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Abstract

We often perform movements without external cues telling us when to move.
However, the way our brains time self-initiated movements is still unclear. For
example, while temporal modulations in neuronal activity have been observed
in a variety of timing tasks, it is not clear if these modulations are strictly related
to the timing of movements or instead reflect timing measurements of external
events such as sensory cues and rewards. To isolate the temporal production
signals of movement initiation, we devised a self-timed task that requires non-
human primates to saccade between two fixed targets at regular intervals in the
absence of external cueing and without an immediate expectation of reward. To
examine the potential neural basis of this temporally dependent behavior, we
recorded from single neurons in the lateral intraparietal area (LIP), which has
been implicated in the cognitive planning and execution of eye movements. In
contrast to previous studies that observed a build-up of activity associated with
the passage of time, we found that LIP activity decreased at a constant rate over
the inter-saccadic interval. Moreover, this falling activity was found to be sig-
nificantly predictive of inter-saccadic interval duration on an interval by interval
basis. Interestingly, the relationship of this falling activity to the actual duration
of the timed interval depended on eye movement direction: it was negatively
correlated when the upcoming saccade was toward the neuron’s response field,
and positively correlated when the upcoming saccade was directed away from
the response field. This suggests that LIP activity encodes timed movements
in a push-pull manner by signaling for both saccade initiation towards one tar-
get and prolonged fixation for the other target. Thus timed movements in this
task appear to reflect the competition between local populations of task rele-
vant neurons, rather than a global timing signal. Additionally, microstimulation
was delivered during separate experiments to determine if a causal relationship
existed between LIP activity and motor production. Stimulation affected the
animals perception of time in a manner consistent with the correlation results,
suggesting that LIP activity provides a motor timing signal that is utilized in the
initiation of precisely timed behaviors.
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Part I

Background and Introduction
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Time and Behavior

One of the more interesting, and basic questions concerning time is where do the

temporal signals originate that allow us to utilize and interact with time? We do not

possess dedicated sensory receptors for timing as we do for vision, for example. Yet,

we are quite capable of determining how long something lasted, reporting which event

in a sequence occurred first, or comparing interval durations. This ability to perceive

time is essential not only for temporal discrimination, but also for everyday behaviors

and survival in humans and other organisms [Buhusi and Meck (2005); Wittmann

(2009)].

Behaviors and internal processes can occur over multiple time scales [Buhusi and

Meck (2005); Mauk and Buonomano (2004); Buonomano and Karmarkar (2002)].

Events that take place over long time scales, on the order of days, are classified as cir-

cadian rhythms. Sleep-wake cycles, hormone regulation, thermoregulation, appetite

cycles, and reproductive fitness are all examples of circadian rhythms. To produce

these events, the suprachiasmatic nuclei of the hypothalamus is thought to provide a

timing signal that drives these rhythms by utilizing external cues, such as light-input

[Kowalska and Brown (2007); Reppert and Weaver (2002, 2001)].

Other behaviors take place over much shorter time scales. Events that occur over

milliseconds to minutes are collectively known as interval timing [Meck (2005)].

Complex cognitive tasks (e.g. decision making), breathing, and locomotion happen

over intervals that range from seconds to minutes. Complex tasks that occur over mil-

lisecond time scales include speech generation, vocalization discrimination, motion

detection, and motor coordination. It is also the range over which we process the

spatial and temporal patterns of activity that our sensory neurons receive in order to

provide sensory information [Buhusi and Meck (2005); Buonomano and Karmarkar

(2002)].
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Not only do behaviors occur over multiple time scales, but our ability to perceive

time also occurs over multiple time scales. We are capable of estimating when events

took place (5 minutes ago, 5 hours ago, or event 5 years ago) or how long events lasted

(a 2 hour baseball game versus a 4 hour baseball game, for example). External stimuli

can be utilized when judging these durations. For instance, when we are approaching

a stoplight while driving, seeing it change from green to yellow allows us to anticipate

the change to red. Our perceived estimation of time between the change from yellow

to red allows us to decide if we can continue safely through the intersection or if we

need to brake.

Although we are able to utilize external sensory cues to judge time, our sense of

time cannot be a complete reflection of external events. For example, our ability to

walk, talk, type and play a musical instrument are all examples of temporally depen-

dent movements that can occur without external cueing. Yet the way in which our

brains utilize time in order to produce internally driven movements is not understood.

By investigating movements that happen in the absence of external cues, we hope to

learn where these signals exist and what signals the brain utilized in order to generate

temporally precise movements.

With a wide array of time dependent behaviors, it is not surprising that multiple

brain areas have displayed time dependent activity. However, at shorter time scales

(interval timing), it is still unclear where timing signals originate. Areas, includ-

ing the cerebellum and basal ganglia, as well as cortical areas, such as the dorsolat-

eral prefrontal cortex and parietal cortex, have shown temporal activity related to the

more complex behaviors of the shorter time scales [Mauk and Buonomano (2004);

Wittmann (2009)]. However, these findings do not necessarily mean that these areas

are a source of the temporal signals required for these behaviors. They may simply

reflect temporal signals generated elsewhere. Efference copy signals provide a nice
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example of this. These signals are generated when our bodies produce movements to

inform the brain of those commands. Yet, even though these signals are correlated

to the movement (in that they occur at the same time as the movement), they do not

cause the movement.

A number of experiments have been used to study timing. Many of the basic

timing tasks often involve duration discrimination, duration estimation, duration re-

production, rhythm comparison, or even finger tapping [Meck et al. (2008)]. Most of

these experiments involve some sort of cueing (typically visual or auditory) in order

to provide the interval that is to be discriminated, estimated, reproduced or compared.

The purpose of these experiments are to investigate time by observing how subjects

perform during temporally dependent tasks. The subject’s behavior during these tasks,

combined with various techniques, can provide information on how organisms gen-

erate, process, and use time. A few examples of studies that have shed light on the

mechanisms of timing are provided below.

One way researchers have studies timing is by investigating the performance of

human subjects during psychophysical tasks. In these studies, it has been found that

cognitive functions such as short-term memory, long-term memory, and attention,

which are all dependent on time, may be used in determining temporal judgements

[Brown (1997); Zakay and Block (2004); Taatgen et al. (2007)]. Additionally, they

have found time estimation can be greatly affected by moods, emotions, and subjec-

tive well-being [Wittmann et al. (2006); Droit-Volet and Meck (2007); Noulhiane et

al. (2007)]. For instance, time seems to speed up when we are having fun, but it can

seem to slow down during times of restlessness. Essentially, temporal estimates are

found to be longer when subjects pay greater attention to them [Wittmann (2009)].

Although these studies provide details on how cognitive states affect time perception,

they tell us little about the neural mechanism behind timing.
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Pharmacology studies provide a means for the reversible manipulation of neu-

ral activity. By altering the activity of various brain regions, effects on timing can

be investigated. Some of the primary pharmacology findings on timing have come

from systemic injections of dopamine agonists and antagonists in rats [Buhusi and

Meck (2002); Cheng et al. (2006); MacDonald and Meck (2005); Maricq and Church

(1983); Matell et al. (2006)]. When dopamine agonists, such as methamphetamine

or cocaine, were administered it was found that the animals underestimated dura-

tions. When dopamine antagonists were delivered, animals overestimated durations.

These findings implicated brain regions with dopamine dependence, such as the basal

ganglia, in time perception. Similar effects were observed following chronic admin-

istration of acetylcholine [Meck (1983); Meck and Church (1987)], which suggests a

frontal cortex involvement in timing [Meck (1996)]. However, the localization of the

delivery and the potential side-effects of the drugs and their interactions within the

brain, make these experiments far from perfect.

More recently, researchers have begun using fMRI, PET, and transcranial mag-

netic stimulation to investigate timing mechanisms. These studies can provide insight

into the areas that are activated in awake behaving humans and animals [Rao et al.

(1997, 2001); Schubotz et al. (2000); Lewis and Miall (2002); Basso et al. (2003);

Rubia and Smith (2004)]. For instance, the dorsolateral prefrontal cortex and the in-

ferior prefrontal cortex have been found to be active during time estimation, time dis-

crimination, and sensorimotor synchronization tasks. Similar tasks have also shown

that the supplementary motor area, anterior cingulate gyrus, basal ganglia, parietal

cortex, and the cerebellum also display selective excitation during timing dependent

tasks. However, the anatomical precision, causality of the behavioral output, and the

relationship between neural activity and these techniques are still in question.

Diseased patients and lesion studies also allow researchers to see what happens
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to timing capabilities when different brain regions are dysfunctional. By observing

timing deficits, they can draw conclusions about what brain regions are valuable to

different components of timing. Early lesion studies displayed the importance of the

cerebellum in timing. Patients and animals with cerebellar lesions have shown dys-

functions in the precise timing of movements [Ivry et al. (1988)], in sensory duration

discrimination [Ivry and Keele (1989)], and eyelid conditioning [Perrett et al. (1993);

Garcia et al. (1999)], to name a few. Diseased patients, such as those with Parkinson’s

disease also have shown deficits in temporal behaviors [Koch et al. (2008); Malapani

et al. (1998b, 2002, 1998a)], suggesting that the striatum is essential for interval tim-

ing [Buhusi and Meck (2005)]. Although these studies provide insights into abnormal

timing as a result of brain damage, the extent of the damage and its effects are often

unknown, making comparisons to normal subjects difficult.

Electrophysiological recordings using single electrodes, tetrodes, and arrays, pro-

vide great detail about neural activity that occurs during time related behaviors. Neu-

ral activity from a number of different brain areas have been recorded as animals

performed duration discrimination and duration estimation tasks, for example. Corti-

cal regions including the premotor, motor, parietal, prefrontal, and frontal areas, along

with the striatum and cerebellum, have displayed time-dependent, single cell activity

as durations were being monitored [e.g. Lucchetti and Bon (2001); Leon and Shadlen

(2003a); Roux et al. (2003); Janssen and Shadlen (2005); Genovesio et al. (2006);

Renoult et al. (2006); Genovesio et al. (2009); Chiba et al. (2008); Meck et al. (2008);

Prsa et al. (2009)]. These, and many other electrophysiological studies, have shown

that numerous areas display time-varying signals on the level of single cells. Yet,

these signals may simply be a reflection of external events or activity generated in a

different region, making distinctions between areas that utilized temporal activity and

areas that produce temporal activity difficult.
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While all of these techniques do provide some important information about tem-

poral mechanisms [Rubia and Smith (2004); Ivry and Spencer (2004); Buhusi and

Meck (2005); Meck (2005); Meck et al. (2008); Wittmann (2009); Coull et al. (2011)],

each have their weaknesses. Most of the studies above investigated timing using ex-

ternal cueing (usually visual or auditory) to direct behavior. Therefore, most of these

insights are based off of external events rather than an internally generated timing sig-

nal. Additionally, most of these techniques tell us little about causation (i.e. whether

activity in these regions is sufficient to alter the timing of the behavior at hand).

In order to provide novel and insightful information to the neural timing field,

we utilized a self-paced timing task, absent from any external timing cues, while

recording single cell neuronal activity. Because no external cues were provided to our

subjects, the observed activity should reflect timing signals based on internal estimates

of time. Additionally, we introduced microstimulation as animals performed this task.

This allowed us to determine if the observed activity contributed to the timing of

behavior. For a clear understanding of how neural timing is accomplished, discoveries

from multiple fields and methodologies must be required and analyzed collectively.

Our goal was to provide new insights on where timing signals originate, what these

internally driven signals look like, and how they are used to time behaviors.

Timing Models

There are currently two lines of thought pertaining to where temporal signals origi-

nate to affect neural processing and behavior on the millisecond to minute time scale.

Some believe that there is a centralized timing mechanism [Gibbon (1977); Matell

and Meck (2000)], while others believe in a distributed timing mechanism [Rao et

al. (1997); Buonomano and Karmarkar (2002); Staddon (2005)]. In the central tim-

ing model a specific portion of the brain produces a timing signal that is utilized for
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all timing related events for all modalities. Other brain regions that are required for

the movement, simply tap into this timer in order to produce timed behaviors. The

prominent model for this mechanism is the internal clock model. In this model, a

pacemaker emits pulses at a regular interval. These pulses are then counted by an

accumulator and compared to previously reinforced counts stored in memory. Sup-

port for this model developed due to the successful predictions produced by the model

[Gibbon et al. (1984)] as well as neural and pharmacological based evidence [Plenz

and Kital (1999); Meck (1996, 1983); Maricq and Church (1983); Matell et al. (2004);

Buhusi and Meck (2007)]. Yet, due to inconsistencies with other studies [Malapani

et al. (1998b); Holson et al. (1996); Buhusi and Meck (2002)], the relevance of this

model to interval timing mechanisms within the brain remains unclear.

The distributed timing model suggests that there is no dedicated timing system

but that the ability to represent time is an intrinsic property of distributed cell popu-

lations that are required for a given task [Ivry and Spencer (2004); Buonomano and

Karmarkar (2002)]. Instead of all regions tapping into a central clock for all modal-

ities, neurons concerned with a given modality and task produce timing information

based on population interactions. There are two prominent models in the distributed

scheme, labeled lines and population clocks.

In the labeled lines model, different neurons within a population respond at differ-

ent interval lengths. For example, one neuron may respond at 100 ms while a second

neuron responds at 200 ms. The labeled line population can be used to determine

time by which neurons are active. In order to time an interval using this model, a

regular temporal signal must exist that allows neurons to respond incrementally un-

til the interval is reached. Because a variety of intervals must be accounted for in

a timing model, regular temporal signals may be provided by various substrates that

offer different signal frequencies. Labeled line models have utilized oscillators [Maill
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(1989)], slow biochemical reactions [Fiala et al. (1996); Jaffe (1992)], intrinsic cur-

rents [Beggs et al. (2000)], and cell thresholds [Antón et al. (1991)] to time a range

of intervals [Buonomano and Karmarkar (2002)]. Although effective in timing tasks

such as interval discrimination, difficulties arise with this model when the tempo-

ral demands of tasks are increased (e.g. musical structure, speech) [Buonomano and

Karmarkar (2002)].

In the population clock model, time is encoded through the network activity of a

population of neurons. There is no specific time at which neurons are active, instead

dynamic interactions or time-dependent changes between neurons within the network

provide information about lapsed time. For instance, short-term synaptic plasticity

[Buonomano (2000)], or inhibitory feedback signals [Medina et al. (2000)] between

neurons may be used in millisecond to second timing. In this model, no temporal

constants exist, yet a variety of intervals can be encoded. This type of activity has been

observed to account for interval discrimination and temporal sequences [Buonomano

and Karmarkar (2002)].

Although important for countless behaviors and cognitive processes, it is still not

clear what mechanisms provide timing signals to drive internally generated move-

ments or where in the brain time perception occurs. Multiple timing models, using

various brain regions, have tried to account for interval timing behaviors. Yet answers

to these questions about timing are still not fully developed. This gap in understand-

ing provides the basis for my research. A greater knowledge of neural timing will not

only help use to better understand normal motor and cognitive functions but it will

also provide insights into numerous disease states that display timing deficits [Lebe-

dev et al. (2008)].
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LIP and Motor Production

One of the ways to study the neural basis of time and time perception, is through the

use of a motor task that is highly dependent on timing. Animals can be trained to

perform precision timing tasks and their behavior, along with neural activity, can be

monitored in order to observe task related activity. Analyses concerning the timing

of the behavior(s) and neural activity can then be made in order to answer questions

about neural timing. To examine temporal signals, a temporally concise and trainable

behavior must be used and the circuitry that controls this behavior must be known.

The ability of animals to perform timed ocular-motor movements suggests that

the visual-motor pathway utilizes temporal signals that affect behavior and neural ac-

tivity. Employing ocular-motor movements to investigate the origin of neural timing

and time perception has many advantages. The circuitry that controls saccades, the

rapid jerk-like eye movements that direct gaze to new locations either in response to

a stimulus or in visual search, is quite well known. The motor output used to pro-

duce saccades is very reproducible and few muscles are involved in their generation.

Also, the fact that saccades have very fast responses and can be easily and efficiently

monitored makes them an ideal movement for study in cases where precise timing is

a concern.

The lateral intraparietal area (LIP) of the posterior parietal cortex (PPC) has tra-

ditionally been seen as an integration center between visual input and motor output

[Andersen (1995); Gottlieb (2007)]. It has also been shown to be part of the saccade

generating pathway [Thier and Andersen (1998)]. LIP is located on the lateral wall of

the intraparietal sulcus. It is highly inter-connected with the frontal eye fields and the

superior colliculus, as well as a variety of other largely visual areas such as V3, V4,

the middle temporal area (MT), and many others, making LIP a unique area in the

PPC [Blatt et al. (1990); Cavada and Goldman-Rakic (1991); Ferraina et al. (2002);
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Lewis and Van Essen (2000)]. LIP’s location between visual and saccade related ar-

eas is evident in its activity. LIP neurons contain receptive fields; a representation of

visual space for which the presence of a stimulus within that area causes increased ac-

tivity [Blatt et al. (1990); Andersen et al. (1990a)]. LIP neurons also contain response

fields; an area in space to which a movement occurs when that neuron is activated

[Gnadt and Andersen (1988); Platt and Glimcher (1998)]. The combination of these

fields, which are often similar in space for nearby neurons, suggests that this area is

involved in visuomotor transformations.

However, determining exactly what this region does has proven to be complicated,

in part because its response properties have been shown to be highly dependent on the

task and task related experiences [Freedman and Assad (2006); Law and Gold (2008);

Freedman and Assad (2009); Bennur and Gold (2011)]. LIP has been implicated in

a wide variety of situations including the allocation of visual attention [Bisley and

Goldberg (2006); Gottlieb et al. (2009); Bisley and Goldberg (2010)], perceptual de-

cision making [Shadlen and Newsome (2001); Roitman and Shadlen (2002); Hanks et

al. (2006); Gottlieb and Balan (2010)], goal selection during visual search [Ipata et al.

(2006); Thomas and Paré (2007)], remapping of visual stimuli during eye movements

[Duhamel et al. (1992); Kusunoki and Goldberg (2003); Heiser and Colby (2006)],

as well as the planning of eye movements [Platt and Glimcher (1997); Bracewell et

al. (1996); Mazzoni et al. (1996); Gnadt and Andersen (1988)]. Importantly, it has

also been shown that LIP activity is modulated during the anticipation of a visual cue

[Colby et al. (1996)] and also during times when the animal can anticipate a reward

[Sugrue et al. (2004); Yang and Shadlen (2007); Bendiksby and Platt (2006); Seo et

al. (2009)].

Recently, investigators have reported that explicit representations of the passage

of time have been observed in LIP [Leon and Shadlen (2003b); Janssen and Shadlen
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(2005); Maimon and Assad (2006)]. During these tasks, neural activity varied over

time in a task-dependent manner. However, since visual cues were utilized in each of

these tasks, it is unclear if the time-dependent activity was related to temporal produc-

tion, the execution of a behavior at a specific moment, or temporal measurement, the

time related to external cueing. For instance, in the study by Leon and Shadlen, mon-

keys were required to report the difference in cue duration. Animals were required

to fixate a central dot as two potential saccade targets appeared on the monitor. The

central dot then changed from blue to white for a fixed duration. The dot changed

back to blue briefly prior to turing white again for a variable amount of time. The

fixation point subsequently turned off, indicating to the animal to make a saccade to

one of the two targets depending on which duration (indicated by the white fixation

points) lasted longer [Leon and Shadlen (2003b)]. In this case, time related activity

almost assuredly represents temporal measurement signals since the movement was

not timed.

For the Janssen and Shadlen study, animals were again required to fixate a cen-

tral target. Once the central target dimmed, animals were required to saccade to a

second peripheral target. The “go” cue (dimming of the central fixation point) was

programmed to occur during regular intervals that were drawn from pre-determined

probability density functions [Janssen and Shadlen (2005)]. Animals were able to

learn and anticipate the times at which the go cue was likely to happen. Increases in

LIP activity were observed during times at which it was likely that the go cue would

occur. However, because the go cue always preceded a movement, it is uncertain if

the consistent variations in neural activity represented the time-dependent probability

of cueing, or the initiation of the movement.

Similarly, in the Maimon and Assad task, animals were again cued with a visual

stimulus to make a movement. Monkeys were required to fixate a target on a monitor
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while two parallel bars appear in the periphery. A dot located between the bars ap-

peared at the same time and, after a slight delay, the dot moved toward one of the bars

at a constant speed. The animals were required to press a lever just before the moving

dot would hit the bar to cause the dot to turn [Maimon and Assad (2006)]. Although

this task also included trials where a delay was imposed between the lever press and

the dot change and trials where the lever was pressed in response to the computer turn-

ing the dot, variations in activity may yet reflect a decision process based on stimulus

dynamics rather than the movement itself.

In addition to visual cueing, temporally related activity may also reflect other

events that are closely linked to the movement, such as reward. In most timing studies,

rewards are delivered following a single movement that is cued at a consistent time.

This allows that animal to not only anticipate the movement, but also to anticipate

the sensory cue and reward delivery. This is indeed problematic when investigating

temporal productions signals since LIP neurons have been shown to modulate their

activity during both sensory [Colby et al. (1996)] and reward anticipation [Platt and

Glimcher (1999); Sugrue et al. (2004); Yang and Shadlen (2007); Bendiksby and Platt

(2006); Dorris and Glimcher (2004); Seo et al. (2009)]. Therefore, in order to investi-

gate motor production signals within LIP, a timing task must be designed that avoids

regularly occurring external events such as cues, stimulus changes, or rewards.

Overview of Analyses: Part 1

To accomplish this end, we devised a task termed the self-timed rhythmic saccade

task (Figure 1). During this task, animals were required to perform saccades back and

forth between two fixed targets at a consistent interval such that saccades occurred

each second (0.5 Hz). One target was located near the center of the monitor while the

other target was peripherally positioned within the RF of the neuron being recorded
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(relative to fixation of the central target). Trial lengths were randomized and no ex-

ternal, movement related cues were provided to the animals. Trials were immediately

aborted if animals produced an interval between saccades that varied by more than

200 ms from the trained 1 second interval. The lack of dynamic external cues served

to control for sensory anticipation while randomizing trial lengths served to control

for reward anticipation. Additionally, trials were allowed to end at any time within

an interval, not only at times following saccades. This was done to further dissociate

reward from motor production. Saccades made toward the central target are termed

central saccades while saccades made toward the peripheral target are termed periph-

eral saccades.

Various analyses from this experiment provided insights into the timing mecha-

nisms within the monkey brain. By performing a correlation analysis between the

inter-saccade times produced by the animals and the neural activity that occurred

during that same interval, we were able to determine that LIP activity does reflect a

temporal production signal during this task. For this signal to be used in the timing

of saccades, activity should be correlated with inter-saccade times throughout inter-

saccadic intervals, which is what we found. Because the timing of eye movements

was precisely defined in our design, if activity had only depended on the potential

of immediately making a saccade, correlations between activity and behavior would

have been restricted to very brief periods (100-150 ms) preceding the saccades. This

motor “preparation” is different from motor production in that motor preparation is

only concerned with initiating an imminent saccade while motor production is the

timing of a future saccade. Thus, this experimental design allowed us to distinguish

the neuronal activity associated with motor production from activity associated with

motor preparation.

Additionally, by comparing saccadic activity between the two directions of move-
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ment (central saccade vs. peripheral saccade), information on the distribution of tem-

poral strategies within the brain was also obtained. Because activity during central

and peripheral saccades was significantly different from one another, that suggests

that temporal signals are distributed amongst the neurons concerned with a given

movement. Had activity between saccade directions been similar, it is possible that

temporal signals would have been obtained from a centralized timer since different

movements (with respect to the RF) would have been timed in the same manner.

Also, had individual neurons within the population appeared to be correlated with the

behavior at different points within the interval, LIP could have been utilizing a labeled

line mechanism to time behavior. However, we found little evidence for a labeled line

method. Instead, very few individual cells displayed significant correlations between

activity and duration. Yet, the population activity was significantly correlated. These

findings suggest that a population clock mechanism potentially accounts for motor

production. By comparing neuronal activity between saccade directions and by inves-

tigating individual neuronal responses, we are able to suggest how timing signals are

distributed within the brain and how these signals were produced.

Another issue that remains unexplored is how the complexity of motor plans af-

fects their representation. All existing data concerning the delay period responses

of LIP neurons comes from tasks in which the behavioral requirement is limited to

very small numbers of movements (usually one). Psychophysical evidence suggests

that, when confronted with an array of saccade targets, subjects naturally plan entire

saccade sequences [Zingale and Kowler (1987)]. The planning of entire sequences

has been observed in a number of brain regions and for various tasks [Baldauf et

al. (2008); Mushiake et al. (2006); Histed and Miller (2006); Lu and Ashe (2005);

Ohbayashi et al. (2003); Fujii and Graybiel (2003); Tanji and Shima (1994)]. There-

fore, motor neurons that control saccadic movements may also display the planning
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of an entire sequence of movements. Because two saccade targets were stationary

throughout the trial in our design, it may have encouraged the planning of an entire

sequence of saccades. By requiring multiple saccades, the potential existed to see dif-

ferent phenomena than those reported by previous studies in which the vast majority

required only a single motor event. Although our task provided an opportunity for

sequence planning to occur, we did not observe such activity within LIP.

Overview of Analyses: Part 2

Even though temporal signals were observed within LIP during this task, those signals

say nothing about the causality between neural activity and the behavior. LIP activ-

ity may simply reflect activity from another brain region and not directly influence

behavior. In order to determine if the observed activity does influence behavior, we

performed a second set of experiments during which brief pulses of sub-threshold mi-

crostimulation were delivered to LIP as each animal performed the self-timed delayed

saccade task.

Stimulation was delivered during random intervals of random trials in order to

prevent the animals from anticipating the potential effects. Two separate stimulation

experiments were performed. In one experiment, consistent stimulation parameters

were delivered (250 Hz, 150-180µA, 16 ms) at various times within the interval be-

tween saccades. This was done to see if the time at which stimulation was delivered

affected the timing of the behavior. In the second experiment, stimulation was deliv-

ered at a consistent time (250 Hz, 150-180µA, 450 ms following the execution of a

saccade) but the duration varied (16, 32, 48, 64, and 80 ms). This was done in order

to see if duration had an effect on the extent to which the behavior was affected.

The application of stimulation allowed us to determine if LIP activity was in-

volved in the perception of time. Since intervals during which stimulation was de-
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livered were significantly different from “no-stim” intervals, it suggests that LIP is

involved in the perception of time. Also, by comparing stimulation results between

movement directions (central vs. peripheral), this experiment also provided further

insight into the distribution of temporal strategies within the brain.

Because the inter-saccadic duration prior to a central saccade was altered by stim-

ulation while the interval associated with a peripheral saccade was unaffected, that

suggests that temporal strategies are distributed amongst the neurons associated with

the RF. Had inter-saccade times for both movement directions been affected by the

stimulation, it would have suggested that LIP was a component of the centralized

timer since movements both towards and away from the RF would have been affected

similarly by the stimulation. Also, had stimulation produced no effect on either move-

ment, that could have indicated that the timing of the behavior was determined by a

centralized pacemaker located elsewhere within the brain or, more simply, that we

were not in an area that influenced the timing of behavioral events. In this way, deliv-

ering localized stimulation provided evidence for temporal perception within LIP and

distributed timing mechanisms within the brain.

Summary

Accurate muscle timing is crucial for coordinated behavior. Movements can be trig-

gered internally through self-initiated activity or externally by sensory signals. Our

goal was to discern the neural signal responsible for the internal initiation of timed

saccades and to determine if altering this signal affects the perception of time.

Previous studies have found evidence of temporal signals within LIP [Leon and

Shadlen (2003b); Janssen and Shadlen (2005); Maimon and Assad (2006)]. How-

ever, these studies utilized sensory signals in order to cue movement onset. Addition-

ally, the temporally related activity observed in these studies may have reflected other
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events that were closely linked to the movement, such as reward. Therefore, the ob-

served timing signals could be related to the external events associated with temporal

measurement rather than temporal production of the behavior.

The focus of this work was to investigate the internal timing signals in LIP used

to produce temporally precise behaviors. To do this, animals were trained to perform

a task that was highly dependent on their perception of time. Because LIP has been

shown to modulate its activity during periods where sensory events and reward can be

anticipated [Colby et al. (1996); Platt and Glimcher (1999); Sugrue et al. (2004); Yang

and Shadlen (2007); Bendiksby and Platt (2006); Dorris and Glimcher (2004); Seo et

al. (2009)], efforts were made to dissociate the timed movement from both sensory

cueing and reward delivery. This task was termed the self-timed rhythmic-saccade

task.

By recording from LIP as each animal performed this task, analysis of the neu-

ronal firing rates allowed us to determine that previous patterns of activity were due

to the timing of external events, such as cueing or reward, instead of reflecting the

upcoming initiation of behavior. Since a temporal signal was observed after dissoci-

ating sensory cueing and reward from the behavior, we then wanted to determine if

the signal was directly linked to the production of the behavior, or if the signal simply

reflected a timing signal produced in some other region.

Introducing stimulation to LIP as animals performed the self-timed rhythmic-

saccade task allowed us to determine that the observed temporal production signal

could affected behavior. Since behavioral timing was altered, it suggests that LIP was

involved in time perception as the animal performed rhythmic saccades. Additionally,

by investigating both movements toward and away from the RF in each experiment,

we were able to provide support for a distributed (vs. centralized) neural timing mech-

anism.

18



Part II

Temporal Production Signals in Parietal

Cortex
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Introduction

Whether we are walking, talking, typing, or simply reaching to grasp an object, move-

ments must be executed at the correct time. The natural timing of these movements

does not necessarily require an external cue. For instance, a musician is capable of

keeping a beat while playing an instrument without any external cues telling the mu-

sician when to play each note. Rather, an internal representation of time is used to

keep a steady tempo.

In order to plan for an upcoming movement (such as the next note to be played),

the brain must be able to represent the passage of time. However, the nature of signals

that encode time (measurement), and the way in which these signals are utilized in

order to produce movement (production), are unclear [Genovesio et al. (2009); Mauk

and Buonomano (2004); Buonomano and Karmarkar (2002)]. In particular, signals

associated with temporal measurement, the representation of the passage of time be-

tween external events, need not reflect temporal production, the execution of a behav-

ior at a specific time [Leon and Shadlen (2003a); Wencil et al. (2010); Genovesio et al.

(2009); Chiba et al. (2008); Renoult et al. (2006); Harrington et al. (2004)]. Although

the passage of time must be monitored during both temporal measurement and tem-

poral production, temporal measurement is defined as timing associated with external

cues while temporal production is defined as timing solely associated with movement

initiation.

Recently, investigators have suggested that explicit representations of the passage

of time can be found in the responses of lateral intraparietal (LIP) neurons of the poste-

rior parietal cortex [Leon and Shadlen (2003a); Janssen and Shadlen (2005); Maimon

and Assad (2006)]. The neuronal activity observed in these studies systematically

varied over specific temporal intervals prior to the execution of a movement. How-

ever, these variations do not necessarily reflect temporal production. For instance, in
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the study by Leon and Shadlen, animals were required to measure the duration that

visual stimuli were displayed [Leon and Shadlen (2003a)] but the required behavior

itself was not timed.

Consistent variations in activity over time may also reflect task parameters, such

as stimulus events or probabilities, that systematically vary over time, rather than rep-

resenting time itself [Janssen and Shadlen (2005); Hwang and Andersen (2009); Cui

and Andersen (2007); Scherberger and Andersen (2007); Gail and Andersen (2006);

Genovesio et al. (2006); Quian Quiroga et al. (2006); Scherberger et al. (2005); Coe

et al. (2002); Lucchetti and Bon (2001); Snyder et al. (1998, 1997)]. For example, if

the animal is explicitly cued when to make a movement and that cue tends to happen

at certain times, then activity may represent the time-dependent probability of cue-

ing rather than temporal production per se [Janssen and Shadlen (2005)]. Similarly, if

movements are linked to sensory events, such as the approach of a moving target, tem-

poral variations in activity may reflect stimulus dynamics rather than the movement

itself [Maimon and Assad (2006)].

Activity could also reflect external events such as reward that, by virtue of being

tightly coupled to the upcoming movement, can be readily anticipated. In most tim-

ing studies, rewards are contingent on a single specific eye movement [Janssen and

Shadlen (2005); Leon and Shadlen (2003a); Cui and Andersen (2007); Quian Quiroga

et al. (2006); Coe et al. (2002); Snyder et al. (1997)] that is cued at a particular time.

Therefore, both the sensory cue instructing the movement, and the reward that is

linked to the production of that movement, can be readily anticipated. This is of par-

ticular interest because LIP neurons have been shown to modulate their activity during

visual anticipation [Colby et al. (1996)], and reward anticipation [Platt and Glimcher

(1999); Sugrue et al. (2004); Yang and Shadlen (2007); Bendiksby and Platt (2006);

Dorris and Glimcher (2004); Seo et al. (2009)], as well as during movement plan-
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ning [Bracewell et al. (1996); Mazzoni et al. (1996); Andersen et al. (1997); Platt and

Glimcher (1997); Snyder et al. (1997); Gnadt and Andersen (1988); Andersen and

Buneo (2002)]. Therefore, a measurement of temporal production signals requires

a timed behavior which occurs in the absence of regularly occurring external events

such as cues, stimulus changes, or rewards.

To accomplish such measurements, we designed a self-timed task that requires

animals to move consistently at regular time intervals without any external or envi-

ronmental cues (Figure 1). Specifically, the task requires the animals to make rapid

eye movements (saccades) back and forth between two fixed targets every second.

Trials were immediately aborted if any inter-saccadic interval, the time between sub-

sequent saccades, differed by more than 200 ms from the 1 second standard. The lack

of any external, timing related visual cues serves to control for sensory anticipation

and temporal measurement. Trial length and reward amount were randomized on a

trial by trial basis to minimize reward anticipation. We further dissociated reward

from the saccadic movement by allowing trials to end at any time within an interval,

not just immediately following the completion of a saccade. Finally, by utilizing sac-

cades instead of other movements (such as reaching), we minimized any variability in

motor output since saccade metrics between two fixed locations are highly consistent.

After animals were trained consistently to saccade at one second intervals, we

recorded from individual neurons in LIP. Our recordings confirm previous suggestions

of temporal representations within the area, but suggest that the nature of these repre-

sentations is far different from prior reports. First, we found that, unlike the activity

observed in previous studies, activity within LIP was characterized by a constant de-

crease in activity throughout the timed interval prior to movement initiation. Second,

activity throughout inter-saccadic intervals was significantly predictive of interval du-

ration on an interval by interval basis. Lastly, the sign of activity’s correlation with the
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upcoming inter-saccadic interval reversed after saccades towards the response field.

Therefore, it appears that localized LIP activity contributes to both saccade initiation

and fixation, and temporal production in our task reflects the balance between these

two signals.

Materials and Methods

Task Training and Design

Two male monkeys (Macaca mulatta) (8.3 & 9.3 Kg) were seated in a darkened room

in front of a computer monitor. Training began by learning to maintain fixation (within

3º) of a single target in order to receive a juice reward. The length of the fixation

requirement was gradually increased to 1000 ms. Once the animal could fixate for a

full second, a second target appeared and the initial target was extinguished. Animals

then had to fixate one of the two targets as each was displayed for 1000 ms. Each

target was identical in size (0.15 deg) and color (white). The number of fixations (and

therefore the number of timed delayed-saccades) required was gradually increased

and randomized (2-10 saccades). To this point, we have somewhat mimicked previous

designs, in that temporal measurement (the regularity of fixation disappearance and

cue appearance) and temporal production (the regularity of saccades) were both likely

to be occurring. To encourage the animal to rely solely upon temporal production

signals, the luminance of the non-fixated target was gradually increased until both

targets remained on constantly and with equal luminance throughout the trial.

For physiological recordings, the animals performed this self-timed rhythmic-

saccade task. Trials began with the monkey fixating the first of two targets to ap-

pear on the monitor (Fig. 1A). One of the targets was positioned near the center of

the screen while the other target was positioned peripherally within the response field

(RF) [Gnadt and Andersen (1988); Barash et al. (1991b); Colby et al. (1995, 1996);
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Platt and Glimcher (1997, 1998); Andersen and Buneo (2002)] of the neuron being

recorded (dashed box in Fig. 1A). Immediately following fixation of the first target

(“Initial Target”), the second target appeared on the monitor (“Subsequent Target”).

Once fixation of the initial target occurred, the monkey was required to perform sac-

cades back and forth between the two targets so that a saccade occurred each second

(“Rhythmic Saccades”) (+/- 200 ms) (0.5 Hz). After both targets had appeared, no fur-

ther changes in visual stimuli occurred. The monkey was required to continue making

saccades (2-10) between the two targets at the 1 second interval for a randomized trial

length before receiving a juice reward (Fig 1). Trials randomly alternated between

having the initial target appear at the central and peripheral locations to ensure that

we observed both saccadic directions for each interval within the sequence.

Saccade targets were constantly displayed following the first interval of the trial in

order to minimize sensory anticipation [Colby et al. (1996)]. To help minimize reward

expectations, the hazard function, which represents the instantaneous probability of

the trial ending given that it has not yet ended, was flat throughout each trial [Ghose

(2006); Janssen and Shadlen (2005)]. Therefore, the instantaneous probability that the

animal received a reward at any given instant was kept constant throughout each trial.

Trial times were exponentially distributed toward shorter trial times (decay constant =

-1000 ms). Trials could end at any point, including the middle of an interval, in order

to further dissociate saccadic movements from reward. Average trial length for both

animals equaled 3.96 sec (sd = 1.14 sec). A minimum of 50 saccades was required

from each cell while the animal performed the rhythmic-saccade task.

Eye movements made to the peripheral target (in the direction of the RF) are

termed “peripheral” saccades while eye movements made to the central target (or

away from the RF) are termed “central” saccades (Fig. 1A). For clarity, during this

task, when the animal was fixating the central target, the response field was located at
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the peripheral target. The animal’s next saccade would then be made to the peripheral

target, toward the RF. However, once the animal fixated the peripheral target, the RF

was not located at either target and the next move (central saccade) would be made

away from the direction of the RF.

In addition to monitoring the activity during the self-timed rhythmic-saccade task,

the activity for all cells in our population were also monitored during a memory-

guided delayed-saccade task [Hikosaka and Wurtz (1983); Colby et al. (1993)]. The

memory-guided task was used to determine which cells displayed stereotyped LIP

firing activity. Trials began by requiring the monkey to fixate a target near the center

of the monitor (Figure 1C). Following fixation, a target within the RF was flashed for

a brief period of time (200 ms) and then extinguished. The monkey was required to

remember the location of the flashed target, while maintaining fixation at the center

target. The monkey was then required to make a single saccade to the remembered

location following extinction of the central target 1000 ms after the trial began to

receive a juice reward. In order to be selected for further analysis, neurons had to

display a light sensitive response to the target flashed in the RF [Gnadt and Andersen

(1988); Andersen et al. (1990b); Barash et al. (1991b,a)]. Neurons also had to show

maintained activity during the memory, or delay, portion of the task (time between the

RF target being extinguished and the fixation point being extinguished). Only cells

that displayed both light sensitive and memory activity were investigated further in

this study. A minimum of 30 trials were required from this task, yet 40 trials were

typically recorded.

Although the delay timing between the two tasks remained the same (1000 ms),

the memory-guided delayed-saccade task differed from the self-timed rhythmic-saccade

task in a number of ways (Figure 1A&C). First, in the memory task, the peripheral

target was extinguished after its initial appearance within the neuron’s response field
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instead of remaining throughout the entire trial. Thus, the animal was required to re-

member the target location following the disappearance of the peripheral target. Sec-

ond, the memory task always required just a single saccadic movement and rewards

were always delivered immediately following a correct saccade. Lastly, the animal

was cued when to make the movement by the extinction of the central fixation point

during the memory task.

Electrophysiology

Prior to training animals were chronically implanted with titanium head posts in or-

der to stabilize head position. Animals were also implanted with scleral eye coils

in order to monitor eye position (sampling rate of 200 Hz), although an infrared eye

tracking system (iView X Hi-Speed Primate camera system, SensoMotoric Instru-

ments) was used most often to track eye position. Following training, animals were

implanted with chronic stainless steel or customized PEEK (polyether ether ketone)

recording cylinders. Cylinders were placed, stereotactically, in a manner that allowed

electrode penetration of the lateral bank of the intraparietal sulcus (area LIP). Area

LIP was identified anatomically using MRI prior to recording cylinder implantation.

All surgeries were done in accordance with animal care guidelines of the University

of Minnesota and the National Institutes of Health. Surgeries were performed under

aseptic conditions with full anesthesia.

Single-cell recordings were done from 175 well-isolated neurons using standard

extracellular recording techniques. Action potentials were sampled (1000 Hz) and

digitized for on and off-line analysis. Mapping of each neuron’s RF was done by

randomly shifting the non-central target about the computer display, while the animal

performed single-saccade trials of the rhythmic-saccade task, where the initial fixa-

tion point was always the central target. On the basis of neural responses to various
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non-central target locations (usually 8), the location of the RF (and the peripheral tar-

get), relative to the central fixation point, was concluded. Five to ten correct saccades

to each location were typically sufficient to determine a cell’s RF. After mapping, we

recorded from neurons while the animals performed the memory-guided delayed sac-

cade task. One hundred of the 175 neurons sampled displayed both the light sensitive

and sustained memory activity during the memory task and they are analyzed here.

Recordings were typically taken from the right hemisphere (26/50 cells for animal 1

and 50/50 cells for animal 2).

Data Analysis

Visual stimulation, behavioral control, and data acquisition were controlled using cus-

tomized computer software:

(http://www.ghoselab.cmrr.umn.edu/software.html)

Online analyses of average firing rate were used to determine RF locations. Of-

fline analyses of firing rates relative to the events of the saccade tasks were done using

Matlab (R) (MathWorks). Average firing rates were smoothed by convolving with a

Gaussian kernel (s.d. = 35 ms). However, no smoothing was done for any correlation

analysis. Saccade onset was defined according to eye velocity ( > 85º/sec) in con-

junction with the computer software’s recognition of the eye position’s arrival within

the fixation window. The first saccadic intervals within a trial were analyzed sepa-

rately from all subsequent intervals since, for initial saccades to the central position,

the appearance of the subsequent target in neuron’s RF elicited activity. Significant

increases in pre-saccadic activity, were calculated by comparing firing activity within

150 ms of saccade initiation (-150 to 0) with the activity 250 ms prior to that interval

(-400 to -150) (t-test, p < 0.05).

In order to determine what factors are associated with firing rate changes, we gen-

27



erated a prediction of neural activity by convolving observed neural activity aligned

with one saccade direction with the inter-saccade distribution times. For example, if

we convolve the inter-saccade distribution times aligned to central saccades with the

actual firing rate aligned to peripheral saccades, we get a prediction for central saccade

aligned activity (see Figure 5A for example) (convolution: ( f *d)(t) =
´

f( )d(t- )d ).

The difference between this prediction and the observed firing rate for activity aligned

to central saccades indicates how well activity associated with peripheral saccades

can completely explain task related modulations in activity. The same analysis is

then repeated using activity aligned to central saccades. Fit is given by: %Fit =

(1!NMSE)"100 where NMSE is the normalized mean squared error. The NMSE is

calculated by dividing the mean squared error by the explainable variance of the actual

unsmoothed firing rate (variance of firing rate over the interval ! average variance of

all time points of the rate).

Results

We trained two monkeys to perform a variant of the delayed-saccade task [Hikosaka

and Wurtz (1983); Colby et al. (1993)] called the self-timed rhythmic-saccade task

(Figure 1 A&B). The task was designed to focus on temporal motor production and

avoid any regular pattern of sensory stimulation or reward that might lead to tempo-

ral measurements within the task. In this paradigm, the monkey must rhythmically

saccade back and forth between two static targets at a defined interval (0.5 Hz). Be-

cause there are no external cues regarding this interval, the monkey must form and

follow an internally and explicit temporal representation to successfully perform the

task [Colby et al. (1996)].

To verify that the animals learned the trained interval of one second, we exam-

ined the produced inter-saccadic intervals as a function of saccade direction and serial
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order (Figure 2). Seventy eight thousand fifty nine saccades (average of 781 sac-

cades/cell, with a standard deviation of 235 saccades/cell) were analyzed over 19,177

trials. We found that both animals displayed highly consistent behavior, with standard

deviations much smaller than the allowable behavior window of +/- 200 ms. Interval

production depended neither on saccade direction nor serial order. Animal 1 produced

average inter-saccadic intervals of 1022 ms (standard deviation of 118 ms), 985 (101),

and 1003 (111) prior to peripheral, central, and all saccadic movements, respectively.

Animal 2 produced those same average inter-saccadic intervals at 974 ms (103 ms),

972 (100), and 973 (101), respectively. Average inter-saccade times for the first 5 in-

tervals serially for Animal 1 are 991 ms (104 ms), 988 (102), 1028 (118), 1041 (129),

1024 (126). Animal 2 produced average intervals of 984 ms (94 ms), 971 (101), 948

(99), 976 (110), 978 (105). Because the behavioral comparisons within each animal

and between animals are very similar, all future analyses will combine data for all

saccade intervals (except first intervals) and both animals.

We also compared successive inter-saccadic intervals produced by the animals

during the timed rhythmic-saccade task. Previous studies have noted that a negative

correlation exists between subsequent repetitive behaviors, such as finger taps or sac-

cades [Wing and Kristofferson (1973b,a); Collins et al. (1998)]. However, these stud-

ies focused on tempo reproduction rather than a self-timed behavior. An investigation

of successive inter-saccade times in our self-timed task revealed that the combined

behavioral data displayed a small but significantly positive correlation (r = 0.05, p <

0.0001). The lack of consistency with previous studies is likely due to task differ-

ences. Unlike tempo reproduction, our task resets the required timed interval after

each movement. Thus, there is no behavioral advantage to compensating for a short

interval with a long one, as in a tempo reproduction task.

In order to investigate the neural basis of this temporal precision, we examined
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the activity of individual neurons within lateral intraparietal (LIP), which has been

implicated in the cognitive control of eye movements. Neurons within LIP exhibit

stereotyped delay period activity during tasks in which the the location of a transiently

presented saccade target must be remembered [Andersen et al. (1990b); Barash et al.

(1991a,b)]. 100/175 neurons in our sample exhibited activity consistent with previous

reports of LIP memory guided activity [Gnadt and Andersen (1988); Andersen et al.

(1990b); Barash et al. (1991b,a)]. As seen for both an example neuron (Figure 3A)

and our population (Figure 3B), the flashed target within the RF (black bar along

x-axis) elicited a transient increase in activity followed by sustained activity during

the delay period (the time between the RF target being extinguished and the fixation

point being extinguished). This sustained activity remains above activity levels that

were observed prior to the start of the trial (not shown). Additionally, many neurons

in our population displayed pre-saccade related activity (59/100 showed this trend

while in 25/100 this increase was significant (t-test, p < 0.05)). This steady increase

in activity is evident before saccade onset and can be seen in both the example cell

and population activity. Such pre-saccadic activity has previously been attributed to

to saccade planning [Gnadt and Andersen (1988); Andersen et al. (1990b); Barash

et al. (1991b,a)]. However, this increase could also be due to reward expectations

or changes in attention closely linked to the required movement [Platt and Glimcher

(1999); Sugrue et al. (2004); Yang and Shadlen (2007); Bendiksby and Platt (2006);

Dorris and Glimcher (2004); Seo et al. (2009)].

After this memory-guided task, we recorded from the same neurons while the

animals performed the self-timed rhythmic-saccade task. The self-timed rhythmic-

saccade task is designed to eliminate temporal measurement signals and minimize

sensory and reward anticipation in order to better understand temporal production

signals. In the following analyses concerning the rhythmic task, the first interval
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was excluded because of the predictable onset of the subsequent target, which distin-

guishes the first interval from all subsequent intervals. As was done with the behavior,

firing activity was segregated based on direction and the interval number within a trial

(data not shown). The firing rate for each direction and interval (first intervals done

separately) was then analyzed in order to determine if the activity varied from inter-

val to interval within a trial. No significant correlation was found between neuronal

activity and interval number for either monkey (p < 0.05). Therefore, in addition to

the behavioral data, neural activity will also be combined for all intervals (aside from

first intervals). Because the firing activity between both monkeys was very similar,

data from both animals will be combined in all future analyses as well.

Figure 4A shows the neural activity of an example cell as the monkey performed

the rhythmic saccade task. The dashed vertical line represents saccade initiation. Red

traces are aligned to peripheral saccades (saccades to the peripheral or RF target)

while blue lines are aligned to central saccades (saccades to the central target). The

average population activity for all 100 neurons is shown in Figure 4B. For the ex-

ample cell and the majority of the population (81/100), it is evident that significant

increases in activity prior to saccades are not a prominent feature of the response

(19/100 showed significant increases while 31/100 displayed this trend), as it is near

saccade onset in the memory task (t-test, p < 0.05). Instead, activity decreases prior

to saccade initiation for both directions of movement.

Although the predominant feature of activity modulation is a near linear decline

in firing rate over time, other modulations are clearly present. Around the time of

saccade onset (+/- 100 ms), the activity displays distinct modulations. Brief increases

in activity just prior to saccade onset are followed by short intervals of decreased ac-

tivity at the time of saccades. These peri-saccadic modulations in activity are similar

between saccade directions and are consistent with previous studies as being signals
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of a global remapping of the RF [Duhamel et al. (1992); Heiser and Colby (2006);

Kusunoki and Goldberg (2003); Bisley and Goldberg (2003b)].

The largest deviation from the overall decline in activity is the sudden increase

in activity immediately following central saccades (blue: 0 to 250 ms) (see Figure

4B). The increase in activity immediately following a central saccade is consistent

with bottom-up sensory stimulation because, as an immediate consequence of the

central saccade, the peripheral target is moved into the neuron’s RF. A large increase

in activity is also visible early within the interval prior to peripheral saccades (blue:

-1000 to -700). Since saccades are performed back and forth between the two targets

and since all trials outside of the first intervals are analyzed together, this increase

may also represent sensory stimulation of the RF.

To isolate the factors that could cause temporal modulation of activity prior to

saccades, we compared the activity observed in the memory-guided saccade task with

activity observed in the rhythmic task prior to the same movement (a peripheral sac-

cade) (Figure 4C). The left portion of the plot is aligned following a central saccade

(blue) and to target onset (black), while the right portion of the plot is aligned to

peripheral saccade onset (red and black). In both of these tasks, the actual upcoming

movement (a peripheral saccade) and the timing (a one second interval) are consistent.

However, the stimulus events and rewards associated with this planned movement are

different. Early in the interval, a sensory response to the peripheral target was ap-

parent (transient increase in activity) during the memory task (black, left) where the

peripheral target was presented and subsequently extinguished. A similar response

is also evident during the rhythmic saccade activity (blue, left), although the cause

is likely due to a central saccade brining the RF to encompass the peripheral target

instead of a flashed target. Sensory effects are also likely to explain the differences

in activity between the two sets of traces (300-700 ms on left and -300 to -200 on the
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right). During the rhythmic task, the target remained on, and thus the activity level

during this period is higher than for the memory guided task in which there is no RF

target present during this interval. Finally, immediately prior to the saccade, activ-

ity rises much more in the memory guided task (black) when the animal knows that

a reward is imminent than in the rhythmic task (red). This difference suggests that

the pre-saccadic activity reported in previous studies may reflect specifics of the task

(such as reward anticipation), rather than generalized patterns underlying saccadic

timing.

In the rhythmic task, the highest levels of activity were seen immediately after

central saccades. Since the task requires saccades to be performed back and forth be-

tween the two targets and since we analyze all intervals subsequent to the first interval

together, this increase can also be seen in activity aligned to peripheral saccades in the

interval from -700 to -1000 ms. To explicitly test when the peripheral saccade aligned

activity can be solely explained by activity locked to central saccades, we generated

firing rate predictions of each saccadic alignment on the basis of the other (Figure 5).

Assessing the fit of the predicted rate (green trace) to the observed firing rate (red and

blue traces), shows what modulations in activity can be largely explained by saccade-

related behavior, since the distribution times of the behavior were used to generate the

predicted rate.

In general, the predicted rate was similar to the actual firing rates, consistent with

an overall decrease in firing rate being the dominant activity modulation during inter-

saccade intervals (Figure 5A & B). However, there are a few instances for which the

predicted activity poorly fits the observed activity. The first of these is the time period

just before and just after both directions of saccade initiation (+/- 100 ms) which, as

mentioned previously, is consistent with previous reports of RF remapping signals

in LIP [Heiser and Colby (2006)]. The second significant discrepancy is during the

33



250 ms immediately following central saccades (Figure 5B) . By contrast, peripheral

saccade aligned activity during the corresponding period of time (-1000 to -700 ms)

is well fit. This suggests that the sudden increase in activity immediately following

central saccades, which is likely explained by the saccade related movement of the

stationary peripheral target into the RF, largely explains the gradual increase seen

approximately one second prior to peripheral saccades.

Thus the activity modulation seen in our task can be explained by a gradual de-

crease in activity following the appearance of target in the RF and remapping signals.

However, this modulation need not have any relationship to timed behavior. For exam-

ple, although activity decays at a constant rate following the introduction of a stimulus

into the RF, this decay might not have anything to do with how the animals actually

timed their behaviors, and may simply reflect some intrinsic decay constant. In such a

situation, activity fluctuations in LIP that are due to noise or some uncontrolled vari-

able such as attention, would have no correspondence with fluctuations in the timed

behavior. To examine this possibility, we studied whether LIP activity fluctuations

during inter-saccadic intervals were predictive of the animals’ actual saccadic inter-

val. Figure 6A & B show the firing activity as a function of interval length for each

saccade direction. Each trace is an average rate of one fifth of the trials and interval

lengths are sorted based on current intervals both prior and subsequent to the saccade

displayed at time point 0 (activity prior to the saccade is sorted based on the interval

that ends at 0 and activity following the saccade is sorted based on the interval that

begins at 0). The red traces represents the shortest fifth of intervals produced by the

animals while the purple traces represent the longest fifth of intervals (as indicated

by the inter-saccade distribution times shown at the beginning and end of each inter-

val). The green and orange bars at the bottom of each figure indicate fixation location

during each interval (green = fixation of peripheral target, orange = fixation of central
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target). The consistent ordering of firing rates with respect to interval length suggests

that activity is consistently predictive of the behavioral interval.

To further examine the relationship between activity and behavior, we computed

the correlation between spike counts across all the neurons in our sample and the

inter-saccadic period. We investigated this relationship over the 800 ms before and

after saccade initiation by looking at correlations over 100 ms bins (Figures 6C &

D). Correlations were calculated on an interval by interval basis across all trials of

all cells. For each bin, the action potentials were summed and analyzed with respect

to interval length. Correlations prior to saccades were analyzed using intervals that

ended at time 0 while correlations following saccades were analyzed using intervals

that began at time 0. In this way, all correlations are concerned with current intervals

associated with upcoming saccades. This analysis allows us to examine whether time

related signals are consistently present throughout inter-saccadic intervals or more

prevalent immediately before or after saccades.

Activity aligned to precede central saccades and activity aligned to follow periph-

eral saccades was consistently predictive of current interval duration (Figures 6C &

D) (correlation analysis, p < 0.005). These correlations are notable in two respects.

First, they occurred during a period of time (fixation at the peripheral target, green

shading) when there is no sensory stimulation in the RF and the RF is not a potential

target. Second, and consistent with the orderly segregation of the traces in Figure 6A

& B (green shaded intervals), the correlations were positive, meaning that increases in

activity were associated with increases in the inter-saccadic interval. This is the oppo-

site relationship to what would be expected by previously proposed threshold models

of timing and sensory integration, in which increases in activity are associated with

reaching a threshold earlier.

Activity aligned to precede peripheral saccades also displayed significant corre-
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lations to interval length throughout the entire inter-saccade period (Figure 6D) (p <

0.005). However, in this case, the correlations are primarily negative. Surprisingly,

the activity aligned to follow central saccades corresponding to the same fixation lo-

cation does not show significant correlations (p < 0.005). This difference suggests

that a saccade specific event, such as the sensory driven response transient following

central saccades, can mask temporal production signals.

Correlations between firing rate and saccade metrics (saccade velocity) were also

calculated in order to determine if LIP activity was related to saccadic motor output.

We found that the overall population activity was not significantly correlated to sac-

cadic velocity (p < 0.005). Therefore, LIP activity is likely related to motor planning

rather than saccade metrics. Further support for motor planning is provided by the

difference in the correlations between the rhythmic task (red) and the memory task

(black) (Figure 6D). Although these tasks are similar in that the same movement is

required at the same time, significant correlations only exist throughout the interval

for the rhythmic task, where timing must be done internally by each animal.

Since firing rates throughout the delay periods of these intervals are largely pre-

dictive of the interval length, this suggests that activity within LIP is a temporal pro-

duction signal that can be utilized in order to time saccade initiation. While only

a minority of single cells displayed activity that was significantly correlated to each

overall interval (10/100 prior to central, 8/100 following central, 11/100 prior to pe-

ripheral, 3/100 following peripheral, p < 0.005), the sign of the cells’ significant cor-

relations typically had the same sign as population correlations. The low number of

neurons displaying significant correlations between rate and interval length suggests

that the timing signals in LIP are most prominent at the population level, but too weak

to be observed in the activity of most individual neurons over the time period of our

recording sessions.
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When the activity of each individual neuron was normalized (z-score) prior to

calculating the correlations, the correlation values throughout the interval generally

maintained the same sign (not shown). However, the r-values were consistently damp-

ened. This suggests that neurons with greater modulations in activity contribute more

to behavioral timing. When we looked at neurons with higher degrees of rate changes,

we found that activity displayed stronger correlations while the animals were fixated

at the peripheral target (Figure 6, green bars). Overall correlations were significant

for pre-central and post-peripheral saccade aligned activity and increased from 0.050

and 0.076 to 0.145 and 0.157, respectively. Yet, correlations were not significant for

either saccade alignment as animals fixated the central target in the high modulation

cells. Cells with lower modulations in activity still displayed significantly correlated

activity both prior to (r = -0.042) and following (r = 0.039) peripheral saccades, al-

though the correlations following peripheral saccades were reduced compared to the

combined population. These differences between cells with high and low modulations

may support the idea that there are two populations of neurons within LIP [Maimon

and Assad (2006)], each of which contributes to timing differently. However, since

both populations of cells do contribute to the timing of saccades, we will continue to

discuss temporal production for the entire combined population.

Although we observed that LIP activity is significantly predictive of current in-

terval length, other studies have shown that parietal activity can also represent past

and future events [Seo et al. (2009); Baldauf et al. (2008)]. To determine if LIP activ-

ity is also related to past and future intervals in our task, we performed a regression

analysis where we examined the relationship between neural activity with past, cur-

rent, and future interval lengths. This was done for both fixation targets (central and

peripheral). Firing rates for this analysis were obtain from the 800 ms adjacent to sac-

cade onset for the intervals with the highest overall correlation values. We found the
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population activity to be significantly related to the current intervals at both locations

(linear regression coefficients: at center = -9.4 spikes/s/s, at RF = 7.9 spikes/s/s), but

not with past or future intervals (p < 0.005). Very few individual cells were signifi-

cantly related to any intervals. Only 0, 1, and 0 cells were significant for past, current,

and future intervals, respectively, while the animals were fixated at the central target.

Similarly, no cells were significant while fixated at the peripheral target (regression

analysis, p < 0.005). Therefore, it appears that neither future interval planning nor

past interval production significantly contributed to LIP activity, and the relationship

with current intervals is due to population activity.

The change in the sign of the correlation between activity and timed saccades

suggests that a push-pull mechanism may underlie temporal production in our task.

In this case, activity prior to a RF (peripheral) saccade pushes for saccade initiation

in that more activity during this time leads to a faster onset of the behavior (nega-

tive correlation). By contrast, activity prior to a central saccade pulls for maintaining

the peripheral position. In our task, the hemisphere containing response fields corre-

sponding to the impending saccadic target would be pushing for a saccade, while the

opposite hemisphere would be pulling or delaying a saccade.

The simplest form of a push-pull model is a linear differencing of activity. Our

model can be simplified even more with a parameterization of the peripheral saccade

aligned activity that is most predictive of behavior in which a linear decrease in activ-

ity over the inter-saccadic interval is paired with a linear increase around the central

saccade. This is done with a triangle waveform (Figure 7A) which consists of a grad-

ual decrease in activity corresponding to our observations of falling activity prior to

saccades and a rapid increase in activity corresponding to a reset signal around the

time of saccades. This reset signal is consistent with typical latencies between LIP

activity and saccades (~100 ms) [(Cutrell and Marrocco, 2002)] and our observations
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of a change in firing rates immediately prior to saccades. Although we used a wave-

form that is based on actual activity, part of the robustness of this model is that the

exact waveform is not critical to the model as long as it is cyclical. To instantiate the

push-pull model, we simply subtract the waveforms corresponding activity in the two

hemispheres, which by virtue of the rhythmic nature of the task, are 180 deg out of

phase from one another (Figure 7B). Higher activity in one hemisphere indicates a

command signal to maintain eye position at one location, and saccades are initiated

when the rapid reset signal occurs (i.e. the difference between the signals begins to

change).

In the absence of any activity fluctuations, such a model produces a completely

regular inter-saccade interval of one second (Figure 7C, dashed black trace). How-

ever, in the presence of activity fluctuations in one hemisphere, either due to noise

or changes in an uncontrolled variable such as attention, this regularity changes, such

that more than one second is spent at one location and less than one second at the

other (Figure 7C). This would lead to a positive correlation between activity and in-

terval duration while the animal was fixated on one location and a negative correlation

while that animal was fixated on the other location, as observed in our data. The model

predicts that the positive and negative interval changes should be equal and linearly

related to changes in activity (Figure 7D). Using our simplified description of LIP ac-

tivity, the model predicts slopes (+ or - 9.4 spk/s/s) which are similar to the regression

coefficients seen in our observations (+7.4 spk/s/s and - 9.4 spk/s/s).

Discussion

In order to investigate neural activity related to temporal production, we devised a

self-timed rhythmic-saccade task that controlled for temporal measurements while

minimizing sensory and reward anticipation. Animals were required to make sac-
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cades back and forth between two fixed targets at a fixed interval so that saccades

occur each second (Figure 1). We found a systematic decrease, rather than an in-

crease, in activity within LIP prior to saccades. The systematic decrease in activity

was significantly predictive of inter-saccadic interval length (correlation analysis, p <

0.005). The relation to interval length was found to only be significant for current (not

past or future) intervals (regression analysis, p < 0.005)

The animals in our study displayed the ability to precisely and consistently pro-

duce a rhythmic behavior very near the trained interval (Figure 2). However, aspects

of our results were not consistent with previous studies that investigated motor timing

in repetitive behaviors. A traditional timing model used to describe rhythmic move-

ments was developed by Wing and Kristofferson from studies utilizing finger tapping

[Wing and Kristofferson (1973b,a)]. This study has also been used to describe sac-

cades [Collins et al. (1998)]. A primary finding of this study is that a negative cor-

relation exists between subsequent timed repetitive movements. For example, if a

saccade is longer than the trained interval then the following saccade is likely to be

shorter than the trained interval. In order to be most accurate during tempo replica-

tion, it is advantageous to produce a negative correlation between successive intervals

where a short interval can be compensated by a longer interval (and vice-versa) in

order to stay on beat. This negative relationship has been attributed to the variability

of motor output delay and the idea that chance variations about the mean delay will

tend to produce a negative correlation between adjacent intervals [Wing et al. (1984)].

We found a small (r-value = 0.05), but significantly positive correlation (p <

0.0001) between subsequent saccades for our combined behavioral data. The fact

that our results do not display the negative correlation described by the Wing and

Kristofferson model likely reflect task differences. Unlike our task, these other stud-

ies did not require their subjects to precisely execute a trained interval. Instead, the
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subjects first followed along with a cued motor sequence before the cue is turned off

and then continued the motor task in a self-paced manner. There were no repercus-

sions for imprecise timing as in our task (trial ends, no reward). Additionally, our

task resets the trained interval following each saccade. This means that the better the

animal is at precisely producing the trained interval on each saccade, the better chance

he has of receiving a reward. In these other studies, the subjects are trying to replicate

a tempo that is not reset with their behavior. Therefore, the Wing and Kristofferson

model may only be useful in describing tempo replication and may not reflect general

mechanisms governing temporal production.

One way in which the temporal production signal may be initiated is by being reset

during each saccade. The notion of saccades effectively reseting time keeping in our

rhythmic task is consistent with our physiological observations in several respects.

First, as evidenced by saccade aligned firing rates, a similar up-down peri-saccadic

modulation in firing is present irrespective of saccade direction. These modulations

in activity occur approximately 100 ms prior to saccade initiation, similar to saccadic

latency times within LIP [(Cutrell and Marrocco, 2002)]. Therefore, remapping may

serve as a reset signal. Second, as would be expected by a reset, activity in LIP

was only correlated with the current behavioral interval within a sequence, and not

with past or future temporal production. Third, the relationship between activity and

behavior flips after a peripheral saccade from negative to positive..

We have found significant correlations on an interval-by-interval basis between

neuronal activity in LIP and the timed interval between saccades. Since an internal

sense of time is the only cue available to the monkey with which to initiate saccades,

we have interpreted this correlation, which has never been previously reported, as re-

flective of a temporal production signal. However, it is also possible that LIP, instead

of representing information relevant to a decision to saccade, namely the passage of
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time, instead represents a motor plan whose execution after a decision has been made

can be delayed. We consider this explanation unlikely for several reasons. First,

there is no evidence to suggest that increases in activity in LIP would be associated

with delays in the execution of motor plan. On the contrary, many experiments have

demonstrated that LIP activity appears to associated with pre-decision information,

whether that information be stimulus related or time related. Second, we found no

evidence that actual saccade metrics (e.g. velocity) depended on LIP activity. Third,

because LIP activity was correlated with timing even when the response field location

was not a potential target (e.g. when the monkey was fixating at the peripheral loca-

tion), our results are not consistent with changes in a motor plan strictly associated

with a particular retinotopic location. Fourth, if LIP activity solely reflected a motor

plan, than activity fluctuations near the time of the saccade should be have particularly

strong correlations with behavior. By contrast, we find that behavioral correlations are

relative constant throughout the entire inter-saccadic interval, even when the saccade

is going to occur 800 ms in the future. Finally, since the motor plan for the memory-

guided and rhythmic saccades are identical, one would expect little difference in firing

rates or behavioral correlations, in contrast to our observations (Figures 3 and 6).

Neuronal representations of time within LIP have previously been described by

climbing activity, a steady increase in neuronal activity over time to a threshold level,

at which time an action ensues [Leon and Shadlen (2003a); Janssen and Shadlen

(2005); Maimon and Assad (2006)]. A higher rate of activity (or a faster rise to

threshold) produces a shorter interval and therefore, a negative correlation between

rate and time. Although brief periods of increased activity can be seen in our popula-

tion activity (Figure 4B), these increases can be explained by RF remapping [Heiser

and Colby (2006)] and sensory responses to the peripheral target being moved in and

out of the RF as the animal produces saccades. These brief periods of increases in
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activity do not fit the parameters of climbing activity as a timing signal [Durstewitz

(2003, 2004)]. Instead, the prominent pattern of activity is a steady decrease in neural

activity over the delay period.

One possibility for why we observed falling, as opposed to climbing, activity

prior to saccades is differences between our task and those employed previously to

study timing. Because of the close associations of sensory cues and reward that occur

near the time of the behavior in previous studies, which are absent by design in our

task, it is possible that climbing activity is more related to sensory and/or reward

anticipation (time measurement) than motor planning. This notion is consistent with

our observations of neuronal activity during a task that is much more analogous to

previous studies. The same neurons that displayed falling activity during the self-

timed rhythmic-saccade task displayed very different activity during the memory-

guided delayed-saccade task. In the memory task, the basic behavior, namely waiting

one second prior to making a saccade, is similar to the rhythmic task. However,

in terms of temporal measurement, the tasks are quite different. Specifically, in the

memory task (and unlike the rhythmic task), the timing of the cue to make a saccade

and reward can be readily anticipated. Consistent with previous observations, a pre-

saccadic rise in activity was observed in the memory-guided task. However, this rise

is largely absent in the rhythmic task, suggesting that climbing activity may reflect

reward anticipation rather than a motor plan.

Given these task differences, it is also possible that distinct timing systems are re-

sponsible for tasks which require temporal measurement and those that do not. Lewis

and Miall have proposed that there are two distinct timing systems: an automatic

system responsible for predictable intervals defined by movements and a cognitively

controlled system involved in temporal measurements that direct attention [Lewis and

Miall (2003)]. Since LIP is involved in both motor production and attentional alloca-
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tion [Robinson et al. (1995); Colby et al. (1996); Gottlieb et al. (1998); Gottlieb and

Goldberg (1999); Powell and Goldberg (2000); Bisley and Goldberg (2003a, 2006)],

it may be that this area is a part of both timing systems and that the task determines

which timing system is utilized. For instance, when the animal is performing an in-

terval duration comparison task or a task for which movement is cued or immediately

rewarded [Leon and Shadlen (2003a); Janssen and Shadlen (2005); Maimon and As-

sad (2006)], the cognitive timing system would be engaged since these tasks require

the timing of discrete epochs and do not control for the attentional effects that sen-

sory and reward anticipation can have [Kusunoki et al. (2000); Maunsell (2004)]. The

cognitive system would employ climbing activity as its timing signal in order to time

the temporal measurement related events of the task. However, when those forms of

anticipation are minimized (as in our self-timed delayed-saccade task), the automatic

timing system may be engaged since the task requires saccades be made at regular

intervals. This would then allow falling activity, the signal responsible for the produc-

tion of the timed interval, to emerge as the temporal production signal.

If the primary role of the cognitive timing system is to direct attention, it may be

particularly unlikely to play a role in our task given that the spatial positions and di-

rection of the impending saccades are never ambiguous or subject to cognitive choice.

Although spatial attention may not be required, this does not mean that attention is

not allocated to the targets at some point prior to saccade initiation. However, the ac-

tivity we observe during the rhythmic-saccade task displays a decrease in rate prior to

saccade initiation, not an increase as might be associated with the increasing priority

of making a saccade as time elapses [Bisley and Goldberg (2010)].

Another theory concerning LIP is that its activity represents the accumulation of

evidence toward a threshold at which point a decision is reached. During two choice

motion discrimination tasks, climbing activity has been observed as animals moni-
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tored a motion patch. When the activity reaches a threshold, the animal subsequently

saccades. Therefore, a threshold may represent a decision [Shadlen and Newsome

(1996, 2001); Roitman and Shadlen (2002); Huk and Shadlen (2005); Hanks et al.

(2011)]. Thresholds have also been observed in an LIP timing study [Maimon and

Assad (2006)]. Perhaps the temporal activity observed within this study also repre-

sents sensory evidence accumulation to a threshold. During the task, temporal evi-

dence based on the sensory cue provides the evidence. As time passes, the evidence

related to the stimulus accumulates until a threshold is reached. This again may mean

that timing signals were related to sensory events instead of motor planning. If true,

climbing activity to a common level could represent perceptual events instead of de-

cisions or motor triggers. We do not observe a common threshold prior to action in

our task (Figure 6), even though motor events and decisions about when to move do

occur. This suggests that thresholds in LIP may simply reflect external visual cues

instead of decisions or motor cues and that the activity we observe may be a timer for

other areas to initiate saccades.

Another difference between our task and previous single-saccade tasks is the po-

tential for sequence planning in our task. Psychophysical evidence suggests that,

when confronted with an array of saccade targets, subjects naturally plan entire sac-

cade sequences [Zingale and Kowler (1987)]. The planning of entire sequences has

been shown to take place in a number of brain regions and for a number of tasks

[Baldauf et al. (2008); Mushiake et al. (2006); Histed and Miller (2006); Lu and Ashe

(2005); Ohbayashi et al. (2003); Fujii and Graybiel (2003); Tanji and Shima (1994)].

Additionally, a study by Seo et al. (2009) showed that LIP activity contains informa-

tion about past events [Seo et al. (2009)]. However, we found that neither future nor

previous temporal production significantly contributed to the activity of our popula-

tion during this task (regression analysis, p < 0.005). Also, our observation of near

45



independence between adjacent intervals (correlation value of 0.05) is not consistent

with sequence planning. These data suggest that, presumably because we reset the be-

havioral requirement after each saccade, both the animals and our neural population

are concerned solely with timing single intervals within the rhythmic sequence.

In any case, the observation that firing rates in LIP are so dependent on task de-

sign, as evidenced by the difference in our population between memory-guided and

rhythmic saccades (Figure 4C), demonstrates LIP activity can only be interpreted with

knowledge of the behavioral context. For example, LIP activity can not be strictly in-

terpreted as reflecting an evidence signal whose magnitude is associated with increas-

ing likelihood of reaching a decision to saccade, since in our experiments activity

decreases with the passage of time, which is the sole evidence the animal can use to

make a saccade. Similarly, our data is not consistent with LIP solely representing

an attention signal, since there are no stimulus cues present or relevant for saccades,

and the observation of positive correlations between activity and interval means more

activity can actually delay a saccade.

Our results constrain the spatial distribution of timing signals within the brain.

Two traditional theories concerning where timing signals originate are the central and

distributed timing mechanisms [Buonomano and Karmarkar (2002); Ivry and Spencer

(2004)]. In the central timing model a specific brain region produces a timing signal

that is utilized for all timing related events for all modalities. The distributed timing

model suggests that there is no dedicated timing system but that the ability to represent

time is an intrinsic property of distributed cell populations that are required for a given

task. If LIP activity strictly reflected a broad timing system (like those described by

centralized timing models), its activity would have a consistent relationship with time

irrespective of saccade direction

Because activity patterns and behavioral correlations depend in a number of re-
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spects on the particular planned saccade, our results support the notion that local

neuronal populations are responsible for temporal production. First, the activity im-

mediately preceding central and peripheral saccades is different when sorted by inter-

saccadic interval. Prior to central saccades, there is no evidence for a response thresh-

old because different rates are seen at saccade onset (Figure 6A). By contrast, a com-

mon activity level is observed at peripheral saccade onset. Second, although activity

was consistently predictive of saccadic interval, the exact relationship was signifi-

cantly different for peripheral and central saccades. Activity prior to saccades made

to the peripheral target was negatively correlated with interval production while ac-

tivity prior to saccades to the central target had a positive correlation.

Our results also provide insight concerning the neural mechanisms underlying

timing. Multiple mechanisms have been proposed to underlie behavioral timing.

Three mechanisms include the clock (pacemaker/accumulator) model, labeled lines,

and population clocks [Buonomano and Karmarkar (2002)]. In the clock model, a

neural pacemaker produces rhythmic pulses. These pulses are then counted (or accu-

mulated) in order to time an event. Clock models are generally classified as central-

ized systems, as this one clock is used in all timed events [Buonomano and Karmarkar

(2002)]. Because the relationship between LIP activity and behavior varies depending

on the impending saccadic target, it is not consistent with a single universal repre-

sentation of time. Moreover, because activity was observed to decrease rather than

increase over time, accumulation is ruled out.

In the labeled line model, different neurons within a population respond at differ-

ent interval lengths. For example, one neuron may respond at 100 ms while a second

neuron responds at 200 ms. The labeled line population can be used to determine time

by which neurons are active. Labeled line models could work in a distributed timing

system. However, our data did not show strong evidence of individual neurons being
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significantly correlated to specific intervals.

The population clock model encodes time through the population activity of a

network of neurons. There is no specific time at which neurons are active, instead

dynamic interactions or time-dependent changes between neurons within the network

provide information about lapsed time (e.g. short-term synaptic plasticity, inhibitory

feedback, etc.). Such a model could account, in part, for the small correlation values

we observed between neuronal activity and interval length if the neuronal popula-

tions underlying timed behavior were much larger than our sample. In this model,

individual neurons will not contain large amounts of temporal information, consistent

with the low number of individual cells that display significance in the regression and

correlation analyses. From this model, we would predict that as we sampled more

neurons from this population, the population correlation values would increase.

The correlation of LIP activity prior to central saccades to timing is particularly

notable because it is inconsistent with the belief that LIP RFs are exclusively tuned

for contralateral visuomovement space [Blatt et al. (1990)]. In a purely retinotopic

framework, activity prior to a central saccade should be minimal and irrelevant given

that there is not stimulus in the RF nor is that location a potential saccadic target

(Figure 1). However, a study by Dickinson et al. (2003) found that neurons in LIP

can be activated by the instruction to perform a saccade, in the absence of any spatial

information [Dickinson et al. (2003)]. Similarly, Bennur and Gold found information

on perceptual decisions within neurons whose RF’s did not correspond with the up-

coming movement [Bennur and Gold (2011)]. Freedman and Assad have shown that

LIP activity contains information regarding categories of stimuli, even when the stim-

ulus is presented outside of the RF [Freedman and Assad (2009)]. Additional studies

have suggested that LIP activity is highly dependent on the task and task related ex-

periences that can shape response properties [Bennur and Gold (2011); Freedman and
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Assad (2006); Law and Gold (2008)]. Therefore, it is possible that neurons with visual

response fields may be used in planning eye movements to other locations.

The fact that activity fluctuations are correlated to timed interval production for

both saccades toward the RF and away from the RF, but those correlations are op-

posite in sign, suggests that activity differences between the two hemispheres may

drive temporal production in our task via a push-pull mechanism. The success of the

simplest version of such a model, a linear differencing of activity, in explaining the

quantitative relationship between activity and interval supports such a proposal. In our

differencing model, we described LIP activity with a two parameter model of linear

increases and decreases in activity over the saccadic cycle. The slope of the gradual

activity decrease primarily determines the mean inter-saccadic interval. By contrast,

the increasing activity slope largely determines how much intervals will change with

activity fluctuations.

Although the model makes a number of simplifying assumptions, especially with

regard to linearity of activity changes over time and the linearity of the differenc-

ing operation, it both explains our present observations and generates easily testable

predictions. One such prediction is that when animals are trained for inter-saccadic

intervals other than one second, the duration of falling activity should vary. In our

model, a decision to saccade is made when the falling activity reaches a minimum.

Thus longer intervals should be associated with either more gradual decreases in firing

rate over time, or a lower minimum firing rate. Although this is a clear violation of

the scaling law of timing [Gibbon (1977, 1991)], there are examples in which timing

variance does not scale with timing interval [Lejeune and Wearden (2006)]. Finally,

the model predicts that changes in LIP activity, irrespective of their origin, should

evoke specific changes in temporal production. This could be examined by applying

brief micro-stimulation within LIP, which, the model predicts, should alter the timed
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interval irrespective of when within the interval the stimulation is applied.
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Figure 1: Self-timed rhythmic-saccade task
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Self-timed rhythmic-saccade task (A) with example trial (B) and the memory-guided

delayed-saccade task (C). A) For the self-timed rhythmic-saccade task, animals were

required to fixate on the first of two targets to appear (randomly) on a computer mon-

itor. One target was located near the center of the screen while the other target was

located peripherally. When the animal fixates the central target, the response field

(RF) of the neuron being recorded is located at the peripheral target. Immediately fol-

lowing fixation, the second target appeared. The animal was then required to saccade

between the two targets at a 1 second interval (0.5 Hz; allowable error window = +/-

200 ms) for a random number of saccades in order to receive a juice reward. B) In

this example trial, following initial fixation (*), the animal was required to produce

4 saccades prior to receiving reward. Notice that once they appeared, both targets

remained constantly displayed so no visual cues were provided. C) For the memory-

guided delayed-saccade task, animals first fixate the central target. Following fixation,

the peripheral target appears in the RF for 200 ms. The peripheral target then turns off

and the animal is required to remember the peripheral target location. 800 ms after the

peripheral target is extinguished, the central fixation point is also extinguished cueing

the animal to make a saccade to the remembered location in order to receive a reward.

Red lines indicate saccades to the peripheral target. Blue lines indicate saccades to the

central target. Colored targets correspond to target location (orange = central target,

green = peripheral target), but the actual targets were identical in size and color.
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Figure 2: Rhythmic Saccade Behavior

Inter-saccade durations by direction (A) and sequence number (B) for both animals.
A) Average inter-saccade durations (dots) by direction of movement with standard
deviations (bars). B) Same as in (A) showing inter-saccade durations by sequence
number for first 5 saccadic intervals. Inter-saccadic intervals were tightly distributed
around the trained interval of 1000 ms with standard deviations less than the allow-
able error (+/- 200 ms,dashed lines in A & B). Interval durations are similar between
directions and intervals within each animal and between animals. Gray color indicates
Animal 1. Black color indicates Animal 2.
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Figure 3: Memory-Guided Saccade Activity

Average neuronal responses of an example cell (A) and population (B) during a
memory-guided delayed-saccade task. A) Average response of an example cell dur-
ing the memory-guided delayed-saccade task. B) Average population response for
Animal 1 and Animal 2 combined for the same task in (A). Plots are aligned to two
events in the trial: left, target onset; right, saccade onset. Black bar along x-axis repre-
sents the time that the peripheral “non-fix” target is displayed. Gray shading indicates
standard deviation of the mean.

54



Example Population

!1000 !500 0 500 1000

Time (msec)

Av
g.

 R
at

e
A

Time (msec)

B

40

50

60

70

!1000 !500 0 500 1000
15

20

25

30

Time (msec)

C
Comparison

CentralPeripheral Memory

!200 00 200 400 600
15

20

25

30

35

Figure 4: Rhythmic Saccade Firing Rates

Average neuronal response of an example cell (A) and the combined population (B)
during the rhythmic-saccade task, and a comparison of “Peripheral”, “Memory”, and
“First” firing rates (C). Zero time point (vertical dashed line) indicates time of saccade
onset. Red lines indicate responses aligned to saccades to the peripheral target. Blue
lines indicate responses aligned to saccades to the central target. Activity decreases at
constant rate prior to both types of saccades. Activity during inter-saccadic intervals
is different from what is observed from the same cells during a memory guided sac-
cade task in which only a single saccade is required and the reward can be anticipated
(C). Black line indicates response obtained during the memory-guided saccade task
(aligned to peripheral target onset on left and peripheral saccade onset on the right).
Red and blue lines are the same as in B, for periods of central fixation (orange shad-
ing) aligned to the end of central saccades (left, blue) and to the onset of peripheral
saccades (right, red). Shading of firing activity represents standard deviation of the
mean. Shading along x-axis represents fixation location (orange = central, green =
peripheral).
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Figure 5: Inter-Saccade Distribution Weighted Rates

Neuronal activity predictions on the assumption that only one type of saccade mod-
ulates activity. A) Example calculation of predicted activity. The actual firing rate
aligned to central saccades (blue) is convolved with the inter-saccade distribution
times of peripheral saccades (red) in order to produce the predicted rate (green). B)
Actual averaged neuronal activity (blue), predicted activity (green), with error mea-
surements (% Fit) between actual and predicted activity, aligned to saccades moving
away from the RF. C) Same as in (B) except activity (red) and prediction (green) are
aligned to saccades moving into the RF. Error calculations represent differences be-
tween actual FR and predicted FR. Shading of firing activity shows standard deviation
of actual firing rates. Shading along x-axis show fixation location and data sets that
differ only in their alignment.
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Figure 6: Correlations Between Rate and Duration

Peri-saccadic firing activity segregated by interval length (A, B) and corresponding
saccade by saccade correlations between firing rate and interval length (C, D). A &
B) Average combined population activity, grouped by interval length, aligned to cen-
tral saccades (A) and peripheral saccades (B). Zero time points and vertical colored
lines indicate saccade onset (blue: saccade to central aligned, red: saccade to periph-
eral aligned). Inter-saccade distribution times are shown at the beginning and end of
each interval and the coloring corresponds to the firing rates. Orange bars represent
time intervals during which animals were fixating the central target (peripheral target
located in RF). Green bars represent time intervals during which animals were fixat-
ing the peripheral target (no stimuli in RF). Orange Intervals: Red = 0.08 - 0.89 ms,
Orange = 0.90 - 0.94, Green = 0.95 - 0.99, Blue = 1.00 - 1.05, Purple = 1.06 - 1.20.
Green Intervals: Red = 0.80 - 0.91 ms, Orange = 0.92 = 0.96, Green = 0.97 - 1.01,
Blue = 1.02 - 1.07, Purple = 1.08 - 1.20. C &D) Binned correlations between firing
rate and current interval lengths for all trials of the combined population, aligned to
central saccades (C) and peripheral saccades (D). Last bins (C, D) display correlation
of the 800 ms of the interval (”All”, 0 - 800 ms, or -800 - 0 ms) about saccade on-
set. Black points in D correspond to correlations observed during the memory-guided
saccade task. Horizontal colored bars along the x-axis represent the 800 ms of the
intervals over which correlations were made. 800 ms intervals were investigated as
that is the minimum time for correctly made saccades as defined by the error window
(1000 ms +/- 200 ms). Asterisks indicate bins that are significantly correlated (p <
0.005). Bars represent the 99% confidence interval for each bin. The horizontal line
represents an R-value of zero for reference. Time bins are correlated to the current
intervals represented by the colored bars along the x-axis.
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Figure 7: LIP Timing Model

Difference model of cross-hemispheric LIP activity driving temporal production. A)
Actual average LIP population activity aligned to saccades to the periphery (red) along
with a simple triangle waveform estimation of that population activity (gray). B)
Neural activity estimate from (A) (gray) along with the same estimate of activity
phase shifted to represent the same movement but in the opposite direction within
the opposite hemisphere (dashed gray). C) Difference in firing rates between the
two activity estimates shown in (B) (dashed black) and the difference between those
same rates with added or reduced activity (solid black). The time points at which the
difference traces begin changing toward 0 represents the times at which saccades are
initiated. The dashed black line displays signaling for equal time to be spent at both
target locations (i.e. the time between positive and negative location values are equal).
An increase (upper solid black trace), in activity shifts the signaling for equal time
being spent at both locations to more time being spent at the “positive” location versus
the “negative” location. Conversely, a decrease (lower solid black trace), in activity
signals for more time to be spent at the “negative” location. D) Interval durations
change linearly with activity. Green dots represent the interval duration that is seen
at the “negative” location as noise levels change. Orange dots represent the interval
duration that is seen at the “positive” location as noise varies.
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Introduction

An awareness of the passage of time is fundamental to cognition and behavior. It

allows us to store events that occurred in the past and make use of those memories

to form plans for the future. The precision with which animals can anticipate pre-

dictable events and execute responses at appropriate times testifies to the importance

of time perception. Despite many models, the physiological signals underlying time

perception remain unclear. Part of the challenge is that every process, be it psycholog-

ical, cellular, or molecular, has characteristic time courses and dynamics. Although

such processes, like membrane conductance time constants, decay rates of short-term

synaptic plasticity, and decay rates of inhibitory post-synaptic potentials can be uti-

lized to measure time [Hooper et al. (2002); Fortune and Rose (2001); Buonomano

(2000); Saitoh and Suga (1995)], they don’t necessarily reflect the active process of

timing and they may reflect the dynamics of external events rather than the internal

sense of time. This problem is illustrated by recent studies which have suggested that

a parietal cortical area is critically involved in the timing of eye movements.

The lateral intraparietal area (LIP) of the posterior parietal cortex, an area typi-

cally thought to integrate visual input and motor output [Andersen (1995)], has re-

cently been shown to displays activity that consistently varies over time [Leon and

Shadlen (2003a); Janssen and Shadlen (2005); Maimon and Assad (2006)]. Yet, it

is not evident that these temporally modulated signals are related to the timing of

motor production. Each of these studies investigated timing through tasks that uti-

lized time-varying task-dependent stimuli, such as a predictable go cue or delivery

of reward. Therefore, the temporal signals observed within these studies may reflect

temporal measurement, the representation of time related to external events, rather

than temporal production, the internally generated timing of movement initiation.

Previous work in our lab showed that when task execution was not dependent on
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temporal measurement signals, LIP activity was predictive of inter-saccadic interval

length (correlation analysis, p < 0.01). For this self-paced saccade task, animals were

required to made saccades each second between two fixed targets. All external cue-

ing was eliminated and trial length was randomized. Therefore, the temporal signals

observed during our task are based on internal representations of time instead of sen-

sory perceptions. However, correlations between firing rate and interval length do not

necessarily support a causal relationship between neural activity and behavior. The

observed correlation may simply be a coincidence. For example, efference copy sig-

nals that occur during motor movements are correlated with the movement, yet these

signals do not cause the movement.

In order to determine if LIP activity is utilized in temporal production, we intro-

duced altered local activity in LIP through microstimulation while animals performed

a self-timed task (Fig. 8). We found that stimulation affected the perception of time.

Brief trains of stimulation altered the timing of the animals’ self-paced actions, even

when those actions occurred 800 ms later. This suggests that LIP activity may con-

tribute to the temporal production of saccades and that LIP could be a source of tem-

poral information.

Self-timed rhythmic saccade task

In order to investigate temporal production signals, 2 animals were trained to perform

a self-paced motor timing task that was dependent on an internal perception of time

rather than on sensory cueing. This task, called the self-timed rhythmic-saccade task,

began by requiring the animal to fixate the first of two targets to appear on a computer

monitor (Fig. 8a). Following fixation of the first target, the second target imme-

diately appeared. One target was positioned near the center of the screen (“central

target”) while the second target (“peripheral target”) was placed within the response
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field [Gnadt and Andersen (1988); Barash et al. (1991b); Colby et al. (1995, 1996);

Platt and Glimcher (1997, 1998); Andersen and Buneo (2002)] (RF) of the neuron of

interest (relative to central fixation). Trials were randomly selected to begin at either

target. The animal was then required to make saccades back and forth between the

two targets at a one second interval (+/- 200 ms) in order to receive a reward. Micros-

timulation was delivered randomly throughout this task as a means to investigate the

link between activity and time perception.

LIP neurons have been shown to modulate their activity not only during saccade

planning [Bracewell et al. (1996); Mazzoni et al. (1996); Andersen et al. (1997); Platt

and Glimcher (1997); Snyder et al. (1997); Gnadt and Andersen (1988); Andersen and

Buneo (2002)], but also during times when sensory events [Colby et al. (1996)] and

reward [Platt and Glimcher (1999); Sugrue et al. (2004); Yang and Shadlen (2007);

Bendiksby and Platt (2006); Dorris and Glimcher (2004); Seo et al. (2009)] can be an-

ticipated. Responses to these events can complicate the study of temporal production

for tasks in which sensory events or reward occur at regular times and are tightly cou-

pled to the movement. In order to minimize sensory and reward anticipation, animals

were forced to utilize an internal clock (no external cueing) in order to accomplish this

task. Therefore, the behavior should reflect internal timing mechanisms. To minimize

temporal measurement signals, no changes in visual stimuli occurred during each

trial following the appearance of both targets. This served as a means to reduce sen-

sory anticipation. Additionally, trial length and reward amount were randomized on

a trial by trial basis to minimize reward anticipation. By diminishing non-movement

related temporal measurement signals, and by injecting microstimulation during a

time-dependent task, we aim to discover if LIP activity can alter behavioral timing.
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Mapping & memory task electrophysiology

In addition to the rhythmic saccade task, animals also performed a mapping task and

a memory-guided delayed saccade task [Hikosaka and Wurtz (1983); Colby et al.

(1993)] while neural activity from individual cells was recorded. The mapping task is

simply a single trial of the rhythmic task where the initial fixation point always occurs

at the central location and the target is moved about the periphery to determine the

neuron’s RF [Gnadt and Andersen (1988); Barash et al. (1991b); Colby et al. (1995,

1996); Platt and Glimcher (1997, 1998); Andersen and Buneo (2002)]. Mapping was

required prior to stimulating in order to establish the spatial location for which stim-

ulation is likely to have an effect (RF) [Mazzoni et al. (1996)].

The memory task (Fig. 9a) was used to verify the location of our stimulating

electrode within LIP. Stereotyped activity has been reported in LIP during this task

[Gnadt and Andersen (1988); Andersen et al. (1990b); Barash et al. (1991a,b)]. The

stereotyped activity is characterized by transient increased response while the periph-

eral target is flashed within a neuron’s RF. Activity is then maintained throughout the

remainder of the trial while the animal remembers the target location. In order for the

data obtained during the rhythmic task to be analyzed further, neurons must display

these patterns of activity during the memory task.

Fifty six out of the 81 neurons we sampled displayed the prerequisite activity.

The stereotyped activity is evident in Fig. 9 for both an example neuron (Fig. 9b)

and the 56 cells of our population (Fig. 9c). Both showed a transient response to

the flashed RF target (black bar along x-axis) and sustained memory related activity

above baseline. Additionally, both the example neuron and the population displayed

an increase in activity prior to saccade onset. This peri-saccadic increase is thought

to be caused by reward anticipation [Platt and Glimcher (1999); Sugrue et al. (2004);

Yang and Shadlen (2007); Bendiksby and Platt (2006); Dorris and Glimcher (2004);

63



Seo et al. (2009)] since reward is consistently provided following a single predictable

saccade.

Stimulation, correlation, and timing

Previous reports of temporal activity within LIP were performed under conditions

in which the sensory cues of the tasks varied in a time-dependent manner [Leon and

Shadlen (2003a); Janssen and Shadlen (2005); Maimon and Assad (2006)]. Therefore,

the temporal nature of these signals may be related to temporal measurement signals

instead of temporal production. Since movements can be, and often are, generated

internally without cues directing the timing of their initiation, we were interested to

see if temporal production signals exist within LIP when sensory cueing was absent.

However, even if LIP activity appears to act as a temporal production signal, the

activity does not necessarily represent causality with behavior. In order to determine

if LIP activity does affect temporal production, stimulation was delivered to LIP while

the animals performed the rhythmic task. Supra-threshold stimulation of LIP has been

shown to directly illicit saccades [Thier and Andersen (1996, 1998); Mushiake et al.

(1999); Cutrell and Marrocco (2002); Constantin et al. (2007)]. Yet, sub-threshold

stimulation has been shown to influence a number of cognitive processes such as

decision making and attention, as well as saccadic behavior [Hanks et al. (2006);

Cutrell and Marrocco (2002); Mirpour et al. (2010)]. Therefore, the application of

sub-threshold stimulation may allow us to investigate timing by influencing saccadic

latencies without directly triggering a saccade.

Stimulation was delivered during random intervals of random trials as animals

performed the self-timed rhythmic saccade task (Fig. 8a, b). Although stimulation

was always applied during the last interval of a given trial, trial lengths varied so

stimulation was delivered at different sequence lengths. Two different stimulation

64



experiments were carried out. In the “interval” experiment (27 sessions), a consistent

train of stimulation (4 pulses/16 ms train duration) was delivered at various times

throughout the inter-saccadic interval. If LIP activity does act as a motor timing signal

then an injection of current should affect interval duration similarly throughout the

interval. In the “duration” experiment (29 sessions), stimulation was delivered at a

consistent time within the inter-saccadic interval (450 ms after a saccade), but the

number of pulses delivered varied (4, 8, 12, 16, or 20) (also see Methods Summary)

in order to determine how microstimulation duration affects motor timing.

Previous work from our lab has showed that temporal production signals do ex-

ist within LIP. These results were obtained as the animals performed the self-timed

rhythmic-saccade task in the absence of stimulation (Fig. 8a). These findings are con-

sistent with the “interval” experiment in that interval by interval correlations of 100

LIP neurons were calculated by summing the number of action potentials over each

bin, throughout each interval, and comparing those values with the interval duration.

Correlations were always based on current intervals prior to the upcoming saccade

(Fig. 10a, b).

Interval correlation results showed that when inter-saccadic activity was aligned to

begin at saccade initiation, only activity aligned to follow peripheral saccades (while

the animal fixated the peripheral target prior to central saccades) consistently dis-

played bins of significant activity throughout the inter-saccadic interval (Fig. 10b) (p

< 0.005). Because correlations existed throughout these intervals, it is possible that

LIP activity could potentially be used as a motor timing signal. Timing signals should

be evident throughout the period during which the movement is being anticipated,

while something like a pre-motor signal would only be evident just prior to the ini-

tiation of the movement. Yet, when activity was aligned to follow central saccades

(while the animal fixated the central target prior to peripheral saccades), significant

65



correlations were not consistently observed (Fig. 10a).

LIP activity may be a timing signal for saccade onset since significant correlations

between rate and interval length were observed throughout the interval following pe-

ripheral saccades. In order to test this and to deliver stimulation at a consistent time

during each interval, we have to align stimulation delivery to follow saccade onset.

Therefore, based on the correlations from our previous work (Fig. 10a, b), we would

predict that when stimulation is delivered following peripheral movements (central

target fixation), initiation of the upcoming saccade will be delayed, while little to no

effect will be seen when stimulation is delivered following central saccades (periph-

eral target fixation).

This is in fact what we found. When stimulation was delivered as the animal fix-

ated the central target, no time points displayed a significant effect compared to the

“no-stim” condition (Fig. 10c) (ANOVA, p < 0.0001). This finding is consistent with

the correlation results in that increased activity while the animal is fixated at the cen-

tral target (orange bar along x-axis) was not correlated with interval length (Fig. 10a).

However, when stimulation was applied as the animal fixated the peripheral target,

the upcoming saccades were significantly delayed (Fig. 10d). This again is consistent

with the corresponding correlation results in that greater activity (stimulation) led to

longer intervals (Fig. 10b).

Similar correlation results were also found during the duration experiment for

various bin sizes about the 450 ms time points (Fig. 11a, b). Significantly positive

correlations were observed for various bin sizes as animals fixated the peripheral tar-

get (Fig. 11b, green), while no significant effects were observed as animals fixated

the central target (Fig. 11a) (p < 0.005). These r-values closely resembled the corre-

sponding correlations observed in Fig. 10a and c at 450 ms. Again, based on these

results, we predicted that when stimulation is delivered as the animal is fixated at the
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peripheral target, the initiation of the upcoming saccade will be delayed. When stim-

ulation is delivered as the animal is fixated at the central target, no significant effects

will be observed.

Stimulation results during the duration experiment were also consistent with the

correlation findings. When stimulation was delivered while the animals fixated the

central target, no significant effects were observed for any stimulation duration (Fig.

11c) (ANOVA, p < 0.0001). When stimulation was delivered while the animals fix-

ated the peripheral target, the upcoming movement was significantly delayed for all

stimulation durations (Fig. 11d). These delays were similar between experiments.

Stimulation results from both the interval and duration experiments are summarized

in Table 1.

One interesting finding from the interval experiment is that brief trains of stimu-

lation (16 ms) can produce an effect nearly 1 second later. This is consistent the idea

that activity within LIP acts as a temporal production signal since activity early within

(and throughout) the interval has behavioral consequences at the end of the interval.

If this activity were a pre-motor signal, stimulation effects would only be expected to

be evident just prior to saccade initiation, and not throughout the interval. Support

for this idea has been provided by the correlation results (Fig. 10a,b) that demon-

strated that LIP activity is predictive of interval length throughout the interval. The

stimulation results, which are also consistent with the correlation findings, demon-

strated that changes in LIP activity led to changes in saccadic behavior. Therefore,

microstimulation within LIP appears to affect temporal production.

A potentially surprising result from the duration experiment is that all train du-

rations had a similar effect following peripheral saccades. We expected that longer

stimulation durations would inject more current into the area, which would then lead

to greater delays in saccade initiation. Although all durations produced significant
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increases in interval length, they were not statistically different from one another

(ANOVA, p < 0.0001). The reason for this observation may have to do with how

much a sub-population of neurons can contribute to a population timing mechanism.

We find similar results between individual neurons in different locations. This sug-

gests that neurons throughout LIP contribute to the timing of saccades. Since we are

stimulating a relatively small area (~0.38 mm spherical radius, Stoney et al. (1968);

Tehovnik et al. (2006)) compared to the size of LIP (~15 x 5 x 1.5 mm, Van Essen

et al. (2001)), the effective contribution of the stimulated neurons to timing may be

maximized for all train durations, suggesting that there is a limit to how much any

local population can contribute.

Altering temporal production through microstimulation has not been directly shown

before. Although, other stimulation and inactivation studies within LIP have hinted

at this result, these studies were not specifically investigating motor timing. Instead,

they observed changes in behaviors that did not require precise timing. For instance,

a motion discrimination task found that when LIP was stimulated, a greater effect was

observed on reaction times than on choices. The reaction times toward the RF were

reduced while reaction times away from the RF were increased [Hanks et al. (2006)].

Similarly, when LIP was inactivated with muscimol, contralesional saccade latencies

were increased [Li et al. (1999)] as were contralesional search times [Wardak et al.

(2002)]. Yet, reaction times and search times are very distinct from motor timing.

Reaction times simply occur as fast as possible, and not at a specific time while visual

search tasks typically have no precise temporal requirements. Therefore, our results

provide a unique look at timing not addressed by previous stimulation or inactivation

studies.

Studies that have introduced microstimulation in V1 have reported changes in

the timing of saccade onset when saccades are made toward the RF [Tehovnik et al.
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(2004); Tehovnik and Slocum (2005); Tehovnik et al. (2005); Tehovnik and Slocum

(2007)]. However, since their stimulation effects are only observed when current is

delivered immediately before saccade onset in a cued task, it is possible that their de-

lays in saccade initiation are either related to motor production of the saccade (instead

of a motor planning component, such as timing) or to attentional effects of phosphene

induction by stimulation. Since stimulation effects are seen throughout the interval

without directly eliciting a saccade in our results, it is unlikely that our effects are

related to motor production. Also, it is unlikely that phosphenes affect the behavior

of our animals. First, the animal is trained to withhold saccades to visual targets until

the trained interval. Second, we do not observe low latency saccades as would be

expected when a novel target (such as a phosphene) is flashed.

However, other studies have suggested that LIP activity can be strongly modu-

lated by spatial attention [Robinson et al. (1995); Gottlieb et al. (1998); Powell and

Goldberg (2000); Bisley and Goldberg (2003a, 2006); Cutrell and Marrocco (2002);

Wardak et al. (2004); Liu et al. (2010); Wardak et al. (2011)]. One model for attention

within LIP is the priority map, where high neural activity draws attention which then

guides eye movement [Bisley and Goldberg (2010)]. Although the spatial attention

demands of our task are low (two fixed targets), perhaps by introducing stimulation

we are briefly distracting the animal’s allocation of attention to timing (attention to

the passage of time) which simply delays him. This view could be consistent with our

stimulation results. Yet, we do not believe our effects are a result of attention. Studies

investigating timing and attention in both humans and animals suggest that when sub-

jects are distracted, they underestimate temporal intervals [Buhusi and Meck (2009)].

In our study, stimulation increased saccadic latency, neural activity did not peak at the

time of saccade onset (previously reported, not shown), and the attentional (spatial,

sensory, and reward) demands of our task were low.
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Discussion

Previous studies that have investigated timing within LIP have done so using time-

varying, task-dependent cues [Leon and Shadlen (2003a); Janssen and Shadlen (2005);

Maimon and Assad (2006)]. Because the movements were visually cued, we were

curious if the temporal signals represented temporal production related to movement

onset or the external probabilities of visual cueing or reward. Through the use of the

self-timed rhythmic saccade task, we investigated temporal production of movement

initiation within LIP by eliminating temporal measurement cueing. We found that

LIP activity was predictive of interval length and that introducing microstimulation to

this production signal did affect behavior.

Previous work from our lab (unpublished) has suggested that timing occurs as a

result of population activity within a region associated with a given movement. The

population activity within LIP may affect saccade output through a difference model

where the difference in LIP activity from opposing hemispheres is used to determine

the time of saccade onset. In this model, small changes in that difference (1 spike/sec)

lead to large changes in interval duration (106 ms). This would mean that the average

change of 45 ms that we observed in the interval stimulation experiment would have

been caused by a change in that difference rate of only 0.42 spikes/sec. This suggests

that a large population of neurons within LIP contributes to the timing of saccade

initiation. Since relatively large sub-threshold stimulation currents only have a small

effect on timing, it is likely that only a local population is being activated (stimulation

volume ~0.23 mm3[Stoney et al. (1968); Tehovnik et al. (2006)], LIP volume ~112.5

mm3). Consistent with this, temporal signals within LIP may be defined by a dis-

tributed timing mechanism, such as the population clock model. In this model, single

cells contain very little temporal information. Instead, it is the population activity that

encodes time [Buonomano and Karmarkar (2002)]. This type of model, along with
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the variable firing rates of our cells, may explain the small R-values observed in our

correlations.

The behavioral effects produced by stimulation suggest that the internally gen-

erated perception of time within LIP can be utilized in temporal production. The

decision to saccade is completely cognitive based, reflects training, and is not due to

sensory perceptions. This explicit temporal representation of internally initiated be-

havior provides insights into general timing mechanisms within the brain that may be

utilized in numerous applications.

Methods Summary

Response fields [Gnadt and Andersen (1988); Barash et al. (1991b); Colby et al.

(1995, 1996); Platt and Glimcher (1997, 1998); Andersen and Buneo (2002)] were

mapped for each recorded and stimulated neuron. Response field locations were de-

termined by the spatial position that elicited the largest neuronal response as animals

performed single saccade trials of the rhythmic task as the peripheral target was moved

about the monitor. To determine which cells displayed stereotyped LIP activity, a min-

imum of 30 trials of the memory-guided delayed saccade task were also performed

while recording neural activity (Fig. 9a). Neurons that displayed a response to the

flashed target and maintained activity while the animal remembered the target loca-

tion, were selected for further analysis (100/175 recordings and 56/81 stimulation

sessions) (Fig. 9).

For physiological recordings and stimulation sessions, 2 animals were trained to

perform a self-timed rhythmic saccade task. Briefly, animals were required to make a

random number of saccades back and forth between two fixed targets so that saccades

occurred each second (0.5 Hz) (Fig. 8a). For stimulation trials, current was delivered

during random intervals of random trials to minimize stimulation expectations. 150-
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180 µA biphasic current pulses were delivered at 250 Hz. During interval stimulation

sessions, 4 pulses (16 ms train duration) were delivered at random times following

saccade initiation. During duration stimulation sessions, 4, 8, 12, 16, or 20 pulses

were delivered 450 ms after saccade onset (Fig. 8b). Control experiments were also

conducted where the stimulation protocol was engaged, but no stimulation was deliv-

ered. No differences were observed between “sham-stimulation” and no-stimulation

conditions.

Visual stimulation, behavioral control, and data acquisition for each experiment

were controlled using customized computer software:

(http://www.ghoselab.cmrr.umn.edu/software.html)

All surgeries required were done in accordance with animal care guidelines of the

University of Minnesota and the National Institutes of Health and were performed

under aseptic conditions with full anesthesia.
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Figure 8: Rhythmic-Saccade Stimulation Task and Parameters

Task design for investigating temporal production signals within LIP. a, Self-timed
rhythmic-saccade task performed by animals during electrophysiological recordings
and stimulation sessions. Dashed box in each window (not visible to animals) depicts
neuronal RF. Colored targets represent target locations (orange = central target, green
= peripheral target). Both targets were white while animals performed the task but
are colored in this figure for illustrative purposes. Red lines indicate “peripheral”
saccades, while blue lines indicate”central” saccades. Black lightning bolt depicts
delivery of microstimulation during random intervals of random trials. b, Example
trial of the self-timed rhythmic saccade task (top) and magnification of the interval
during which stimulation was delivered (bottom). 1 depicts the interval stimulation
experiment. 2 depicts the duration stimulation experiment.
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Figure 9: Memory-Guided Saccade Activity (Stimulation)

Neural activity displaying stereotyped LIP responses observed during the memory-
guided delayed-saccade task. a, Memory-guided delayed-saccade task. b, c, Ex-
ample cell response (b) and the population response (c) obtained while the animals
performed the memory-task. Black bar along x-axis depicts time period when the
peripheral target is flashed within the response field. Left portions of the plots are
aligned to target onset. Right portions are aligned to saccade onset. Gray shading
represents standard deviation of the mean.
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Figure 10: Interval Experiment Results

LIP activity is predictive of inter-saccadic interval length and affects behavior. a, b,
Correlation analyses between spike rate and interval duration calculated over 100 ms
bins for the first 800 ms of the interval (“All”) (p < 0.01). Bars on the data points
depict 99% confidence intervals. Correlations are aligned following central saccades
(a) and peripheral saccades (b). Dashed line depicts an R-value of zero for reference.
c, d, Temporal effects observed during the interval stimulation experiment following
saccades aligned to the center target (c, blue) and the peripheral target (d, red). Bars
on the data points represent the S.E.M. Dashed black line depicts the average inter-
saccade interval length observed when no stimulation is applied. The gray shading
represents the S.E.M. for the no-stim condition. Asterisks represent intervals that are
significantly different from the no-stim condition (ANOVA, p < 0.001). Colored bars
along the y-axis depict central (blue) and peripheral saccades (red). Colored bars
along the x-axis depict fixation location (orange = fixated at central target, green =
fixated at peripheral target).
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Figure 11: Duration Experiment Results

LIP activity and its effects on behavior are not largely affected by bin size or stim-
ulation duration. a,b Correlation analyses between spike rate and interval duration
calculated for various bin sizes at 450 ms following saccade initiation (p < 0.01).
Bars on the data points depict 99% confidence intervals. Correlations are aligned
following central saccades (a) and peripheral saccades (b). Dashed line depicts an
R-value of zero for reference. c, d, Temporal effects observed during the duration
stimulation experiment following saccades aligned to the center target (c, blue) and
the peripheral target (d, red). Bars on the data points represent the S.E.M. Dashed
black line depicts the average inter-saccade interval length observed when no stimu-
lation is applied. The gray shading represents the S.E.M. for the no-stim condition.
Asterisks represent intervals that are significantly different from the no-stim condition
(ANOVA, p < 0.001). Colored bars along the y-axis depict central (blue) and periph-
eral saccades (red). Colored bars along the x-axis depict fixation location (orange =
fixated at central target, green = fixated at peripheral target).
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Sheet1

Page 1

Table 1: Stimulation effects on interval duration

Time of Stimulation 50 150 250 350 450 550 650 750 850 Avg. No

Post – Central 1069 1010 1021 1018 1057 1029 1053 1047 1033 1036 1032

Post – Peripheral 1049 1046 1092* 1089* 1107* 1075* 1087* 1081* 1094* 1085* 1040

Pulses 4 8 12 16 20 Avg. No

Post – Central 993 991 1000 996 1007 998 993

Post – Peripheral 1108* 1108* 1112* 1117* 1116* 1112* 1071

* Significantly different from “No” stimulation conditions. ANOVA (p < 0.0001)

Top: Interval durations (ms) based on the time stimulation was delivered within the interval (Time of Stimulation) 

following central (Post – Central) and peripheral (Post – Peripheral) saccades. Average interval durations (Avg.) are for 

all stimulations within each conditions. “No” represents conditions where no stimulation was delivered. Bottom: Interval 

durations (ms) based on the number of stimulation pulses delivered.

Table 1: Stimulation Times

Top: Interval durations (ms) based on the time stimulation was delivered within the
interval (Time of Stimulation) following central (Post – Central) and peripheral (Post
– Peripheral) saccades. Average interval durations (Avg.) are for all stimulations
within each conditions. “No” represents conditions where no stimulation was de-
livered. Bottom: Interval durations (ms) based on the number of stimulation pulses
delivered.
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Part IV

Concluding Remarks
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Internal Motor Production Signals are Predictive of Interval Length

In Chapter 2, it was evident that when sensory cueing was eliminated and reward

was dissociated from movement in the self-timed rhythmic-saccade task, the timing

signals we observed were drastically different from previous reports of time related

activity in LIP [Leon and Shadlen (2003b); Janssen and Shadlen (2005); Maimon and

Assad (2006)]. This suggests that the time-dependent climbing activity reported dur-

ing these previous tasks were likely due to stimulus dynamics or reward anticipation

rather than movement initiation. This does not mean that the activity observed during

these studies is not related to timing. It simply means that the temporal signal was

concerned with temporal measurement cueing rather than the temporal production of

movement.

Significant correlations between inter-saccade duration and firing rate existed through-

out inter-saccadic intervals. This suggests that falling activity may serve as a tempo-

ral production signal in the timing of rhythmic saccades as it is predictive of interval

length. In addition to the correlation analysis, a few other interesting findings came to

light that have not been seen in previous timing studies. First, the sign of the correla-

tion (+ vs. -) depended on some combination of fixation location (central vs. periph-

eral) and the upcoming saccade direction (toward RF vs. away from RF). This means

that LIP activity, contrary to previous views [Blatt et al. (1990)], reflects movement

parameters to multiple visual locations, not just toward the RF. Another interesting

finding is that the sign switch of the correlation occurs at the time of saccades. There-

fore, saccades may serve to reset the timing signal. This notion is further supported

by the fact that LIP activity was only concerned with the current (not past or future)

interval.

It was also interesting that activity prior to a peripheral saccade (negative correla-

tion) signals for saccade production while activity prior to a central saccade (positive
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correlation) signals to maintain fixation. This discrepancy between correlation signs

may provide insight into a new timing model. Since each hemisphere of LIP typically

contains RFs in opposite hemi-fields from one another, it means that they encode an

upcoming movement in different ways (positive correlation exists in one hemisphere

while a negative correlation exists in the other hemisphere for the same movement). A

difference model where the activity between the two hemispheres is subtracted from

one another is simple in its implementation and does a good job of explaining our

results.

These results also shed light on the mechanisms being used. The difference be-

tween timing a central saccade and a peripheral saccade may imply that a central timer

is not the mechanism being used to time this behavior since each direction of move-

ment is encoded differently. Additionally, the lack of significant temporal information

in individual cells, along with low correlation values of the population suggests that

our difference model may be the result of competing population clock mechanisms

that are active in each hemisphere.

Together, our results, along with the results from previous LIP studies, suggest

that LIP is utilized in the timing of both external sensory and internal motor events

and that the task demands determine which timing system is utilized.

Time Perception Altered by Stimulation

Although Chapter 2 provided substantial evidence in favor of LIP activity acting as

a temporal production signal, average activity does not imply causality. In Chapter

3, we investigated LIP’s effect on behavior by stimulating the area as each animal

performed the self-timed rhythmic saccade task. Results showed that stimulation of

LIP altered the animal’s sense of time. Stimulation delivered prior to central saccades

delayed the onset of the behavior, in agreement with the correlation results of Chapter
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2. This suggests that LIP is used in the production of saccades and that LIP activity is

involved in the perception of time.

The stimulation results also lend credence to the population clock model as the

mechanism of motor production. First, stimulation only had an effect in one direc-

tion. Since both directions of movement were not affected equally by the stimula-

tion, it suggests that a centralized timer is not being used. Secondly, relatively large

amounts of stimulation (150-180µA) only produced small effects in behavior (~ 40

ms). Therefore, a large population of neurons is likely to be used to time this behavior

since stimulating a small region of neurons with a high level of current only produced

small behavioral effects.

Broad Significance

Understanding how the brain functions to control the timing of our movements is

one of the most compelling problems in the field of neuroscience. Insights into these

issues have relevance to how we locomote, speak, attend to and grasp for objects,

and to cognition and survival [Buhusi and Meck (2005); Wittmann (2009)]. With-

out proper timing, movement and many other functions are adversely affected. The

number of neurological disorders that display time processing deficits are ample and

include: aphasia, dyslexia, attention-deficit/hyperactivity disorder, Parkinson’s dis-

ease, and schizophrenia [Lebedev et al. (2008)]. A more complete understanding of

the timing mechanisms within the brain will better equip the scientific community to

understand and treat these disorders.

The results of my research also have the potential to contribute to a diverse array

of scientific areas. For example, although great technological advances have been

made in the area of neural prosthetics and such devices are already improving the

lives of many who have lost motor control of their limbs, the movements produced
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by this technology remain quite crude and unrefined. The current technology is based

purely on motor signals, making the movements of prosthetics slow and jerky. By

knowing where motor planning signals exist and utilizing these signals, movements

could be made faster, more fluid, and more life-like. These improvements would be

a great benefit to the field of motor control and prosthetics, the field of robotics, and

especially the patients.

Closing Statement

The results from our studies may someday have broad reaching effects outside the

field of neuroscience. Not only did these experiments provide information on what

internally generated motor production signals look like, and how these signals may

be implemented to affect behavior, but it actually provides a location at which the

perception of time can be altered. Subsequent research on timing may be able to build

upon these findings and utilize them as the field pushes toward compiling a global

view of neural timing mechanisms.

82



References

Andersen RA (1995) Encoding of intention and spatial location in the posterior pari-

etal cortex. Cereb Cortex 5:457–69.

Andersen RA, Asanuma C, Essick G, Siegel RM (1990a) Corticocortical connections

of anatomically and physiologically defined subdivisions within the inferior parietal

lobule. J Comp Neurol 296:65–113.

Andersen RA, Bracewell RM, Barash S, Gnadt JW, Fogassi L (1990b) Eye posi-

tion effects on visual, memory, and saccade-related activity in areas lip and 7a of

macaque. J Neurosci 10:1176–96.

Andersen RA, Snyder LH, Bradley DC, Xing J (1997) Multimodal representation of

space in the posterior parietal cortex and its use in planning movements. Annu Rev

Neurosci 20:303–30.

Andersen RA, Buneo CA (2002) Intentional maps in posterior parietal cortex. Annu

Rev Neurosci 25:189–220.

Antón PS, Lynch G, Granger R (1991) Computation of frequency-to-spatial transform

by olfactory bulb glomeruli. Biol Cybern 65:407–14.

Baldauf D, Cui H, Andersen RA (2008) The posterior parietal cortex encodes in

parallel both goals for double-reach sequences. J Neurosci 28:10081–9.

Barash S, Bracewell RM, Fogassi L, Gnadt JW, Andersen RA (1991a) Saccade-

related activity in the lateral intraparietal area. i. temporal properties; comparison

with area 7a. J Neurophysiol 66:1095–108.

Barash S, Bracewell RM, Fogassi L, Gnadt JW, Andersen RA (1991b) Saccade-

83



related activity in the lateral intraparietal area. ii. spatial properties. J Neurophys-

iol 66:1109–24.

Basso G, Nichelli P, Wharton CM, Peterson M, Grafman J (2003) Distributed neural

systems for temporal production: a functional mri study. Brain Res Bull 59:405–11.

Beggs JM, Moyer J JR, McGann JP, Brown TH (2000) Prolonged synaptic integration

in perirhinal cortical neurons. J Neurophysiol 83:3294–8.

Bendiksby MS, Platt ML (2006) Neural correlates of reward and attention in macaque

area lip. Neuropsychologia 44:2411–20.

Bennur S, Gold JI (2011) Distinct representations of a perceptual decision and

the associated oculomotor plan in the monkey lateral intraparietal area. J Neu-

rosci 31:913–21.

Bisley JW, Goldberg ME (2003a) Neuronal activity in the lateral intraparietal area

and spatial attention. Science 299:81–6.

Bisley JW, Goldberg ME (2003b) The role of the parietal cortex in the neural pro-

cessing of saccadic eye movements. Adv Neurol 93:141–57.

Bisley JW, Goldberg ME (2006) Neural correlates of attention and distractibility in

the lateral intraparietal area. J Neurophysiol 95:1696–717.

Bisley JW, Goldberg ME (2010) Attention, intention, and priority in the parietal lobe.

Annu Rev Neurosci 33:1–21.

Blatt GJ, Andersen RA, Stoner GR (1990) Visual receptive field organization

and cortico-cortical connections of the lateral intraparietal area (area lip) in the

macaque. J Comp Neurol 299:421–45.

84



Bracewell RM, Mazzoni P, Barash S, Andersen RA (1996) Motor intention activity

in the macaque’s lateral intraparietal area. ii. changes of motor plan. J Neurophys-

iol 76:1457–64.

Brown SW (1997) Attentional resources in timing: interference effects in

concurrent temporal and nontemporal working memory tasks. Percept Psy-

chophys 59:1118–40.

Buhusi CV, Meck WH (2002) Differential effects of methamphetamine and haloperi-

dol on the control of an internal clock. Behav Neurosci 116:291–7.

Buhusi CV, Meck WH (2005) What makes us tick? functional and neural mechanisms

of interval timing. Nat Rev Neurosci 6:755–65.

Buhusi CV, Meck WH (2007) Effect of clozapine on interval timing and work-

ing memory for time in the peak-interval procedure with gaps. Behav Pro-

cesses 74:159–67.

Buhusi CV, Meck WH (2009) Relative time sharing: new findings and an extension

of the resource allocation model of temporal processing. Philos Trans R Soc Lond

B Biol Sci 364:1875–85.

Buonomano DV (2000) Decoding temporal information: A model based on short-

term synaptic plasticity. J Neurosci 20:1129–41.

Buonomano DV, Karmarkar UR (2002) How do we tell time? Neuroscientist 8:42–51.

Cavada C, Goldman-Rakic PS (1991) Topographic segregation of corticostriatal

projections from posterior parietal subdivisions in the macaque monkey. Neuro-

science 42:683–96.

85



Cheng RK, MacDonald CJ, Meck WH (2006) Differential effects of cocaine and

ketamine on time estimation: implications for neurobiological models of interval

timing. Pharmacol Biochem Behav 85:114–22.

Chiba A, Oshio Ki, Inase M (2008) Striatal neurons encoded temporal information in

duration discrimination task. Exp Brain Res 186:671–6.

Coe B, Tomihara K, Matsuzawa M, Hikosaka O (2002) Visual and anticipatory bias

in three cortical eye fields of the monkey during an adaptive decision-making task.

J Neurosci 22:5081–90.

Colby CL, Duhamel JR, Goldberg ME (1993) Ventral intraparietal area of the

macaque: anatomic location and visual response properties. J Neurophys-

iol 69:902–14.

Colby CL, Duhamel JR, Goldberg ME (1995) Oculocentric spatial representation in

parietal cortex. Cereb Cortex 5:470–81.

Colby CL, Duhamel JR, Goldberg ME (1996) Visual, presaccadic, and cognitive

activation of single neurons in monkey lateral intraparietal area. J Neurophys-

iol 76:2841–52.

Collins CJ, Jahanshahi M, Barnes GR (1998) Timing variability of repetitive saccadic

eye movements. Exp Brain Res 120:325–34.

Constantin AG, Wang H, Martinez-Trujillo JC, Crawford JD (2007) Frames of refer-

ence for gaze saccades evoked during stimulation of lateral intraparietal cortex. J

Neurophysiol 98:696–709.

Coull JT, Cheng RK, Meck WH (2011) Neuroanatomical and neurochemical sub-

strates of timing. Neuropsychopharmacology 36:3–25.

86



Cui H, Andersen RA (2007) Posterior parietal cortex encodes autonomously selected

motor plans. Neuron 56:552–9.

Cutrell EB, Marrocco RT (2002) Electrical microstimulation of primate posterior

parietal cortex initiates orienting and alerting components of covert attention. Exp

Brain Res 144:103–13.

Dickinson AR, Calton JL, Snyder LH (2003) Nonspatial saccade-specific activation

in area lip of monkey parietal cortex. J Neurophysiol 90:2460–4.

Dorris MC, Glimcher PW (2004) Activity in posterior parietal cortex is correlated

with the relative subjective desirability of action. Neuron 44:365–78.

Droit-Volet S, Meck WH (2007) How emotions colour our perception of time. Trends

Cogn Sci 11:504–13.

Duhamel JR, Colby CL, Goldberg ME (1992) The updating of the representation of

visual space in parietal cortex by intended eye movements. Science 255:90–2.

Durstewitz D (2003) Self-organizing neural integrator predicts interval times through

climbing activity. J Neurosci 23:5342–53.

Durstewitz D (2004) Neural representation of interval time. Neuroreport 15:745–9.

Ferraina S, Paré M, Wurtz RH (2002) Comparison of cortico-cortical and cortico-

collicular signals for the generation of saccadic eye movements. J Neurophys-

iol 87:845–58.

Fiala JC, Grossberg S, Bullock D (1996) Metabotropic glutamate receptor activa-

tion in cerebellar purkinje cells as substrate for adaptive timing of the classically

conditioned eye-blink response. J Neurosci 16:3760–74.

87



Fortune ES, Rose GJ (2001) Short-term synaptic plasticity as a temporal filter. Trends

Neurosci 24:381–5.

Freedman DJ, Assad JA (2006) Experience-dependent representation of visual cate-

gories in parietal cortex. Nature 443:85–8.

Freedman DJ, Assad JA (2009) Distinct encoding of spatial and nonspatial visual

information in parietal cortex. J Neurosci 29:5671–80.

Fujii N, Graybiel AM (2003) Representation of action sequence boundaries by

macaque prefrontal cortical neurons. Science 301:1246–9.

Gail A, Andersen RA (2006) Neural dynamics in monkey parietal reach region reflect

context-specific sensorimotor transformations. J Neurosci 26:9376–84.

Garcia KS, Steele PM, Mauk MD (1999) Cerebellar cortex lesions prevent acquisition

of conditioned eyelid responses. J Neurosci 19:10940–7.

Genovesio A, Tsujimoto S, Wise SP (2006) Neuronal activity related to elapsed time

in prefrontal cortex. J Neurophysiol 95:3281–5.

Genovesio A, Tsujimoto S, Wise SP (2009) Feature- and order-based timing repre-

sentations in the frontal cortex. Neuron 63:254–66.

Ghose GM (2006) Strategies optimize the detection of motion transients. J

Vis 6:429–40.

Gibbon J (1977) Scalar expectancy theory and weber’s law in animal timing. Psychol

Rev 84:279–325.

Gibbon J (1991) Origins of scalar timing theory. Learning and Motivation 22:3–38.

Gibbon J, Church RM, Meck WH (1984) Timing and Time Perception, Vol. 423,

pp. 52–77 The New York Academy of Sciences, New York.

88



Gnadt JW, Andersen RA (1988) Memory related motor planning activity in posterior

parietal cortex of macaque. Exp Brain Res 70:216–20.

Gottlieb J, Goldberg ME (1999) Activity of neurons in the lateral intraparietal area of

the monkey during an antisaccade task. Nat Neurosci 2:906–12.

Gottlieb JP, Kusunoki M, Goldberg ME (1998) The representation of visual salience

in monkey parietal cortex. Nature 391:481–4.

Gottlieb J (2007) From thought to action: the parietal cortex as a bridge between

perception, action, and cognition. Neuron 53:9–16.

Gottlieb J, Balan P (2010) Attention as a decision in information space. Trends Cogn

Sci 14:240–8.

Gottlieb J, Balan PF, Oristaglio J, Schneider D (2009) Task specific computations in

attentional maps. Vision Res 49:1216–26.

Hanks TD, Ditterich J, Shadlen MN (2006) Microstimulation of macaque area lip

affects decision-making in a motion discrimination task. Nat Neurosci 9:682–9.

Hanks TD, Mazurek ME, Kiani R, Hopp E, Shadlen MN (2011) Elapsed decision

time affects the weighting of prior probability in a perceptual decision task. J

Neurosci 31:6339–52.

Harrington DL, Boyd LA, Mayer AR, Sheltraw DM, Lee RR, Huang M, Rao SM

(2004) Neural representation of interval encoding and decision making. Brain Res

Cogn Brain Res 21:193–205.

Heiser LM, Colby CL (2006) Spatial updating in area lip is independent of saccade

direction. J Neurophysiol 95:2751–67.

89



Hikosaka O, Wurtz RH (1983) Visual and oculomotor functions of monkey substan-

tia nigra pars reticulata. iii. memory-contingent visual and saccade responses. J

Neurophysiol 49:1268–84.

Histed MH, Miller EK (2006) Microstimulation of frontal cortex can reorder a re-

membered spatial sequence. PLoS Biol 4:e134.

Holson RR, Bowyer JF, Clausing P, Gough B (1996) Methamphetamine-stimulated

striatal dopamine release declines rapidly over time following microdialysis probe

insertion. Brain Res 739:301–7.

Hooper SL, Buchman E, Hobbs KH (2002) A computational role for slow conduc-

tances: single-neuron models that measure duration. Nat Neurosci 5:552–6.

Huk AC, Shadlen MN (2005) Neural activity in macaque parietal cortex reflects

temporal integration of visual motion signals during perceptual decision making. J

Neurosci 25:10420–36.

Hwang EJ, Andersen RA (2009) Brain control of movement execution onset using

local field potentials in posterior parietal cortex. J Neurosci 29:14363–70.

Ipata AE, Gee AL, Goldberg ME, Bisley JW (2006) Activity in the lateral intraparietal

area predicts the goal and latency of saccades in a free-viewing visual search task.

J Neurosci 26:3656–61.

Ivry RB, Keele SW (1989) Timing functions of the cerebellum. Journal of Cognitive

Neuroscience 1:136–152.

Ivry RB, Keele SW, Diener HC (1988) Dissociation of the lateral and medial cerebel-

lum in movement timing and movement execution. Exp Brain Res 73:167–80.

90



Ivry RB, Spencer RMC (2004) The neural representation of time. Curr Opin Neuro-

biol 14:225–32.

Jaffe S (1992) Analysis and modeling of neural systems, pp. 405–10 Kluwer, Boston.

Janssen P, Shadlen MN (2005) A representation of the hazard rate of elapsed time in

macaque area lip. Nat Neurosci 8:234–41.

Koch G, Costa A, Brusa L, Peppe A, Gatto I, Torriero S, Gerfo EL, Salerno S, Oliveri

M, Carlesimo GA, Caltagirone C (2008) Impaired reproduction of second but not

millisecond time intervals in parkinson’s disease. Neuropsychologia 46:1305–13.

Kowalska E, Brown SA (2007) Peripheral clocks: keeping up with the master clock.

Cold Spring Harb Symp Quant Biol 72:301–5.

Kusunoki M, Gottlieb J, Goldberg ME (2000) The lateral intraparietal area as a

salience map: the representation of abrupt onset, stimulus motion, and task rele-

vance. Vision Res 40:1459–68.

Kusunoki M, Goldberg ME (2003) The time course of perisaccadic receptive field

shifts in the lateral intraparietal area of the monkey. J Neurophysiol 89:1519–27.

Law CT, Gold JI (2008) Neural correlates of perceptual learning in a sensory-motor,

but not a sensory, cortical area. Nat Neurosci 11:505–13.

Lebedev MA, O’Doherty JE, Nicolelis MAL (2008) Decoding of temporal intervals

from cortical ensemble activity. J Neurophysiol 99:166–86.

Lejeune H, Wearden JH (2006) Scalar properties in animal timing: conformity and

violations. Q J Exp Psychol (Colchester) 59:1875–908.

Leon MI, Shadlen MN (2003a) Representation of time by neurons in the posterior

parietal cortex of the macaque. Neuron 38:317–27.

91



Leon MI, Shadlen MN (2003b) Representation of time by neurons in the posterior

parietal cortex of the macaque. Neuron 38:317–27.

Lewis JW, Van Essen DC (2000) Corticocortical connections of visual, sensorimotor,

and multimodal processing areas in the parietal lobe of the macaque monkey. J

Comp Neurol 428:112–37.

Lewis PA, Miall RC (2002) Brain activity during non-automatic motor production of

discrete multi-second intervals. Neuroreport 13:1731–5.

Lewis PA, Miall RC (2003) Distinct systems for automatic and cognitively controlled

time measurement: evidence from neuroimaging. Curr Opin Neurobiol 13:250–5.

Li CS, Mazzoni P, Andersen RA (1999) Effect of reversible inactivation of

macaque lateral intraparietal area on visual and memory saccades. J Neurophys-

iol 81:1827–38.

Liu Y, Yttri EA, Snyder LH (2010) Intention and attention: different functional roles

for lipd and lipv. Nat Neurosci 13:495–500.

Lu X, Ashe J (2005) Anticipatory activity in primary motor cortex codes memorized

movement sequences. Neuron 45:967–73.

Lucchetti C, Bon L (2001) Time-modulated neuronal activity in the premotor cortex

of macaque monkeys. Exp Brain Res 141:254–60.

MacDonald CJ, Meck WH (2005) Differential effects of clozapine and haloperi-

dol on interval timing in the supraseconds range. Psychopharmacology

(Berl) 182:232–44.

Maill C (1989) The storage of time intervals using oscillating neurons. Neural Com-

put 1:359–71.

92



Maimon G, Assad JA (2006) A cognitive signal for the proactive timing of action in

macaque lip. Nat Neurosci 9:948–55.

Malapani C, Dubois B, Rancurel G, Gibbon J (1998a) Cerebellar dysfunctions of

temporal processing in the seconds range in humans. Neuroreport 9:3907–12.

Malapani C, Rakitin B, Levy R, Meck WH, Deweer B, Dubois B, Gibbon J (1998b)

Coupled temporal memories in parkinson’s disease: a dopamine-related dysfunc-

tion. J Cogn Neurosci 10:316–31.

Malapani C, Deweer B, Gibbon J (2002) Separating storage from retrieval dysfunction

of temporal memory in parkinson’s disease. J Cogn Neurosci 14:311–22.

Maricq AV, Church RM (1983) The differential effects of haloperidol and metham-

phetamine on time estimation in the rat. Psychopharmacology (Berl) 79:10–5.

Matell MS, Meck WH (2000) Neuropsychological mechanisms of interval timing

behavior. Bioessays 22:94–103.

Matell MS, Bateson M, Meck WH (2006) Single-trials analyses demonstrate that

increases in clock speed contribute to the methamphetamine-induced horizontal

shifts in peak-interval timing functions. Psychopharmacology (Berl) 188:201–12.

Matell MS, King GR, Meck WH (2004) Differential modulation of clock speed

by the administration of intermittent versus continuous cocaine. Behav Neu-

rosci 118:150–6.

Mauk MD, Buonomano DV (2004) The neural basis of temporal processing. Annu

Rev Neurosci 27:307–40.

Maunsell JHR (2004) Neuronal representations of cognitive state: reward or atten-

tion? Trends Cogn Sci 8:261–5.

93



Mazzoni P, Bracewell RM, Barash S, Andersen RA (1996) Motor intention activity in

the macaque’s lateral intraparietal area. i. dissociation of motor plan from sensory

memory. J Neurophysiol 76:1439–56.

Meck WH (1983) Selective adjustment of the speed of internal clock and memory

processes. J Exp Psychol Anim Behav Process 9:171–201.

Meck WH (1996) Neuropharmacology of timing and time perception. Brain Res

Cogn Brain Res 3:227–42.

Meck WH, Church RM (1987) Cholinergic modulation of the content of temporal

memory. Behav Neurosci 101:457–64.

Meck WH (2005) Neuropsychology of timing and time perception. Brain

Cogn 58:1–8.

Meck WH, Penney TB, Pouthas V (2008) Cortico-striatal representation of time in

animals and humans. Curr Opin Neurobiol 18:145–52.

Medina JF, Garcia KS, Nores WL, Taylor NM, Mauk MD (2000) Timing mecha-

nisms in the cerebellum: testing predictions of a large-scale computer simulation.

J Neurosci 20:5516–25.

Mirpour K, Ong WS, Bisley JW (2010) Microstimulation of posterior parietal cor-

tex biases the selection of eye movement goals during search. J Neurophys-

iol 104:3021–8.

Mushiake H, Fujii N, Tanji J (1999) Microstimulation of the lateral wall of the in-

traparietal sulcus compared with the frontal eye field during oculomotor tasks. J

Neurophysiol 81:1443–8.

94



Mushiake H, Saito N, Sakamoto K, Itoyama Y, Tanji J (2006) Activity in the lat-

eral prefrontal cortex reflects multiple steps of future events in action plans. Neu-

ron 50:631–41.

Noulhiane M, Mella N, Samson S, Ragot R, Pouthas V (2007) How emotional audi-

tory stimuli modulate time perception. Emotion 7:697–704.

Ohbayashi M, Ohki K, Miyashita Y (2003) Conversion of working memory to motor

sequence in the monkey premotor cortex. Science 301:233–6.

Perrett SP, Ruiz BP, Mauk MD (1993) Cerebellar cortex lesions disrupt learning-

dependent timing of conditioned eyelid responses. J Neurosci 13:1708–18.

Platt ML, Glimcher PW (1997) Responses of intraparietal neurons to saccadic targets

and visual distractors. J Neurophysiol 78:1574–89.

Platt ML, Glimcher PW (1998) Response fields of intraparietal neurons quantified

with multiple saccadic targets. Exp Brain Res 121:65–75.

Platt ML, Glimcher PW (1999) Neural correlates of decision variables in parietal

cortex. Nature 400:233–8.

Plenz D, Kital ST (1999) A basal ganglia pacemaker formed by the subthalamic

nucleus and external globus pallidus. Nature 400:677–82.

Powell KD, Goldberg ME (2000) Response of neurons in the lateral intraparietal

area to a distractor flashed during the delay period of a memory-guided saccade. J

Neurophysiol 84:301–10.

Prsa M, Dash S, Catz N, Dicke PW, Thier P (2009) Characteristics of responses of

golgi cells and mossy fibers to eye saccades and saccadic adaptation recorded from

the posterior vermis of the cerebellum. J Neurosci 29:250–62.

95



Quian Quiroga R, Snyder LH, Batista AP, Cui H, Andersen RA (2006) Movement

intention is better predicted than attention in the posterior parietal cortex. J Neu-

rosci 26:3615–20.

Rao SM, Harrington DL, Haaland KY, Bobholz JA, Cox RW, Binder JR (1997)

Distributed neural systems underlying the timing of movements. J Neu-

rosci 17:5528–35.

Rao SM, Mayer AR, Harrington DL (2001) The evolution of brain activation during

temporal processing. Nat Neurosci 4:317–23.

Renoult L, Roux S, Riehle A (2006) Time is a rubberband: neuronal activity in

monkey motor cortex in relation to time estimation. Eur J Neurosci 23:3098–108.

Reppert SM, Weaver DR (2001) Molecular analysis of mammalian circadian rhythms.

Annu Rev Physiol 63:647–76.

Reppert SM, Weaver DR (2002) Coordination of circadian timing in mammals. Na-

ture 418:935–41.

Robinson DL, Bowman EM, Kertzman C (1995) Covert orienting of attention in

macaques. ii. contributions of parietal cortex. J Neurophysiol 74:698–712.

Roitman JD, Shadlen MN (2002) Response of neurons in the lateral intraparietal area

during a combined visual discrimination reaction time task. J Neurosci 22:9475–89.

Roux S, Coulmance M, Riehle A (2003) Context-related representation of timing

processes in monkey motor cortex. Eur J Neurosci 18:1011–6.

Rubia K, Smith A (2004) The neural correlates of cognitive time management: a

review. Acta Neurobiol Exp (Wars) 64:329–40.

96



Saitoh I, Suga N (1995) Long delay lines for ranging are created by inhibition in the

inferior colliculus of the mustached bat. J Neurophysiol 74:1–11.

Scherberger H, Andersen RA (2007) Target selection signals for arm reaching in the

posterior parietal cortex. J Neurosci 27:2001–12.

Scherberger H, Jarvis MR, Andersen RA (2005) Cortical local field potential encodes

movement intentions in the posterior parietal cortex. Neuron 46:347–54.

Schubotz RI, Friederici AD, von Cramon DY (2000) Time perception and mo-

tor timing: a common cortical and subcortical basis revealed by fmri. Neuroim-

age 11:1–12.

Seo H, Barraclough DJ, Lee D (2009) Lateral intraparietal cortex and reinforcement

learning during a mixed-strategy game. J Neurosci 29:7278–89.

Shadlen MN, Newsome WT (1996) Motion perception: seeing and deciding. Proc

Natl Acad Sci U S A 93:628–33.

Shadlen MN, Newsome WT (2001) Neural basis of a perceptual decision in the

parietal cortex (area lip) of the rhesus monkey. J Neurophysiol 86:1916–36.

Snyder LH, Batista AP, Andersen RA (1997) Coding of intention in the posterior

parietal cortex. Nature 386:167–70.

Snyder LH, Batista AP, Andersen RA (1998) Change in motor plan, without a change

in the spatial locus of attention, modulates activity in posterior parietal cortex. J

Neurophysiol 79:2814–9.

Staddon JER (2005) Interval timing: memory, not a clock. Trends Cogn Sci 9:312–4.

Stoney J SD, Thompson WD, Asanuma H (1968) Excitation of pyramidal tract cells

97



by intracortical microstimulation: effective extent of stimulating current. J Neuro-

physiol 31:659–69.

Sugrue LP, Corrado GS, Newsome WT (2004) Matching behavior and the represen-

tation of value in the parietal cortex. Science 304:1782–7.

Taatgen NA, van Rijn H, Anderson J (2007) An integrated theory of prospective

time interval estimation: the role of cognition, attention, and learning. Psychol

Rev 114:577–98.

Tanji J, Shima K (1994) Role for supplementary motor area cells in planning several

movements ahead. Nature 371:413–6.

Tehovnik EJ, Tolias AS, Sultan F, Slocum WM, Logothetis NK (2006) Direct and

indirect activation of cortical neurons by electrical microstimulation. J Neurophys-

iol 96:512–21.

Tehovnik EJ, Slocum WM (2005) Microstimulation of v1 affects the detection of

visual targets: manipulation of target contrast. Exp Brain Res 165:305–14.

Tehovnik EJ, Slocum WM (2007) Microstimulation of v1 delays visually guided

saccades: a parametric evaluation of delay fields. Exp Brain Res 176:413–24.

Tehovnik EJ, Slocum WM, Schiller PH (2004) Microstimulation of v1 delays the

execution of visually guided saccades. Eur J Neurosci 20:264–72.

Tehovnik EJ, Slocum WM, Schiller PH (2005) Delaying visually guided saccades

by microstimulation of macaque v1: spatial properties of delay fields. Eur J Neu-

rosci 22:2635–43.

Thier P, Andersen RA (1996) Electrical microstimulation suggests two different forms

98



of representation of head-centered space in the intraparietal sulcus of rhesus mon-

keys. Proc Natl Acad Sci U S A 93:4962–7.

Thier P, Andersen RA (1998) Electrical microstimulation distinguishes distinct

saccade-related areas in the posterior parietal cortex. J Neurophysiol 80:1713–35.

Thomas NWD, Paré M (2007) Temporal processing of saccade targets in parietal

cortex area lip during visual search. J Neurophysiol 97:942–7.

Van Essen DC, Lewis JW, Drury HA, Hadjikhani N, Tootell RB, Bakircioglu M,

Miller MI (2001) Mapping visual cortex in monkeys and humans using surface-

based atlases. Vision Res 41:1359–78.

Wardak C, Olivier E, Duhamel JR (2002) Saccadic target selection deficits after lateral

intraparietal area inactivation in monkeys. J Neurosci 22:9877–84.

Wardak C, Olivier E, Duhamel JR (2004) A deficit in covert attention after parietal

cortex inactivation in the monkey. Neuron 42:501–8.

Wardak C, Olivier E, Duhamel JR (2011) The relationship between spatial at-

tention and saccades in the frontoparietal network of the monkey. Eur J Neu-

rosci 33:1973–81.

Wencil EB, Coslett HB, Aguirre GK, Chatterjee A (2010) Carving the clock at its

component joints: neural bases for interval timing. J Neurophysiol 104:160–8.

Wing AM, Keele S, Margolin DI (1984) Motor disorder and the timing of repetitive

movements. Ann N Y Acad Sci 423:183–92.

Wing AM, Kristofferson AB (1973a) Response delays and the timing of discrete

motor responses. Perceptual Psychophysics 14:5–12.

99



Wing AM, Kristofferson AB (1973b) The timing of interresponse intervals. Percep-

tual Psychophysics 13:455–460.

Wittmann M (2009) The inner experience of time. Philos Trans R Soc Lond B Biol

Sci 364:1955–67.

Wittmann M, Vollmer T, Schweiger C, Hiddemann W (2006) The relation between

the experience of time and psychological distress in patients with hematological

malignancies. Palliat Support Care 4:357–63.

Yang T, Shadlen MN (2007) Probabilistic reasoning by neurons. Nature 447:1075–80.

Zakay D, Block RA (2004) Prospective and retrospective duration judgments: an

executive-control perspective. Acta Neurobiol Exp (Wars) 64:319–28.

Zingale CM, Kowler E (1987) Planning sequences of saccades. Vision

Res 27:1327–41.

100


	List of Tables
	List of Figures
	I Background and Introduction
	Time and Behavior
	Timing Models
	LIP and Motor Production
	Overview of Analyses: Part 1
	Overview of Analyses: Part 2
	Summary


	II Temporal Production Signals in Parietal Cortex
	Introduction
	Materials and Methods
	Results
	Discussion
	Figures


	III Microstimulation of LIP Affects Motor Timing
	Introduction
	Self-timed rhythmic saccade task
	Mapping & memory task electrophysiology
	Stimulation, correlation, and timing
	Discussion
	Methods Summary
	Figures


	IV Concluding Remarks
	Internal Motor Production Signals are Predictive of Interval Length
	Time Perception Altered by Stimulation
	Broad Significance
	Closing Statement

	References


