatic
motor control in the millisecond range, relies on the cer-
ebellum. In contrast to these relatively localized timing
mechanisms, a general-purpose, flexible, cognitively
controlled timer that operates in the seconds-to-minutes
range involves the activation of a network of brain areas
that form part of the thalamo-cortico-striatal circuits,
notably the basal ganglia, the SMA, the PFC and the PPC.
The operation of this network of circuits as a timekeeper
can be better understood in terms of coincidental activa-
tion of various brain areas. As these areas are involved in
several cognitive phenomena, it is likely that this circuit
is not limited to temporal processing, but is also involved
in other processes, such as the estimation of quantity or
numerosity. This neural circuit might be able to switch
function between coincidence detection for estimating
time, to spike counting for estimating numerosity,
depending on the accuracy that is required to solve the
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task'?. As such, the coincidence-detection model and
the pacemaker-accumulator model may be two sides
— neural and behavioural — of the same coin.

A crucial issue is to differentiate the roles of specific
thalamo-cortico-striatal circuits in temporal cognition,
for example, by using ensemble recording techniques.
Another important question relates to the molecular
bases of interval timing; in this respect, the use of trans-
genic animal models has the potential to shed light on

Grothe, B. New roles for synaptic inhibition in sound
localization. Nature Rev. Neurosci. 4, 540-550 (2003).
Richelle, M. & Lejeune, H. Time in Animal Behavior
(Pergamon, New York, 1980).

Gallistel, C. R. The Organization of Behavior (MIT Press,
Cambridge, Massachusetts, 1990).

Meck, W. H. (ed.) Functional and Neural Mechanisms of
Interval Timing (CRC, Boca Raton, Florida, 2003).

Pastor, M. & Artieda, J. (eds) Time, Internal Clocks and
Movement (Elsevier, Amsterdam, 1996).

Bradshaw, C. & Szabadi, E. (eds) Time and Behaviour:
Psychological and Neurobehavioral Analyses (Elsevier,
London, 1997).

Fraisse, P. Psychologie du Temps (P. U. ., Paris, France,
1957).

Gibbon, J., Church, R. M. & Meck, W. H. in Timing and
Time Perception Vol. 423 (eds Gibbon, J. & Allan, L. G.)
52-77 (The New York Academy of Sciences, New York,
1984).

Treisman, M. Temporal discrimination and the indifference
interval. Implications for a model of the ‘internal clock’.
Psychol. Monogr. 77, 1-31 (1963).

Gibbon, J. & Allan, L. G. Timing and Time Perception (The
New York Academy of Sciences, New York, 1984).

A classic collection of papers relating to the scalar
expectancy theory and other aspects of timing and
time perception in humans and other animals.
Gibbon, J., Malapani, C., Dale, C. L. & Gallistel, C. R.
Toward a neurobiology of temporal cognition: advances
and challenges. Curr. Opin. Neurobiol. 7, 170-184 (1997).
Meck, W. H. Neuropharmacology of timing and time
perception. Brain Res. Cogn. Brain Res. 3, 227-242
(1996).

Czeisler, C. A. et al. Stability, precision, and near-24-hour
period of the human circadian pacemaker. Science 284,
2177-2181 (1999).

Kacelnik, A. Timing and foraging: Gibbon’s scalar
expectancy theory and optimal patch exploitation. Learn.
Motiv. 33, 177-195 (2002).

Sohn, M. & Carlson, R. Implicit temporal tuning of working
memory strategy during cognitive skill acquisition. Am.

J. Psychol. 116, 239-256 (2003).

Bateson, M. & Kacelnik, A. Starling’s preferences for
predictable and unpredictable delays to food. Anim. Behav.
53, 1129-1142 (1997).

Ohyama, T., Gibbon, J., Deich, J. D. & Balsam, P. D.
Temporal control during maintenance and extinction of
conditioned keypecking in ring doves. Anim. Learn. Behav.
27, 89-98 (1999).

Buhusi, C. V., Sasaki, A. & Meck, W. H. Temporal integration
as a function of signal and gap intensity in rats (Rattus
norvegicus) and pigeons (Columba livia). J. Comp. Psychol.
116, 381-390 (2002).

Drew, M. R., Zupan, B., Cooke, A., Couvillon, P. A. &
Balsam, P. D. Temporal control of conditioned responding in
goldfish. J. Exp. Psychol. Anim. Behav. Proc. 31, 31-39
(2005)

Roberts, S. & Church, R. M. Control of an internal clock.
J. Exp. Psych. Anim. Behav. Process. 4, 318-337 (1978).
Buhusi, C. V., Perera, D. & Meck, W. H. Memory for timing
visual and auditory signals in albino and pigmented rats.
J. Exp. Psychol. Anim. Behav. Process. 31, 18-30 (2005).
Gallistel, C. R., King, A. & McDonald, R. Sources of
variability and systematic error in mouse timing behavior.
J. Exp. Psychol. Anim. Behav. Process. 30, 3-16 (2004).
Gribova, A., Donchin, O., Bergman, H., Vaadia, E. &
Cardoso de Oliveira, S. Timing of bimanual movements in
human and non-human primates in relation to neuronal
activity in primary motor cortex and supplementary motor
area. Exp. Brain Res. 146, 322-335 (2002).

Brannon, E. M., Roussel, L. W., Meck, W. H. & Woldorff, M.
Timing in the baby brain. Cogn. Brain Res. 21, 227-233
(2004).

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44.

45.

46.

47.

48.

Rakitin, B. C. et al. Scalar expectancy theory and peak-
interval timing in humans. J. Exp. Psychol. Anim. Behav.
Process. 24, 15-33 (1998).

Penney, T. B., Gibbon, J. & Meck, W. H. Differential effects
of auditory and visual signals on clock speed and temporal
memory. J. Exp. Psychol. Hum. Percept. Perform. 26,
1770-1787 (2000).

Edwards, C. J., Alder, T. B. & Rose, G. J. Auditory midbrain
neurons that count. Nature Neurosci. 5, 934-936 (2002).
Schirmer, A. Timing speech: a review of lesion and
neuroimaging findings. Cogn. Brain Res. 21, 269-287
(2004).

Mauk, M. D. & Buonomano, D. V. The neural basis of
temporal processing. Annu. Rev. Neurosci. 27, 307-340
(2004).

Shaffer, H. in Timing and Time Perception Vol. 423

(eds Gibbon, J. & Allan, L.) 420-428 (The New York
Academy of Sciences, New York, 1984).

Gibbon, J., Morrell, M. & Silver, R. Two kinds of timing in
circadian incubation rhythm of ring doves. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 247, R1083-R1087 (1984).
Hinton, S. C. & Meck, W. H. The ‘internal clocks’ of
circadian and interval timing. Endeavour 21, 82 (1997).
Reppert, S. M. & Weaver, D. R. Coordination of circadian
timing in mammals. Nature 418, 935-941 (2002).

Levine, J. D., Funes, P, Dowse, H. B. & Hall, J. C. Resetting
the circadian clock by social experience in Drosophila
melanogaster. Science 298, 2010-2012 (2002).
Darlington, T. K. et al. Closing the circadian loop:
clock-induced transcription of its own inhibitors per and tim.
Science 280, 1599-1603 (1998).

Lewis, P. A., Miall, R. C., Daan, S. & Kacelnik, A. Interval
timing in mice does not rely upon the circadian pacemaker.
Neurosci. Lett. 348, 131-134 (2003).

Malapani, C., Dubais, B., Rancurel, G. & Gibbon, J.
Cerebellar dysfunctions of temporal processing in the
seconds range in humans. Neuroreport 9, 3907-3912
(1998).

Harrington, D. L., Lee, R. R., Boyd, L. A., Rapcsak, S. Z. &
Knight, R. T. Does the representation of time depend on the
cerebellum? Effect of cerebellar stroke. Brain 127, 561-574
(2004).

Spencer, R. M. C., Zelaznik, H. N., Diedrichsen, J. & Ivry, R. B.
Disrupted timing of discontinuous but not continuous
movements by cerebellar lesions. Science 300,
1437-1439 (2003).

Jueptner, M. & Weiller, C. A review of differences between
basal ganglia and cerebellar control of movements as
revealed by functional imaging studies. Brain 121,
1437-1449 (1998).

Shadmehr, R. & Holcomb, H. H. Neural correlates of motor
memory consolidation. Science 277, 821-825 (1997).
Roberts, S. Isolation of an internal clock. J. Exp. Psychol.
Anim. Behav. Process. 7, 242-268 (1981).

Gibbon, J. Scalar expectancy theory and Weber's law in
animal timing. Psychol. Rev. 84, 279-325 (1977).

This seminal paper introduced the influential scalar
expectancy theory.

Weber, E. H. Annotationes Anatomicae et Physiologicae
(Anatomical and Physiological Observations) (C. F. Kohler,
Lipsiae (Leipzig), Germany, 1851).

Meck, W. H. & Malapani, C. Neuroimaging of interval timing.
Brain Res. Cogn. Brain Res. 21, 133-137 (2004).

Hinton, S. C. in Functional and Neural Mechanisms of
Interval Timing (ed. Meck, W. H.) 419-438 (CRC, Boca
Raton, Florida, 2003).

Hinton, S. C. & Meck, W. H. Frontal-striatal circuitry
activated by human peak-interval timing in the supra-
seconds range. Cogn. Brain Res. 21, 171-182 (2004).
Frangois, M. Contributions a I'étude du sens du temps:

la température interne comme facteur de variation de
I'appréciation subjective des durées. Année Psychol. 27,
186-204 (1927).

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

the molecular foundations of the ‘stopwatch’®. Finally,
the development of modern computational tools and
techniques to enable integration of information from
all these techniques will soon be crucial for elucidating
the processes that are involved in controlling working
memory and motor functions, processing time, quantity
or numerosity, attending to significant events, making
decisions and calculating speed, productivity and rate
of return.

Woodrow, H. The reproduction of temporal intervals. J. Exp.
Psychol. 13, 473-499 (1930).

Hoagland, H. The psychological control of judgements of
duration: evidence for a chemical clock. J. Gen. Psychol. 9,
267-287 (1933).

Meck, W. H. Selective adjustment of the speed of internal
clock and memory processes. J. Exp. Psychol. Anim.
Behav. Process. 9, 171-201 (1983).

Maricq, A. V. & Church, R. M. The differential effects of
haloperidol and methamphetamine on time estimation in the
rat. Psychopharmacology (Berl.) 79, 10-15 (1983).

Meck, W. H. Affinity for the dopamine D2 receptor predicts
neuroleptic potency in decreasing the speed of an internal
clock. Pharmacol. Biochem. Behav. 25, 1185-1189 (1986).
Matell, M. S., King, G. R. & Meck, W. H. Differential
modulation of clock speed by the administration of
intermittent versus continuous cocaine. Behav. Neurosci.
118, 150-156 (2004).

Rammsayer, T. H. On dopaminergic modulation of temporal
information processing. Biol. Psychol. 36, 209-222 (1993).
Meck, W. H. Choline uptake in the frontal cortex is
proportional to the absolute error of a temporal memory
translation constant in mature and aged rats. Learn. Motiv.
33, 88-104 (2002).

Malapani, C. et al. Coupled temporal memories in
Parkinson’s disease: a dopamine-related dysfunction.

J. Cogn. Neurosci. 10, 316-331 (1998).

Holson, R. R., Bowyer, J. F., Clausing, P. & Gough, B.
Methamphetamine-stimulated striatal dopamine release
declines rapidly over time following microdialysis probe
insertion. Brain. Res. 739, 301-307 (1996).

Buhusi, C. V. & Meck, W. H. Differential effects of
methamphetamine and haloperidol on the control of an
internal clock. Behav. Neurosci. 116, 291-297 (2002).
Plenz, D. & Kital, S. T. A basal ganglia pacemaker formed by
the subthalamic nucleus and external globus pallidus.
Nature 400, 677-682 (1999).

Church, R. M. & Broadbent, H. A. Alternative
representations of time, number, and rate. Cognition 37,
55-81(1990).

Miall, R. C. The storage of time intervals using oscillating
neurons. Neur. Comp. 1, 359-371 (1989).

Grossberg, S. & Schmajuk, N. A. Neural dynamics of
adaptive timing and temporal discrimination during
associative learning. Neural Netw. 2, 79-102 (1989).
Buhusi, C. V. & Schmajuk, N. A. Timing in simple
conditioning and occasion setting: a neural network
approach. Behav. Process. 45, 33-57 (1999).

Machens, C. K., Romo, R. & Brody, C. D. Flexible control of
mutual inhibition: a neural model of two-interval
discrimination. Science 307, 1121-1124 (2005).

Dragoi, V., Staddon, J. E., Palmer, R. G. & Buhusi, C. V.
Interval timing as an emergent learning property. Psychol.
Rev. 110, 126-144 (2003).

Killeen, P. R. & Fetterman, J. G. A behavioral theory of
timing. Psychol. Rev. 95, 274-295 (1988).

Fraisse, P. Perception and estimation of time. Annu. Rev.
Psychol. 35, 1-37 (1984).

Lewis, P. A. & Miall, R. C. in Functional and Neural
Mechanisms of Interval Timing (ed. Meck, W. H.) 515-532
(CRC, Boca Raton, Florida, USA, 2003).

Malapani, C., Deweer, B. & Gibbon, J. Separating storage
from retrieval dysfunction of temporal memory in Parkinson’s
disease. J. Cogn. Neurosci. 14, 311-322 (2002).

Paulsen, J. S. et al. fMRI biomarker of early neuronal
dysfunction in presymptomatic Huntington’s disease. Am.
J. Neuroradiol. 25, 1715-1721 (2004).

Proposes that the dysfunction of interval timing and
the hyperactivation of SMA are early markers of
Huntington’s disease.

Rammsayer, T. Temporal discrimination in schizophrenic and
affective disorders: evidence for a dopamine-dependent
internal clock. Int. J. Neurosci. 53, 111-120 (1990).

764 [ OCTOBER 2005 [ VOLUME 6

© 2005 Nature Publishing Group

www.nature.com/reviews/neuro



REVIEWS

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Tracy, J. I. et al. Information-processing characteristics of
explicit time estimation by patients with schizophrenia and
normal controls. Percept. Mot. Skills 86, 515-526 (1998).
\olz, H. P. et al. Time estimation in schizophrenia: an fMRI
study at adjusted levels of difficulty. Neuroreport 12,
313-316 (2001).

Elvevag, B., Brown, G. D. A., McCormack, T., Vousden, J. I.
& Goldberg, T. E. Identification of tone duration, line length,
and letter position: an experimental approach to timing and
working memory deficits in schizophrenia. J. Abnorm.
Psychol. 113, 509-521 (2004).

Penney, T. B., Meck, W. H., Roberts, S. A., Gibbon, J. &
Erlenmeyer-Kimling, L. Interval-timing deficits in individuals
at high risk for schizophrenia. Brain Cogn. 58, 109-118
(2005).

Wolpert, D. M., Miall, R. C. & Kawato, M. Internal models in
the cerebellum. Trends Cogn. Sci. 2, 338-347 (1998).

Ivry, R. B. & Spencer, R. M. The neural representation of
time. Curr. Opin. Neurobiol. 14, 225-232 (2004).
Koekkoek, S. K. E. et al. Cerebellar LTD and learning-
dependent timing of conditioned eyelid responses. Science
301, 1736-1739 (2003).

Rammsayer, T. H. & Brandler, S. Aspects of temporal
information processing: a dimensional analysis. Psychol.
Res. 69, 115-123 (2004).

Rammsayer, T. H. Neuropharmacological evidence for
different timing mechanisms in humans. Q. J. Exp. Psychol.
52, 273-286 (1999).

Pfeuty, M., Ragot, R. & Pouthas, V. Processes involved in
tempo perception: a CNV analysis. Psychophysiology 40,
69-76 (2003).

Meck, W. H. Neuropsychology of timing and time
perception. Brain Cogn. 58, 1-8 (2005).

Matell, M. S. & Meck, W. H. Neuropsychological
mechanisms of interval timing behavior. Bioessays 22,
94-103 (2000).

Matell, M. S. & Meck, W. H. Cortico-striatal circuits and
interval timing: coincidence detection of oscillatory
processes. Cogn. Brain Res. 21, 139-170 (2004).
Develops the biological assumptions of the SBF
model of interval timing, and shows simulations using
this model.

Meck, W. H. & Benson, A. M. Dissecting the brain’s internal
clock: how frontal-striatal circuitry keeps time and shifts
attention. Brain Cogn. 48, 195-211 (2002).

Ravizza, S. M. & Ivry, R. B. Comparison of the basal ganglia
and cerebellum in shifting attention. J. Cogn. Neurosci. 13,
285-297 (2001).

Ivry, R. B., Spencer, R. M., Zelaznik, H. N. & Diedrichsen, J.
The cerebellum and event timing. Ann. NY Acad. Sci. 978,
302-317 (2002).

Lewis, P. A. & Miall, R. C. Distinct systems for automatic and
cognitively controlled time measurement: evidence from
neuroimaging. Curr. Opin. Neurobiol. 13, 250-255 (2003).
An original review of the brain areas that are activated
in neuroimaging studies of interval timing as a
function of the characteristics of the timing task.
Macar, F. et al. Activation of the supplementary motor area
and of attentional networks during temporal processing.
Exp. Brain Res. 142, 475-485 (2002).

An excellent review of neuroimaging studies of
interval timing that points out the importance of
adequate control tasks.

Nieder, A. & Miller, E. K. Coding of cognitive magnitude:
compressed scaling of numerical information in the primate
prefrontal cortex. Neuron 37, 149-157 (2003).

Meck, W. H. & Church, R. M. A mode control model of
counting and timing processes. J. Exp. Psychol. Anim.
Behav. Process. 9, 320-334 (1983).

Describes similarities between timing and counting in
preverbal animals.

Feigenson, L., Dehaene, S. & Spelke, E. Core systems of
number. Trends Cogn. Sci. 8, 307-314 (2004).

Walsh, V. A theory of magnitude: common cortical metrics
of time, space and quantity. Trends Cogn. Sci. 7, 483-488
(2003).

Brannon, E. M. & Roitman, J. D. in Functional and Neural
Mechanisms of Interval Timing (ed. Meck, W. H.) 143-182
(CRC, Boca Raton, Florida, USA, 2003).

Coull, J. T., Frith, C. D., Buchel, C. & Nobre, A. C. Orienting
attention in time: behavioural and neuroanatomical
distinction between exogenous and endogenous shifts.
Neuropsychologia 38, 808-819 (2000).

Sawamura, H., Shima, K. & Tanji, J. Numerical
representation for action in the parietal cortex of the
monkey. Nature 415, 918-922 (2002).

Shows changes in the firing of PPC neurons during a
sequence of actions.

Nieder, A. & Miller, E. K. A parieto-frontal network for visual
numerical information in the monkey. Proc. Natl Acad. Sci.
USA 101, 7457-7462 (2004).

99.

100.

10

10

o

104.

106.

106.

107.

108.

100.

"

o

"

112.

118.

114.

116.

116.

1"

N

118.

119.

120.

12

122.

Nieder, A., Freedman, D. J. & Miller, E. K. Representation
of the quantity of visual items in the primate prefrontal
cortex. Science 297, 1708-1711 (2002).

Shuman, M. & Kanwisher, N. Numerical magnitude in the
human parietal lobe: tests of representational generality
and domain specificity. Neuron 44, 557-569 (2004).

. Matell, M. S., Meck, W. H. & Nicolelis, M. A. Interval timing

and the encoding of signal duration by ensembles of
cortical and striatal neurons. Behav. Neurosci. 117,
760-773 (2008).

Dissociates motor coding from time coding in
striatal neurons.

. Fiorillo, C. D., Tobler, P. N. & Schultz, W. Discrete coding of

reward probability and uncertainty by dopamine neurons.
Science 299, 1898-1902 (2003).

Shows that in tasks that involve uncertainty,
dopaminergic neurons burst at trial onset and at the
expected time of reward, and show sustained
activation throughout the trial.

. Apicella, P., Scarnati, E., Ljungberg, T. & Schultz, W.

Neuronal activity in monkey striatum related to the
expectation of predictable environmental events.

J. Neurophysiol. 68, 945-960 (1992).

Schultz, W., Apicella, P., Scarnati, E. & Ljungberg, T.
Neuronal activity in monkey ventral striatum related to the
expectation of reward. J. Neurosci. 12, 4595-4610 (1992).
Olton, D. S., Wenk, G. L., Church, R. M. & Meck, W. H.
Attention and the frontal cortex as examined by
simultaneous temporal processing. Neuropsychologia 26,
307-318 (1988).

Meck, W. H., Church, R. M., Wenk, G. L. & Olton, D. S.
Nucleus basalis magnocellularis and medial septal area
lesions differentially impair temporal memory. J. Neurosci.
7, 3505-3511 (1987).

Pang, K. C., Yoder, R. M. & Olton, D. S. Neurons in the
lateral agranular frontal cortex have divided attention
correlates in a simultaneous temporal processing task.
Neuroscience 103, 615-628 (2001).

A key study showing that cortical neurons are
activated by simultaneous temporal processing.
Coull, J. T. & Nobre, A. C. Where and when to pay
attention: the neural systems for directing attention to
spatial locations and to time intervals as revealed by both
PET and fMRI.

J. Neurosci. 18, 7426-7435 (1998).

Rubia, K. et al. Prefrontal involvement in ‘temporal
bridging” and timing movement. Neuropsychologia 36,
1283-1293 (1998).

. Ferrandez, A. M. et al. Basal ganglia and supplementary

motor area subtend duration perception: an fMRI study.
Neuroimage 19, 1532-1544 (2003).

. Macar, F., Vidal, F. & Casini, L. The supplementary motor

area in motor and sensory timing: evidence from slow
brain potential changes. Exp. Brain Res. 125, 271-280
(1999).

Vidal, F., Bonnet, M. & Macar, F. Programming the duration
of a motor sequence: role of the primary and
supplementary motor areas in man. Exp. Brain Res. 106,
339-350 (1995).

Meck, W. H. & N'Diaye, K. Un modele neurobiologique de
la perception et de I'estimation du temps. Psychologie
Francaise 50, 47-63 (2005).

Lustig, C., Matell, M. S. & Meck, W. H. Not ‘just’ a
coincidence: frontal-striatal interactions in working
memory and interval timing. Memory 13, 441-448 (2005).
Salinas, E. & Sejnowski, T. J. Correlated neuronal activity
and the flow of neural information. Nature Rev. Neurosci.
2, 539-550 (2001).

Silva, L. R., Amitai, Y. & Connors, B. W. Intrinsic
oscillations of neocortex generated by layer 5 pyramidal
neurons. Science 251, 432-435 (1991).

. Galarreta, M. & Hestrin, S. Spike transmission and

synchrony detection in networks of GABAergic
interneurons. Science 292, 2295-2299 (2001).

Riehle, A., Grun, S., Diesmann, M. & Aertsen, A. Spike
synchronization and rate modulation differentially involved
in motor cortical function. Science 278, 1950-1953
(1997).

Steinmetz, P. N. et al. Attention modulates synchronized
neuronal firing in primate somatosensory cortex. Nature
404, 187-190 (2000).

Fries, P.,, Reynolds, J. H., Rorie, A. E. & Desimone, R.
Modulation of oscillatory neuronal synchronization by
selective visual attention. Science 291, 1560-1563 (2001).

. Beiser, D. G. & Houk, J. C. Model of cortical-basal

ganglionic processing: encoding the serial order of sensory
events. Clin. Neurophysiol. 79, 3168-3188 (1998).

Houk, J. C. in Models of Information Processing in the
Basal Ganglia (eds Houk, J. C., Davis, J. L. & Beiser, D. G.)
3-10 (MIT Press, Cambridge, Massachusetts, USA,

1995).

128. Charpier, S. & Deniau, J. M. In vivo activity-dependent
plasticity at cortico-striatal connections: evidence for
physiological long-term potentiation. Proc. Nat/ Acad. Sci.
USA 94, 70367040 (1997).

124. Gubellini, P, Pisani, A., Centonze, D., Bernardi, G. &
Calabresi, P. Metabotropic glutamate receptors and striatal
synaptic plasticity: implications for neurological diseases.
Prog. Neurobiol. 74, 271-300 (2004).

125. Schultz, W. Neural coding of basic reward terms of animal
learning theory, game theory, microeconomics and
behavioural ecology. Curr. Opin. Neurobiol. 14,

139-147 (2004).

126. Schultz, W. Multiple reward signals in the brain. Nature
Rev. Neurosci. 1, 199-207 (2000).

127. van Rossum, M. C. W. A novel spike distance. Neural
Comput. 13, 751-763 (2001).

128. Glimcher, P. W. Decisions, Uncertainty, and the Brain: The
Science of Neuroeconomics (MIT Press, Cambridge,
Massachusetts, USA, 2004).

129. Meck, W. H. Interval timing and genomics: what makes
mutant mice tick? Int. J. Comp. Psychol. 14, 211-231
(2001).

130. Aschoff, J. in Timing and Time Perception Vol. 423

(eds Gibbon, J. & Allan, L. G.) 442-468 (The New York
Academy of Sciences, New York, 1984).

. Rousseau, R., Poairier, J. & Lemyre, L. Duration
discrimination of empty time intervals marked by
intermodal pulses. Percept. Psychophys. 34, 541-548
(1983).

132. Rammsayer, T. H. & Vogel, W. H. Pharmacologic
properties of the internal clock underlying time perception
in humans. Neuropsychobiology 26, 71-80 (1992).

. Harrington, D. L., Haaland, K. Y. & Hermanowicz, N.
Temporal processing in the basal ganglia.
Neuropsychology 12, 3-12 (1998).

. Nagarajan, S. S., Blake, D. T., Wright, B. A., Byl, N. &
Merzenich, M. M. Practice-related improvements in
somatosensory interval discrimination are temporally
specific but generalize across skin location, hemisphere,
and modality. J. Neurosci. 18, 1559-1570 (1998).

135. Karmarkar, U. R. & Buonomano, D. V. Temporal specificity
of perceptual learning in an auditory discrimination task.
Learn. Mem. 10, 141-147 (2003).

136. Lejeune, H. & Wearden, J. H. The comparative psychology
of fixed-interval responding: some quantitative analyses.
Learn. Motiv. 22, 84-111 (1991).

137. Church, R. M. & Gibbon, J. Temporal generalization.

J. Exp. Psychol. Anim. Behav. Process. 8, 165-186 (1982).

138. Gibbon, J. in The Psychology of Learning and Motivation
(ed. Bower, G.) 105-135 (Academic, New York, 1986).

139. Gibbon, J., Fairhurst, S. & Goldberg, B. in Time and
Behaviour: Psychological and Neurobehavioral Analyses
Vol. 120 (eds Bradshaw, C. & Szabadi, E.) 329-374
(Elsevier, London, 1997).

140. Wearden, J. H., Denovan, L., Fakhri, M. & Haworth, R.
Scalar timing in temporal generalization in humans with
longer stimulus durations. J. Exp. Psychol. Anim. Behav.
Process. 23, 502-511 (1997).

. Crystal, J. Circadian time perception. J. Exp. Psychol.
Anim. Behav. Process. 27, 68-78 (2001).

142. Malapani, C. & Rakitin, B. in Functional and Neural
Mechanisms of Interval Timing (ed. Meck, W. H.)
485-513 (CRC, Boca Raton, Florida, 2003).

143. Coull, J. T., Vidal, F., Nazarian, B. & Macar, F. Functional
anatomy of the attentional modulation of time estimation.
Science 303, 1506-1508 (2004).

A state-of-the-art neuroimaging study using a
dynamic control task and parametric variation of the
interval-timing procedure.

13

18

(5]

18

=

14

Acknowledgements

We would like to thank M. Matell for providing data for figures 5 and
7. This work was supported, in part, by a grant from the National
Institute of Mental Health to C.V.B. and a James McKeen Cattell
award to W.H.M.

Competing interests statement
The authors declare no competing financial interests.

&) Online links

DATABASES

The following terms in this article are linked online to:
OMIM: http://www.ncbi.nim.nih.gov/entrez/query.fcgi?db=0MIM
Huntington’s disease | Parkinson’s disease

FURTHER INFORMATION

The Internet Encyclopedia of Philosophy: Time: http://www.
iep.utm.edu/t/time.htm

Access to this interactive links box is free online.

NATURE REVIEWS [NEUROSCIENCE

© 2005 Nature Publishing Group

VOLUME 6 [ OCTOBER 2005 | 765




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice




