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Unlike simple reactive saccades, directing the eyes to a target most appropriate in a given situation
requires substantial cognitive processing. Sensory cues present in the environment need to be evaluated in
terms of symbolic meanings associated with them. These then have to be translated so that the saccade goal is
chosen among alternatives available at the moment. Identifying neural underpinnings of these complex
processes is essential for advancing our knowledge of how the brain makes choices and how cognitive
information is utilized in oculomotor behavior. Equally important, this knowledge will provide a better
understanding such abnormal behaviors as oculomotor apraxia in which reflexive visually-guided saccades
are preserved while saccades prompted by verbal commands are impaired and frontal lobe dysfunction in
which the inability to make choice decisions is an important feature. Both the latter disorders are of public
health concern.
In this project, we will collect neural data while saccades are generated as a choice response based on
the pre-trained associations between color and spatial location: Animals will attend to visual stimuli of
different colors delivered at the fovea and respond with an eye movement to a unique location associated with
each color. Experiments are designed to achieve the following specific aims: 1) To characterize neural signals
in the superior colliculus (SC) and the cortical frontal eye fields (FEF) related to saccadic choice responses by
recording from single neurons. Whether these signals are indeed necessary for saccadic choice responses will
be determined by making reversible chemical lesions in the two structures. More specifically, by selectively
inactivating the foveal portion of the FEF, we will test the hypothesis that the FEF is the place where sensory
cue information given at the fovea is translated into the activation of neurons representing a target in the
periphery. 2) To identify the source of cue-driven signals observed in the caudal SC. Given the fact that the
FEF has abundant connections to this region, we will test the hypothesis that the FEF is the source of
cognitive signals recorded in the SC. Reversible lesions will be made in FEF as a SC neuron with cue-driven
signals is being recorded. Changes in the activation of the SC during choice response would support this
hypothesis. 3) To examine the temporal relationship between the activities in pairs of FEF cells that code for
the target location and others that code for non-target locations, while a choice decision is being made. This
data will help to differentiate between two current models that attempt to explain the neural mechanisms
underlying choice response.
PERFORMANCE SITE(S) (organization, city, state)

The Smith-Kettlewell Eye Research Institute, San Francisco, CA
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investor

-

----

----------

74,160

25,956

100,116

----- --------------- -

Co-Pi
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23,578

90,943
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12
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47,258

176,531

61,786
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SUBTOTALS
CONSULTANT COSTS
EQUIPMENT (Itemize)

Multi-channel microelectrode recording system: electrode manipulator (Thomas Recording
MiniMatrix) $21,629; Amplifier (Thomas Recording 5-ch Main Amp & filter $13,921; Accessories
for the MiniMatrix system $1 ,000). Total includes tax and shipping.

39,957

SUPPLIES (Itemize by category)

2- primates per year at $5,000 each = $10,000
Perdiem, 365 days x $15/day x 2 = $10,950
Surgery costs - 2 per year = $3,000
Lab supplies = $3,000
Office supplies including copying costs = $500

27,450

TRAVEL

3,000
PATIENT CARE COSTS

INPATIENT
OUTPATIENT

ALTERATIONS AND RENOVATIONS (Itemize by category)

OTHER EXPENSES (Itemize by category)

Publication page charges = $1,500
Equipment/software maintenance = $2,500
Telephone/postage/fax = $500
4,500
DIRECT COSTS

CONSORTIUM/CONTRACTUAL COSTS

SUBTOTAL DIRECT COSTS FOR INITIAL BUDGET PERIOD (Item 7a, Face Page)

$
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$

31 3,224 1

FACILITIES AND ADMINISTRATIVE COSTS

CONSORTIUM/CONTRACTUAL COSTS

TOTAL DIRECT COSTS FOR INITIAL BUDGET PERIOD
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Justification begins on page 7.
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BUDGET JUSTIFICATION
Personnel

Edward L. Keller, Ph.D., Principal Investigator, will devote ----- time and effort to the project for all
three years. He will be in overall charge of the project and will participate in all phases of the work
including obtaining the animals needed to complete the project, animal surgery and behavioral training,
recording and analysis of the data and writing up the results for publication.
-------------- - ----- ------- -------- --------------- --------------- ---- ------- - ------ time and effort to the project
for all three years. He will participate in all phases of the research project and will write and update all the
specialized software analysis algorithms for MATLAB that are needed to complete the project.
To Be Named, Research Assistant, will devote 100% time and effort to the project for all three years.
He/She will assist the Pis with most phases of the project. He/She will be responsible for daily chairing of
the animals and maintenance of the surgical implants. He/She will assist the Pis with the behavioral training
of the animals and assist with the surgical procedures. He/She will order all the supplies and will be
responsible for maintaining all the logs and records pertaining to animal welfare. He/She will be responsible
for helping to prepare all correspondence and reports requested by our IACUC. He/She will provide
assistance to the Pis in the analysis of data and the preparation of figures for scientific presentation and
publications.
Equipment
Multi-channel microelectrode recording system (Thomas Recording Minimax 5). We need a multi-electrode
recording system to carry out Aim 3 in which we will record pairs of neurons within a single recording
chamber. Although the goals of Aim 3 only require that pairs of neurons be recorded simultaneously, the
response fields of these pairs of neurons must have a certain relationship to each other. Thus, our efficiency
will be greatly improved if we can isolate a larger number of candidate neurons to be able to pick at least two
that have the most optimal field preferences. The Thomas System will allow us to record up to five neurons
simultaneously greatly increasing the possibility of an efficient search. Other advantages of the system are
that its specialized electrodes manufactured from pulled tungsten can penetrate the dura easily. In addition
these electrodes are smaller and cause less tissue damage than standard tungsten micro-electrodes.
Supplies
The general supplies request for $3,000 per year covers replacement parts for the animal handling and
chairing equipment, drugs, parts for the computers and electronic equipment, microelectrodes, stock parts for
manufacture of the injectrodes and other consumable items.
Animals
Two monkeys per year are requested in years 1 and 2. We will need two animals to complete Aiml and
Aim 2 and an additional two animals to complete Aim 3. This is the minimum number of animals that we
can use and still insure the statistical reliability of the results that we will obtain.
We will need to provide for the daily husbandry costs for two of these animals for year 1 and for the
additional two monkeys in year 3. We will need to maintain one animal throughout year 3 to complete Aim
3 ($15 per diem * 365 = $5,475). No additional animals will need to be purchased in year 3. We believe

Keller, Edward L.
that one surgery for each animal will be required. All surgeries will be carried out in years 1 & 2. The
surgery costs include a per hour room charge, sterile supplies and drugs, a per hour charge for the assistance
of a licensed veterinarial anesthesiologist/technician and pre- and post-surgical blood tests that are processed
by an external laboratory.
Travel
Funds are requested to allow the two Pis to attend one national meeting per year to present the results
obtained in the project before scientific peers.
Other Expenses
Publication costs are requested that will cover the page charges, colored figure charges and reprint costs for
one major paper per year that describes the scientific results of the project.
Equipment/software maintenance includes the cost of updating software licenses and anticipated repair costs
for the laboratory's extensive array of computers and electronic equipment.
A small amount is requested for communication expenses (telephone, postage, fax).

6 pages redacted--biosketches omitted as requested
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RESOURCES
FACILITIES: Specify the facilities to be used for the conduct of the proposed research. Indicate the performance sites and describe capacities,
pertinent capabilities, relative proximity, and extent of availability to the project. Under "Other," identify support services such as machine shop,
electronics shop, and specify the extent to which they will be available to the project. Use continuation pages if necessary.
Laboratory:

Adequate laboratory space is provided for the projects proposed. The lab includes a light-tight, electronic
noise shielded experimental room, control room and animal prep room. A shared electrode fabrication room
and small mechanical/electrical shop are present in contiguous rooms outside the recording lab.

Clinical:

Animal:

Husbandry rooms for monkeys are located ---- ------ - -- - ---- -- --- - ----------- - ------------ - - - -- ------------ ----------- - ----------- There are no administrative personnel, patients or other non-laboratory personnel in the
building. There is a dedicated small animal surgical suite with an installed isofluorane gas anesthesia
machine. This facility includes a separate prep/recovery room for the animals and a separate scrub room
and entrance for the surgeons.
Computer:

The main laboratory computer for the real-time control of the experiments is a Mac G4 system with National
Instruments AD/DA boards. In addition the lab is equipped with a fast PC running Windows XP that is used
to monitor the isolation of single units on multiple channels (separate micro-electrode potentials). This
machine forwards windowed spike events on each channel to the Mac to be placed in temporal register with
the recorded eye movement, behavioral and task event related data. All laboratory computers are
connected by Ethernet to the Institute servers used for data backup and storage.
Office:

Separate offices are provided for Dr. Keller and --- ------ Desk space is provided for the Research Assistant.
Other:

A shared central printer/workstation facility is available to all projects, that includes one Intel and one Apple
workstation connected to a Lasergraphics film recorder, two flatbed scanners, ZIP drives, an HP 4000TN
laser printer, and a HP 8550 color printer. A medical photographer, medical illustrator, and machinist are
available as core facilities to all active projects at Smith-Kettlewell, as well as a superb research support
group for computer hardware, electronic, and computer software assistance on a limited shared basis.
Photocopying, word processing, and secretarial service are also available.
MAJOR EQUIPMENT: List the most important equipment items already available for this project, noting the location and pertinent capabilities of each.

The major equipment available in the laboratory includes a C-N-C electromagnetic field eye movement
measurement system, two Haer neural recording amplifiers and associated single micro-electrode driving
systems, a Haer multiple window system for monitoring the detection (windowing) of single spikes from
analog, raw microelectrode potentials, stimulus isolators, waveform generators, a 29-inch monitor for visual
stimulus presentation, a number of storage and digital oscilloscopes and a Harvard pressure mimi-pump for
the injection of micro-liters amount of lesioning substances. A Thomas 5-channnel microelectrode
manipulator and associated amplifiers are requested in year 1 to allow us record simultaneously from
multiple units in the FEF through a single chamber implant.

PHS 398 (Rev. 09/04)
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a. Specific Aims
Unlike simple reactive saccades, directing the eyes to appropriate targets defined by internal goals
requires substantial cognitive processing. In some tasks cues present in the environment need to be
evaluated in terms of symbolic meanings associated with them. These goals then have to be translated so
that the saccade goal is chosen among alternatives available at the moment. Identifying neural
underpinnings of these complex processes is essential not only for advancing our knowledge of how the
brain makes choices and how cognitive information is utilized in oculomotor behavior, but also for
understanding such clinical abnormalities as oculomotor apraxia in which reflexive visually-guided saccades
are preserved while saccades prompted by verbal commands are impaired, and frontal lobe dysfunctions in
which the inability to make choice decisions is an important feature.
Recent studies using visual search tasks have uncovered cognitive signals related to spatial attention
or target selection in several brain structures involved in saccadic eye movements. In these studies,
however, it is difficult to separate the sensorimotor components of a cell's discharge from cognitive
components because a visual stimulus appears in the response field (RF) of the cell which may confound
the interpretation of subsequent activity. Choice response tasks, in contrast, provide a means for separating
such components. In our version of the task, a number of peripheral target locations are memorized. Then a
color cue presented at the fovea indicates which of the locations held in memory is to be the target of a
saccade. Because no transient visual stimulus appears in the RF of the neuron, cell activation temporally
linked to the cue onset may be interpreted with more certainty as cognitive. In addition to separating
cognitive from sensorimotor signals, our choice response task provides an avenue for studying neural
mechanisms underlying decision making. In this study, we propose neurophysiological investigations of
choice response in the frontal eye fields (FEF) and the superior colliculus (SC). The rational for choosing
these two regions is twofold: we have recently obtained functional MRI data that showed activity in the FEF
dependant on the number of choice alternatives indicating that the area is involved in choice decision. We
also have preliminary data showing that neurons in both areas contain signals related to choice decision.
Aim 1. To characterize neural signals in the SC and FEF related to saccade choice responses. Neural
activity correlated with cognitive events will be distinguished from visual and motor signals by virtue of our
choice task: No visual transients occur in the RF of neurons when a choice decision is made, which allows
the distinction between visual and cognitive activities. Aligning activity with respect to cue or saccade onset
facilitates separation of cognitive from motor signals. This differentiation is aided by a larger variability in
response times in our task than in visual search tasks. We will perform detailed analyses of the cognitive
responses in order to understand the neural mechanisms underlying the stimulus-to-response (SR)
transformation that is fundamental to decision making. We will also make reversible lesions in each
structure to establish whether these regions are causally involved in choice response. As part of these
reversible inactivations we will selectively inactivate parts of the FEF that represent either foveal or
peripheral fields (fFEF and pFEF, respectively). This experiment will determine if FEF is the structure in
which the cue information given at the fovea is translated into the selection of a peripheral target. If FEF is
the site of such translation, selectively inactivating fFEF would cause a global deficit in the performance of
choice response and the deficit would be independent of the target location. On the other hand, if the
translation occurs upstream of the FEF, inactivating fFEF would not show a deficit and inactivating pFEF
would only show deficits restricted to the target location represented by the inactivated area. Thus, from the
pattern of deficits observed in selective inactivation of the FEF parts, we can draw conclusions as to where
the SR transformation, a crucial process for choice decision, takes place.
Aim 2. To identify the source of cue-driven signals found in the caudal SC in our preliminary data. The
signals were observed when there was no visual transient in the RF, and were better time-locked with the
cue onset than with saccades. Thus, these signals were neither visual nor motor-related, defying the
traditional classification of cells in SC. Furthermore, it is surprising that cue information given at the fovea
leads to the activation of cells that represent a target in the peripheral visual field. In this aim, we
hypothesize that the FEF is the source of these cognitive signals, given the strong connections between the
two structures. This possibility will be tested by reversibly inactivating FEF sites while we record from a SC
neuron exhibiting the cue-related activity.
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Aim 3. To examine the temporal relationship between the discharge of FEF cells that code for the target
and others that code for a non-target at the moment a choice decision is being made. Two competing ideas
that can account for the logarithmic increase in response time as a function of the number of alternate
choices (Hick's law) make different predictions for the activity in subsets of neurons (channels) that code for
non-target responses. The threshold adjustment model predicts that channels for non-targets will continue
to accrue information until the channel coding for the correct target reaches a threshold and wins the
decision. On the other hand, the exhaustive search model in which a decision is made only after a parallel
search is complete across all channels predicts that the activity reflecting information accrual will always be
over in non-target channels when the decision is finally reached. Thus, examining the temporal profiles of
cells that lose a choice decision at the time when the decision is being made will help differentiate between
these two models for choice decision. Our preliminary data suggest that the activity in some non-target FEF
neurons show, on average, additional accumulation of discharge beyond the decision time. In order to get a
definitive answer on this issue, we will record simultaneously from two FEF neurons: one that has the target
in its RF and another that has a non-target in its field. The activity of the target-tuned cell will then serve as
an internal neural marker of the decision time on a trial-by-trial basis. By using the marker, we can more
precisely determine the activity profile of the non-target cell at the time of decision.
b. Background and Significance
1) Cognitive signals in the superior colliculus and frontal eye fields
The superior colliculus (SC) and frontal eye fields (FEF)
Fixation
are neural structures that have been identified with the control
of various types of eye movements (see Sparks & HartwichTargets
Young, 1989;Tehovnik et al., 2000 for a review). While many
studies have consistently associated the discharge of cells in
Masks
the SC and FEF with the visual and motor processing
necessary for the production of visually guided saccadic eye
movements, recent studies have provided evidence that these
structures are also involved in higher level cognitive
Saccade
processing (for SC, Glimcher & Sparks, 1992;Basso & Wurtz,
Time
1998;Everling et al., 1999;lgnashchenkova et al., 2004; for
FEF, Goldberg & Bushnell, 1981;Schall & Hanes,
1993;Thompson et al., 1996;Kastner et al., 1998;Everling &
Munoz, 2000;Schiller & Chou, 2000b;Sommer & Wurtz, 2004). Figure 1. Saccade choice response task.
Although these studies have inferred the presence of
The case with 4-alternative choice responses
cognitive signals in SC or FEF in various types of saccade is shown. The monkey initially fixates a small
tasks, in most there is a potential confound in discriminating gray disk at the center of the screen. After a
between an internally generated cognitive signal and visual or random delay an array of potential targets
motor signals in the direct sensorimotor transform leading to appears. The array consists of 4 colored
disks with one disk located at the center of
saccades. In visually guided search paradigms, for instance, the cell's response field (white ring). The
neural activity related to the target onset is obviously number of stimuli in the array, their locations
intermingled with that related to the process of target selection. and colors are fixed for a block of trials
Even in delayed or memory saccade tasks where movement- allowing the animal to form a memory of the
related responses could be separated from visual responses, location of each colored disk. While the
activity related to target selection, which presumably occurs animal maintains fixation, isoluminant gray
immediately after a target is presented, is not dissociable from masks replace the colored targets and
remove color information from the visual
visual activity triggered by the target appearance. In order to scene. After another delay a colored disk
better understand the generation of cognitive versus appears over the fixation disk. This color
sensorimotor signals in the brain, in the proposed study we change serves as a go signal and also tells
will use a novel choice response task (Fig. 1) to investigate the animal to which location to make a
possible cognitive roles played by the SC and FEF. In saccade, i.e., to the location where the same
previous studies of top-down processing, a wide variety of color was previously shown.
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procedures were used, which necessitates a broad interpretation of the meaning of the term "cognitive
processing". In this proposal we will use the term to mean any internally driven information processing used
within the brain to produce purposeful saccades in contradistinction to visual or visual memory signals
evoked by the presentation of a visual stimulus, or motor signals tightly linked to the execution of a saccade.
2) Reasons for using the choice response task to study cognitive processing
2-a) Separation of cognitive from visual or motor signals
The use of the term "choice" also has been used to describe a variety of behaviors in paradigms where
a selection is made among visual alternatives (Schall, 2001). In this situation the selection is made between
features present in the visual scene, and therefore any activation of a recorded neuron subsequent to the
appearance of a visual stimulus in its response field (RF), may be visually-driven or visually-primed
responses and not purely cognitive in nature. In contrast, our proposed work will emphasize the use of a
choice response task in which no transient visual stimuli appear in the response field of the neurons
studied; rather a choice must be made among alternatives maintained in associative memory to produce the
correct behavior.
In the task (Fig. 1), the appearance of candidate targets (a visual event, TARGETS in the figure) and
the actual selection of a target (a cognitive event, CUE in the figure) are separated in time. Furthermore, the
target selection and subsequent eye movement are driven by a cue spatially removed from the visual
response field of the cell being recorded, lest the cue-related visual activity contaminate that related to
target selection.
Also, the selection of alternative alignment points for the neural spikes recorded during the interval
between the cue onset and the saccade response will allow us to determine to which of the two events the
modulations of activity are better aligned. We presume that an activity aligned better with the cue, which is
not in the RF of the neuron, can be taken as a signal reflecting target-selection or cue-to-associatedresponse translation, as opposed to a motor signal generating a saccade which would be better time-locked
to the saccade (Thompson et al., 1996;McPeek & Keller, 2002). Our preliminary data show that this logic
may be more discriminative of cognitive signals in our choice task than in other tasks such as visual search
tasks: The latency in choice response tends to be longer, more widely-spread, and more under the
influence of cognitive factors such as the number of alternatives in a trial (see Preliminary Data Fig. 2, p. 24).
These features together will provide more variability in the data by which to compare the temporal linkage to
the cue onset versus a saccade.
2-b) Neural mechanisms underlying choice decision
Several groups of researchers have been working to identify neural mechanisms that underlie choosing
a response. The contexts in which the choice process has been studied are in target selection based on
feature saliency (Thompson et al., 1996;McPeek & Keller, 2002), in perceptual decision such as motion
discrimination in a random dot display (Shadlen & Newsome, 2001), and in terms of maximizing reward in
an economical sense (Glimcher, 2003). While these studies are all relevant to neural mechanisms for
choice decision, they leave untouched a key element in the process of making a choice, namely, the
stimulus-to-response (S-R) translation by which a sensory stimulus given as the cue is translated into a
specific response among other alternatives. In this regard, the choice response task (Fig. 1) has the
following advantages over other tasks: 1) The selection of a saccade target based on visual saliency may
predominantly rely on reflex-like, bottom-up mechanisms, possibly via hard-wired linkages between visual
and motor maps in the brain, e.g., the topographically organized, in register layers of the superior colliculus.
In contrast, the choice response task requires a cross-domain translation from a color stimulus to a saccade
toward a spatial target, i.e., S-R translation, which is a crucial step for choice decision (Fitts & Posner,
1967;Welford, 1968;Teichner & Krebs, 1974). 2) Perceptual discrimination tasks such as used by Shadlen
and Newsome (2001) involve a sensory encoding of stimuli presented near the threshold level and a binary
decision, namely, whether or not the stimulus is detected. Increasing neural activities during the task are
interpreted as reflecting a decision variable, i.e., information accrued from the stimulus (Gold & Shadlen,
2000). In such a situation, however, the actual use of the decision variable to make a decision and select a
response is regarded as an event of minor importance, and neural correlates associated with the event are
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not well-defined. The choice response task in contrast uses stimuli (targets and cue) that are suprathreshold so that the resources required for encoding them is minimal, but the cognitive load on the decision
process that uses the encoded information is explicitly controlled by varying the number of alternatives,
which allows a direct correlation of neural activities with choice decision. 3) Variables derived from game
theory and related ideas in economics have been shown to be correlated with neural activities in various
parts of the brain (Glimcher, 2003). However, their relevance to neural mechanisms of decision making
appears indirect and intermingled with other factors like attention (Maunsell, 2004) or motivation (Roesch &
Olson, 2004). More importantly, observing the correlation with those variables still leaves unanswered the
question of how a cue with a reward value is translated into the choice of the correct response among other
alternatives. The choice response task focuses on this aspect of decision-making directly.
Although not employed in neurophysiological experiments until recently (Ratcliff et al., 2003), the
choice response task has long been used for modeling the decision process in mathematical psychology.
One of the most significant characteristics of choice response tasks is that response time (RT) increases
logarithmically with the number of alternative (NA) available for the choice (Hick, 1952). This relationship
(Hick's law) has attracted much attention from theoretical researchers because the logarithmic relationship
defies simple intuitive explanations (Laming, 1968;Luce, 1986). Originally, Hick interpreted his findings by
making an analogy between human performance in choice decision tasks to that of an ideal communication
system (Hick, 1952). He argued that mean reaction time is linearly related to the average entropy of the
signals because the system contains a communication channel of limited capacity through which all signals
must pass. According to this theory, referred to as the communication theory by Laming (1968), it is the
reduced probability of each alternative, rather than the NA itself, that increases RT. Later studies bolstered
this notion by showing that, when alternative frequencies were unequal, RT changed approximately by the
amount predicted by the entropy measure of the probability changes (Hyman, 1953;Grossman, 1953). More
recently, Carpenter and Williams (1995) have demonstrated that saccadic latency varied as a logarithmic
function of prior probability of a target being present and applied the same idea to a one-choice situation in
which the decision is whether or not a target is present. However, the communication theory of choice
decision times has been seriously challenged from both theoretical and experimental perspectives (Luce,
1986, pp. 390-393 for a review). As just one example of such criticisms, Laming (1968) pointed out that the
basic conceptual framework of information theory entails the use of asymptotic theorems. Such theorems
developed for an ideal communication system apply to set bounds in situations where maximally efficient
coding is used on an indefinitely long sequence of signals. Since a subject in choice decision must respond
trial-by-trial and cannot wait to take advantage of the long sequence of signals, one cannot rely on the
information theory and expect RT to be linear with entropy.
The inadequacy of Hick's original interpretation based on communication theory prompted many
alternative accounts for the law (Christie & Luce, 1956;Laming, 1966;Pachella, 1974;Teichner & Krebs,
1974;Usher et al., 2002). Christie and Luce (1956) postulated that the log relationship arises because the
incoming sensory signal provided by a cue is compared simultaneously with all possible choices and a final
decision of which response is reached by choosing the best among the outcomes. In this model, the
decision can be made only after the slowest of all parallel comparison processes is complete. Assuming
that a channel is constituted by activities of neurons tuned for an alternative target in our saccadic choice
task, this model predicts that all cells will have completed their processing of the cue information when a
choice decision is reached. Another interpretation of Hick's law has recently been put forth by Usher and his
colleagues (2002). The logarithmic increase in RT may be secondary to the requirement that a constant
level of overall accuracy be maintained. Since channels are noisy and errors add up across channels, the
overall error rate increases proportional to the number of alternatives. In order to keep the overall error rate
constant, the error rate for individual channels needs to be reduced by elevating the threshold. The
threshold elevation then leads to a longer time for any channel to reach the threshold, and hence results in
longer RT. This model assumes that the channels are in the race of accruing information and a decision to
respond is made as soon as any channel reaches the threshold. Assuming again that activities of neurons
tuned for an alternative target constitute a channel, it follows from this model that neural activities in cells
tuned for non-targets may not have finished their evolution at the moment the decision is made that drives a
burst of activity in cells that are tuned for the correct target. These models and their different predictions will
be further described in more detail in the Research Design and Methods section (pp. 39-40) where
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experiments are proposed for Aim 3 that will test the different predictions by comparing them with neural
data that presumably represent the information accrual in the channels.
In contrast to choice response, conjunction visual search produces RTs that increase quasi-linearly as
a function of search set size (Treisman, 1982), suggesting a serial process in the search. Others have
shown that response times in conjunction search increases linearly with set size, although with a slope less
than that which would be expected if a strictly serial search were employed (Bichot & Schall, 1999b;Motter
& Belky, 1998). On the other hand, pop-out feature search produces a flat or decreasing response time with
set size (Bravo & Nakayama, 1992;Arai et al., 2004;Bichot & Schall, 1999a), suggesting a parallel process.
These comparisons in RTs in our own data will be shown in Preliminary Data, Section 1 (p. 24).
2-c) Clinical relevance of choice response in understanding frontal lobe dysfunction
Frontal lobe dysfunction is a constellation of behavioral impairments in patients with lesions in the
frontal cortex and associated sub-cortical structures. A frequently-made clinical observation in the patients
is that they may perform normally in a structured environment with detailed instructions at hand, but fail
when choice alternatives are many or ill-defined: Memory retrieval, for instance, can be impaired in a freerecall task where the strategies for choosing appropriate items are unspecified, and the performance
improves in a recognition task where a response is chosen from a restricted set of well-defined alternatives
(Mangels, 1997). Some frontal lobe patients are unusually slow in making seemingly trivial choices, such as
choosing from the menu in a restaurant (Salmon et al., 2001). Patients with damaged frontal cortex can
exhibit a peculiar dissociation in which they describe an appropriate action when quizzed in a test, but
nevertheless are unable to choose the action when required in a real setting (Eslinger & Damasio, 1985).
While these various clinical abnormalities are attributable to dysfunctions of attention, working memory,
executive function, etc., a common feature across them is the requirement of making an appropriate choice
among alternatives, which becomes harder for the patients when the S-R translation is less transparent and
under a stronger competition among alternatives. This is consistent with the idea that the function of the
frontal lobe includes identifying potential alternatives based on the contextual cues in the environment and
choosing the most appropriate one for the response (Moscovitch & Winocur, 2002). We consider our choice
response task as a model behavior by which this aspect of the frontal lobe functions can be studied in the
laboratory as well as in the clinic. Currently, one of the co-Pi's is developing the choice response task for
clinical application and is testing its diagnostic validity and clinical usefulness in human neurological patients.
Having a better understanding of the neural mechanisms underlying choice response will help in the
scientific design of these clinical applications. In the present project we propose to develop knowledge of
the neural mechanisms underlying choice response in an animal model for this purpose.
3) Correlation vs. causality between neural signals and cognitive processing
A limitation of utilizing neural recording to study the cognitive role of a brain area is that it can only
demonstrate a correlation between the neural activity and cognitive processes, but not a causal relationship.
In particular, it is difficult to determine if recorded neural activities are functional cognitive commands or a
mere reflection of cognitive processing done elsewhere. In the proposed experiments, after recording
putative cognitive responses in FEF and SC using our choice response task, we will make local reversible
lesions with muscimol in both structures and examine the immediate behavioral results in the choice
response task. Previous studies have used cortical ablations to produce permanent lesions in FEF (Schiller
& Chou, 1998;Schiller & Chou, 2000a;Schiller & Chou, 2000b). These studies showed only minor lasting
effects on visually-guided saccades, but some longer lasting deficits in saccadic eye movements in a task in
which monkeys freely chose between potential saccade targets presented in each hemifield with temporal
asynchronies. Immediately after unilateral lesions of the FEF, the monkeys showed a pronounced bias
against the target located in the contralateral field, but ablation of either the SC or FEF alone resulted in
short-term deficits in saccadic eye movements which recovered over time (Schiller et al., 1980).
Reversible lesions made with chemical injections have produced more decisive results. Chemical
lesions allow one to inactivate more localized regions where the neural response can first be studied before
the lesion in made and deficits produced can be measured immediately before recovery processes can be
manifest. In the first such study applied to the frontal cortex, Sommer and Tehovnik (1997) made lesions in
the FEF using lidocaine and found that visual-memory guided saccades were severely impaired. Large
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amounts of lidocaine were used to produce these effects and the short acting effect of this drug limited the
amount of data that could be produced. Dias and Segraves (1999) have extended the previous results
obtained with lidocaine in a more recent study utilizing muscimol to induce inactivity in FEF. They produced
large saccadic deficits for memory-guided movements and smaller, but still significant deficits, in visually
guided saccades. Schiller and Tehovnik (2003) made muscimol injections in the FEF of monkeys trained to
perform a visual feature search using a luminance discrimination. They reported a mild deficit in
performance of this latter task. McPeek (2004) has produced preliminary results made with small injections
of muscimol in the FEF that showed major target selection deficits in color and shape feature detection
visual search. Saccades to single targets showed only minor motor deficits. Over all, his results in FEF were
very similar to the visual search deficits reported following muscimol infusions in the superior colliculus
(McPeek & Keller, 2004). None of these previous lesion studies have utilized a behavioral task that requires
a heavy cognitive processing load. We propose to study the effect of lesions in the FEF and SC on saccade
production in choice response that requires more substantial cognitive loads.
In Aim 1 we will also make selective lesions in the foveal representation of FEF (fFEF). It has been
demonstrated recently that an eccentricity map exists in the FEF such that cells with near foveal RFs are
segregated in the lateroventral portion of this structure (Sommer & Wurtz, 2000). This organization will allow
us to make selective lesions in fFEF and pFEF. Depending on the outcome of these selective lesions we
will be able to draw conclusions as to where the sensory-to target translation, a central step in choice
response occurs (more details on experiments for Aim 1 in Research Design and Methods, p. 38, Fig. 10).
4) Cognitive signals from the FEF to the SC
In our preliminary data, we observed activity in SC neurons that was neither visual nor motor in the
traditional sense as applied to the classification of cells in the region (see Preliminary Data Section 4 page
28). While this finding shows that these cells carry cognitive signals, the finding was rather unexpected
because the activity was driven by a cue presented at the fovea, and the cell was tuned to a peripheral RF
removed from the, fovea. The signal could not have come from early visual areas, since they are connected
to the SC in a topographical way (Sparks, 1986 for a review). Although it could have been relayed via
extrastriate cortices whose response fields are large and may cover both foveal and peripheral fields, the
functional role of the spill-over of visual information would be quite dubious, probably unrelated to the
performance of choice response.
Instead, we hypothesize that these cognitive signals recorded in SC come from FEF. The FEF projects
directly to the SC (Sommer & Wurtz, 2000). The output neurons in the FEF sends diverse delay activity
signals related to movement, memory, and vision, while projections from SC to FEF via the thalamus carry
corollary discharge signals for internal monitoring of saccadic eye movement (Sommer & Wurtz, 2002).
Although these elegant experiments showed that messages are carried down through the corticotectal
connections to the SC (Sommer & Wurtz, 2001), it still remains to be clarified what role these messages
play and how they affect the activities'of the collicular cells. In Aim 2, we will focus on this issue and test
whether the cue-driven cognitive activation in the SC cells is indeed caused by the FEF.
c-1. Progress Report
Period covered: The progress report covers the period of time from April 1, 2001, through June 30, 2005.
We concentrated our studies on the neural mechanisms underlying oculomotor function during the current
period of support in two anatomically distinct areas: the superior colliculus (SC) and the brain-stem
omnipause neuron area.
1) Concurrent neural processing of saccade goals
We recorded single neurons in the SC during rapid saccade sequences made by rhesus monkeys
performing a feature, visual search task. In this task the animals were trained to saccade to the location of
an odd-colored target that appeared simultaneously with an array of distractors of another color. We found
that during error trials in which the monkeys executed an initial saccade to a distractor, activity related to the
goal of a quickly following second saccade to the target can be simultaneously maintained within the
distributed activity present on the SC motor map. The shortness of the inter-saccadic interval precluded
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visual guidance of this second saccade. The activity in SC appears to signal the selection or increased
salience of the second saccade goal even before the initial saccade has ended. These results provide
evidence that selection or preparatory activity related to the goal of a second saccade can overlap
temporally with activity related to controlling an initial saccade and indicate that such concurrent processing
is present even in a structure which is fairly close to the motor output. In addition, when the first saccades
were made to distractors, the concurrent activity was associated with significantly shorter inter-saccadic
intervals for the second saccade to the target thus improving the efficiency of the visual search mechanism.
The concurrent processing strategy would allow rapid initial saccades to occur even if they produced
occasional errors, which would be corrected with only minor penalties in target acquisition time.
2) Variable saccade trajectory when competition for the goal of a movement exists
Using the color oddity visual search task, we found several novel effects on saccadic eye movements
that had not been previously reported in studies using the usual laboratory environment where a single
visual target is presented against a homogeneous background. In the visual search task, saccade latencies
and the proportion of saccades directed to distractors decreased as the number of homogenous distractors
increased. We also found that saccades have much more dispersion in their initial direction when distractors
are present in comparison to the case when only a single target appears. The curvature of saccade
trajectories increased dramatically when distractors were present, but the amount of curvature was not
systematically affected by the number of distractors. Errors present in saccade trajectory in the search task
were only poorly compensated. We conclude that these variable saccade trajectories result from incomplete
or inaccurate specification of the target when competing stimuli are present, and that a smaller number of
more widely-spread distractors facilitate these types of saccade trajectory variability, perhaps due to the
greater difficulty of target selection.
3) Neural correlates of curved saccade trajectories in the SC
We investigated the role of intrinsic competitive processes in the SC in the production of curved
saccades. In the visual search environment, which more closely approximates the situation present in some
natural environments, saccades to a selected target can be highly curved. We found that these curved
trajectories are correlated with the discharge in spatially separated groups of SC neurons that code
competition between distractor and target locations. When this competition is not resolved by the time of
saccade onset, the initial direction of the movement lies in between the alternative goals. As the movement
progresses and one location becomes preferred over the other, neurons at the SC site representing the
non-preferred goal are suppressed and the movement trajectory curves toward the preferred location.
Because SC activity correlated with curvature does not prove causality, we also used microstimulation
at competing sites in the SC to mimic the temporal profile of the population neural activity at distractor sites
during curved saccades. In these experiments only a single visual target appeared. The stimulating
microelectrode was placed at the distractor site where curvature correlated activation had previously
appeared and a pulse train of increasing frequency was triggered about 30 ms before saccade onset.
Stimulation was truncated just after the onset of the saccade. This pattern of stimulation produced a pattern
of population activity on the SC motor map that resembles that which we had previously recorded in single
neurons before and during curved saccadic trajectories in the search task. The curved saccades produced
by such stimulation end near the location of the visual target, but are initially deviated in the direction coded
by the electrically stimulated site in the SC. These results are consistent with our hypothesis that the SC is
involved in trajectory control during saccades. This conclusion is not consistent with some recent models of
the saccadic system that posit that population activity in the SC only determines the initial direction of the
saccade while the cerebellum is exclusively involved in subsequent trajectory control.
4) Target selection signals in the SC
We used the feature visual search task to test the hypothesis that the SC is involved in the target
selection process in addition to its traditionally assigned role of converting already selected target
information into appropriate motor programs for saccades. We found that about one-half of the visuomotor
neurons recorded in SC showed a discharge that was correlated with target selection. Using a receiver
operating characteristic analysis, we showed that these neurons distinguished the target from distractors at
a time well before saccade production. These target selection data are comparable to earlier data reported
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by others from recordings in the cortical frontal eye fields (FEF) and establish a possible role in target
selection, as well as saccade generation, for the SC. However, it was possible that the target selection
correlations that we found in the discharge of some SC neurons reflect a selection process actually going
on in the FEF and are not an indication that the SC is functionally involved in the target selection process.
5) A functional role for the SC in target selection
To test the hypothesis that the SC is functionally involved in the target selection process, we made
focal reversible lesions at regions in the SC that were active for saccades made to single targets in specific
regions of the visual field. Following the lesion the animal was required to make saccades in trials in which
only a single visual target appeared in the region of the field coded by the lesioned area and in other trials in
which a search array with multiple potential targets appeared. When single targets appeared in the affected
region, the saccadic deficits were very mild, and all saccades were directed to the target. However, when a
target appeared in the affected field, but was accompanied by multiple distractors, the animals frequently
made saccades to distractors and not the target. We reasoned that this was the hallmark of a target
selection deficit. Based on this result we argued that SC and the FEF are jointly involved in the target
selection process, and that without the SC this process becomes severely compromised.
6) Common pathways in the brain stem subserving both saccades and smooth pursuit
The premotor pathways subserving saccades and smooth pursuit eye movements have been
traditionally thought to be rather distinct because they have different dynamics and functions. In particular, a
group of midline cells in the pons called omnipause neurons (OPNs) were considered to be part of the
saccadic system and not the pursuit system. It has been established that OPNs keep premotor burst
neurons for saccades under constant inhibition during periods of fixation. Saccades occur only when the
activity of OPNs has completely paused. Accordingly, electrical stimulation in the region of OPNs inhibits
premotor neurons and interrupts saccades. Omnipause neurons were not considered to be involved in the
generation of smooth pursuit. In order to investigate this supposition, OPNs were recorded during saccades
and during smooth pursuit in the monkey. Unexpectedly, we found that neuronal activity of OPNs decreased
during smooth pursuit. On average, activity in OPNs was reduced by -34 % during pursuit movements, but
never paused completely as they do for saccades. The onset of activity reduction coincided with the onset
of smooth pursuit. The duration of activity reduction was correlated with pursuit duration and the magnitude
of the reduction was correlated with eye velocity. Activity reduction was observed even in the absence of
catch-up saccades that frequently occur during pursuit. Electrical microstimulation in the OPNs1 area
induced a strong deceleration of the eyes during smooth pursuit.
These results suggest that OPNs form an inhibitory mechanism that could control the time course and
dynamics of smooth pursuit. This inhibitory mechanism is part of the fixation system, and is probably
needed in order to avoid reflexive eye movements, saccades or pursuit, towards targets that are not
purposefully selected. This study shows that saccades and smooth pursuit, although they have very
different dynamics, are partially controlled by the same OPN inhibitory system.
7) Latch neurons in the brainstem
Since we showed that the activity of OPNs is downwardly modulated during both pursuit and saccades,
it became of interest to uncover the neurons responsible for this modulation. We recorded from another type
of cell in the pontine reticular formation near the OPNs, which potentially could provide the necessary
signals to interrupt (during saccades) or diminish (during pursuit) the tonic discharge of OPNs. We called
this subset of long-lead burst neurons, saccade/pursuit neurons, and we hypothesized that they are the
same class of cells named, but never previously identified, latch neurons of the saccade burst generator.
This subpopulation of burst cells discharged a cascade of spikes for saccades in broadly tuned directions.
They also displayed a lower frequency of sustained discharge for the duration of pursuit in the same
direction. These data suggested a new type of combined model for the organization of the brainstem
saccade/pursuit system. In this new combined model the OPNs form a common inhibitory mechanism for
both types of movements, and the saccade/pursuit neurons participate in the inhibitory modulation of OPN
discharge during either type of movement.
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8) Distributed models of the saccadic system
We continued to refine our distributed model of the saccadic eye movement control system in parallel
with the new data that we have gathered in our neurophysiological experiments. Two significant new
aspects of control strategy in the saccadic system by the SC were explored with the model. Lesion
experiments in the SC have suggested that downstream structures use vector averaging operations to
interpret population output from the SC. Our distributed model of SC inputs to the brain stem saccadic burst
generator instead uses vector summation operations. The model also contains spatially symmetric recurrent,
local excitatory and long-range inhibitory, connections in the SC motor map. Simulations showed that focal
lesions placed in the SC circuitry disturb the symmetry of these lateral, intracollicular connections. When a
single, simulated visual stimulus is applied to the model, the location of the centroid of activity on the SC
map moves away from the location of the lesion before saccade initiation. The saccade vectors produced by
this dynamic, perturbed model reproduces the lesion data from the monkey, but with vector summation
operations in downstream connections. This demonstration obtained with our distributed model shows that
highly distributed processing may produce unexpected results when the processing is also allowed to be
dynamic.
Another laboratory has suggested on the basis of slice studies in SC that the long-range inhibitory
connections used in most distributed models of the SC may not exist. We showed using our model that
global inhibitory inputs from the substantia nigra pars reticulata (SNr) can function in place of long-range
intracollicular connections in simulating the control of saccades made to single targets, but more importantly
the model, with some spatial tuning present in the SNr input to the SC, can reproduce most of the trajectory
alterations that we recorded in monkeys in the visual search task. These simulations support our claim that
the SC plays a dynamic role in the control of saccade
300
choice response
trajectory.
250

c-2. Preliminary Studies
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1) Psychophysical results from our saccadic choice
response task compared to visual search tasks. Figure
2 shows the mean response times (RTs) (saccadic
latencies) in a monkey for our choice response task (see
Fig. 1 for an explanation of the saccade choice response
task). The upper curve in Fig. 2A shows the expected
logarithmical increase in RT as a function of the number of
alternatives (NA), known as Hick's Law (Hick, 1952), a
relationship commonly found for many types of choice
response tasks. This relationship can be seen more
explicitly in Fig. 2B where the RT data are plotted on a log
scale. Our published results with the same saccadic choice
response task in human subjects also followed a similar
trend over a larger range (1 to 8) of NA (Lee et al., 2005).
In this same figure we also compare the response times of
the same animal in a feature visual search task as a
function of the number of visual stimuli. In this task a single
odd-colored target appeared simultaneously with a number
of distractors of a different color. In contrast to the
logarithmic increase in RT found in choice response, RTs
actually declined modestly as the number of visual stimuli
in the array increased. The feature search task has been
widely used in studies demonstrating putative target
selection signals present in several areas in the brain
(Thompson et al., 1996;McPeek & Keller, 2002), but it has
several disadvantages as compared to the choice response
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Figure 2. Reaction times for a choice
response task and for a feature visual search
in monkey. A: Mean saccadic reaction time for
one monkey is plotted against number of visual
stimuli in either task. The asterisk shows mean
reaction time data for single-target stimuli that
appear in the feature search task interleaved with
the search array presentations B: Same data
where NA overlap but plotted on a log scale on
the abscissa.
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task in separating cognitive signals, such as target selection or attentional shifts, from visual or motor
signals. First, in visual search paradigms a visual stimulus appears and remains in the RF of the neuron
being studied, which makes it difficult to dissociate visual from cognitive activities. Second, although subtle
cognitive influences that affect RT are present in visual search, for instance, a priming effect due to random
repetitive presentations of the same color for the singleton (Maljkovic & Nakayama, 1994;Bichot & Schall,
1999a), for the most part the perception of the odd target seems to be accomplished primarily by bottom-up
processing of the visual stimulus array. Finally, RTs in feature search, albeit longer than those when only a
single target is present (Fig. 2A), are much shorter and less variable than those we have found in our choice
response task, which makes it harder to distinguish cue-related from motor-related responses in the former
task. Therefore, we will employ our choice response task in the experiments proposed in this project.
2) Neural modulations reflecting cognitive processing in the FEF during a saccade choice response
paradigm. We have recorded from 87 neurons in the FEF of one monkey performing the saccade choice
response task. A variety of modulations in discharge have been produced that may be related to a number
of the cognitive processes needed to successfully carry out this task. Figure 3 shows an example of the
responses of one visuomotor FEF neuron. Data are shown for 1NA and 4NA choice conditions. Data were
also collected for the 2NA condition, but are not shown here. By aligning the data on different behavioral
events (target array onset, cue onset, saccade onset), we are able to determine which modulations are
better correlated with which events. For example, in the 4NA condition the visual response where one of the
potential targets appears in the RF of the neuron on every trial is reduced in amplitude in comparison to the
1NA condition when a stimulus only appears in the RF in trials in which that single stimulus is the target.
This reduction in response could be caused by cognitive suppression of all visual responses in the 4NA
condition or it could be caused by lateral inhibition among the 4 stimuli present in the 4NA condition. In our
proposed experiments we will interleave occasional single-target presentations in the response field of the
neuron and turn off the fixation point at the same time to produce data that could indicate which mechanism
is the cause of this result.
The discharge of this FEF neuron showed several other interesting cue-aligned modulations across NA
conditions. These features seen in the spike density traces are magnified in Fig. 4. Figure 4A compares the
spike density traces for saccades into the RF for the 1 NA and the 4NA conditions with the data aligned on
the time of the cue onset. The discharge around the time of cue presentation was at a higher level for the
1NA condition in comparison to the 4NA. We quantified this difference by measuring the average number of
spikes present in the 100-ms interval centered on the cue. The neuron in Fig. 4A discharged at a mean rate
of 62 s/sec in the 1NA condition, but at a lower rate of 46 s/sec in the 4NA condition in the peri-cue period
before any cue-driven change could occur. This difference in level of discharge was significant (P < .05, t
test). The change in DC level in the peri-cue epoch with NA is similar to the result obtained by Basso and
Wurtz (1998) in the SC using a visual search paradigm. They found that the level of discharge in some
collicular cells showed an inverse correlation with the number of possible targets locations in the delay
period before the target was revealed. They interpreted this difference as a cognitive signal reflecting the
prior probability that a stimulus in the RF of the cell would become the target of a saccade. The peri-cue
discharge level for the cell shown in Fig. 4A for the 2NA condition was not significantly different from that
found for the 4NA condition (not shown). Many of the FEF cells that we have recorded (22 out of 87)
showed a similar trend. We explain in the Methods section (p. 37, Item (4)) how we will use computation of
this relationship for the 1, 2 and 4NA condition to support or reject the prior probability interpretation.
Fig. 4A also shows an interesting early dip in discharge (vertical arrow) that is cue driven and begins at
about 73 ms for both the 1NA and 4NA conditions. This modulation in FEF cells is similar to that reported by
Sato and Schall (2001) and interpreted by them as a visually driven neural resetting, Because in the choice
response task no visual stimulus appeared in the RF, we interpret this dip as a neural correlate of a shift in
attention to the foveal region to aid in the discrimination of the color cue which is the vital piece of
information that the monkey needs in order to make the translation of color to a correct peripheral location
for the saccade. The activity of FEF neurons will be examined in view of this conjecture (see Methods, p. 37,
Item (6)). It is interesting that the cell follows the same pattern of discharge in the 1NA condition, since in
principle the exact location of the target was known from the time of the onset of a single target. We believe
that this pattern is dictated by the block design of our experiments. The animal has seen single visual
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targets during the initial period after isolation of the cell, but then it receives blocks of trials with the number
the alternatives held constant in a block, but randomized between 1NA, 2NA or 4NA for each block. The
reaction time for the 1NA condition, although shorter than that for the 2NA and 4NA conditions, is still much
longer than that for single targets presented in the visually guided saccade condition (Fig. 2).
The second modulation of discharge in the cell shown in Fig. 4 is a sharp increase in activity at a time
near the bottom of the dip that is similar in both the land 4NA conditions. From this point in time the activity
for the two conditions increases along parallel tracks in the cue aligned data. The lead of this trend for the
1NA condition over the 4NA is about 40 ms. This lag in the 4NA condition accounts for some, but not all of
the increase in mean saccadic reaction time of 77 ms found in the trials for this cell. Out of 87 FEF cells
recorded, 25 showed similar lags in the 4NA condition.
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Figure 3. Activity in an FEF neuron recorded in a monkey's left hemisphere in the choice response task. The
rasters above show spike discharge and the colored traces below the averaged spike density for each of the four
possible directions in which the target could appear. The cell's response field was in a direction of 45° (up and to the
right). The rasters are color coded by horizontal bars that match the same color used for the spike density traces.
The upper row of rasters shows discharge for saccades made into the response field (red). Third row of rasters
show the discharge for saccade direction opposite to the response field (green). The 2" and 4th rows are for
saccades up and left (gold) and right and down (blue). The three columns on the left are from a block of trials with
1NA; the three on the right are from a 4NA block of trials. In each set of three columns, that on the left has the data
aligned on the appearance of the choice array (zero on the abscissa), that in the middle on the onset of color cue
(zero on the abscissa) and that on the right on the onset of the saccade response (zero on the abscissa). The
ordinate scale for the spike density row is in spikes/sec.
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Figure 4. Comparison of the discharge of an FEF neuron for the 1-NA, 4-NA and Delay tasks. Same cell as
shown in Fig. 3. All data aligned on presentation of the cue at time 0. The inset on the right illustrates the potential
target positions for the different conditions: In 4NA on each trial there are always 4 targets with the same colors
located at the same positions, red stimulus in the RF (white circle). For the 2NA condition two target appear, either the
red/green pair shown or the alternative yellow/blue pair at the locations indicated by the open circles. In the 1NA
condition a single target of the appropriate color can appear at any of the four locations. In the delay task a single gray
target appears at one of several locations used to map the response field of the neuron. A: Comparison of the average
spike density traces for the 1NA and 4NA conditions when the target appears in the RF. B: Spike density for the
delayed saccade task when the target appears in the RF is added to the 1NA and 4NA traces from A. C: Comparison
of the response on 4NA trials in which the target appeared in the response field and when it appeared at the location
marked by the blue stimulus.

3) Reciprocal modulation of fixation neurons (FN) and pFEF neurons in the choice task. We found a
dip in activity of many neurons in the FEF that have peripheral (pFEF) response fields (Fig. 4A), but only for
the choice response task (Fig. 4B). When we recorded from FN in the rostral SC, we found a reciprocal
transient increase in activity, but again only in choice response (Fig. 5). The FN shown in Fig. 5A paused for
all saccades and this pause occurred for saccades in the delayed saccade task for both ipsilaterally and
contralaterally directed movements (Fig. 5B). Figure 5C shows that a transient increase in activity appeared
in the FN shortly following the appearance of the cue in choice response (4NA condition), but not in the
delayed saccade condition. Figure 5D compares these reciprocal modulations in the FN and the pFEF
neuron from Fig. 4A, both for the 4NA condition. These preliminary results suggest that detecting the offset
of the fixation point in the delayed saccade task requires much less focused attention at the fovea than
detecting a change of color and discriminating the new color at the fovea in choice response. In both tasks
the monkey is waiting in a random length delay period for information to make a saccade. In the delayed
saccade task the information is only a go signal, but in choice response the color discrimination apparently
requires more scrutiny, and this is reflected in the upward modulation of the foveal FN neuron discharge at
the same time that discharge is beginning to decrease for the fixation-off-aligned activity in the delayed
saccade task.
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Figure 5. Reciprocal patterns of discharge in fixation
neurons (FN) and pFEF neurons. A) Activity for a
spontaneous saccade recorded from a FN in the rostral
SC. HE and VE show the horizontal and vertical eye
positions and the lower trace shows the times of spikes.
B) Discharge of the same FN in the delayed saccade
paradigm for 10° horizontal saccades in directions
contralateral and ipsilateral to the cell. Spike density
traces aligned on saccade onset (vertical line). C)
Comparison of the discharge of the FN for the delayed
saccade and 4-NA conditions. Spike density data aligned
on the cue at time zero. The cell shows a brief increase
in discharge shortly after the appearance of the cue
(arrow), in the 4NA condition, but not in the delayed
saccade task. D) Comparison of the discharge of the FN
and the pFEF neuron shown in Figs. 3 & 4 for the 4NA
condition. Spike density traces aligned on the cue for
both conditions. There is a synchronized and reciprocal
modulation of discharge following the cue (arrow).
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4) Activations reflecting cognitive processing in the SC during the choice response paradigm. We
recorded the behavior of visual and visuomotor neurons in the portion of the colliculus representing the
peripheral visual fields. We found in the choice response task that the discharge in a majority of neurons in
the SC showed a modulation of discharge that was correlated with the appearance of the cue, and many of
these cells distinguished the correct target from distractor locations. Overall, these cue-aligned responses
were not as frequent or as statistically significant as those selection-related responses that have been
recorded in SC or the FEF during the cognitively less demanding visual search task (Thompson et al.,
1997;McPeek & Keller, 2002). Figure 6 shows an example of one visuomotor SC cell that showed a cuealigned modulation of activity during the period of time when a stimulus-to-response translation must occur
to perform the task. Although the early cognitive signal in this cell did not discriminate between the target in
the RF and a distractor in the RF, some SC cells did distinguish.
Cue

Target

200

400

0

200

Saccade

400

-200

Time (ms)

Figure 6. Activity of a visuomotor SC
cell during 2-NA choice response task.
The activity of a sample SC cell is shown
in spike rasters aligned on the target
onset, cue onset, or saccade onset. The
upper panels show trials in which a
saccade was directed to the response
field of the cell (red horizontal bars) and
the middle panels show trials in which a
saccade was directed away from the
response field (green bars). The circular
tic marks indicate the times of saccade
onset in the cue-aligned panel and the
times of cue onset in the saccade-aligned
panel. The trials are sorted by saccade
latency in all three panels. The average
spike density functions are shown in the
bottom panels, the red curves for IN trials
and the green for OPPOSITE trials. The
solid red bars below the spike density
traces indicate the times where the
average activity in the IN trials is
significantly above base-line levels.

In order to determine whether the post-cue modulation of activity in SC neurons was related to
cognitive events or to the planning and/or execution of the motor response, we examined the timing of the
modulation with respect to these events. In this preliminary analysis we only considered the activity in trials
where saccades were made into the response field of the neuron. In Figs. 7A & B, the onset times of activity
modulation were plotted on the ordinate with the median saccadic latencies on the abscissa. Each line in
these plots represents results from one neuron, and end-points of a line indicate data for trial groups with
the shortest and longest latencies. We describe in the Methods (General Methods 3-a, p. 35) how the time
of detection of activity modulation was computed. The slope of the lines in Fig. 7A was defined as an
alignment index, Alcue, which was calculated by the formula described in the Methods (3-b, p. 35). The Alcue
would be zero if the modulation of a cell's post-cue activity began in alignment with the cue onset regardless
of the saccade latency, and it would be one if a cell's activity was aligned with the saccade. As shown in the
distribution of Alcue in Fig. 7C, the slope was closer to zero than to one for most cells, indicating the activity
onset was better correlated with the cue than with the response.
It is possible that the detection of the time of activity modulation may depend on which event is used for
aligning spike rasters (Thompson et al., 1996). Therefore, we repeated the calculation after aligning the
same data with respect to saccade onset (Fig. 7B). The slope of lines in this plot was defined as another
alignment index, AlsaC(Methods 3-b, p.35). This index would be -1 if a cell had activity time-locked to the
cue, and it would be zero if the activity was time-locked to the saccade. For most SC cells, the index was
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closer to -1 than zero as shown in Fig. 7D, confirming that the post-cue activity modulation was better
correlated with the cue onset than with the saccade.
To compare the two analyses that used different
B
events for aligning the spike rasters, Alcue and Alsac were
500
plotted as a joint distribution in Fig. 7E. In this plot a data
point would fall near the crossing of solid lines (the open
-100
circle) if the activity of a cell is better time-locked to the
00
-200
cue, while it would be near the crossing of broken lines
(the open square) if the activity is time-locked to the
200
•300
saccade. For the majority of cells both indices were
100
-400
concordant in indicating that the activity modulation was
better correlated with the cue regardless of which event
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Figure 7. Timing of post-cue activity increase with respect
to cue vs. saccade for IN trials. (A) Each line represents data
from a cell. Spike rasters were aligned with respect to the cue
onset, which occurred at time 0 on the ordinate. RTs for each
cell are divided into quartiles and the end points of the lines
indicate for either the shortest or longest quartile the median
RT on the abscissa and the onset time of activity rise on the
ordinate. (B) Results when the same rasters were aligned on
the saccade onset, which occurred at time 0 on the ordinate.
Negative values indicate times prior to saccade onset. (C and
D) The distributions of alignment indices, Alcue and Alsac,
computed from the plots in (A and B). Alcue denotes the slope
of lines in (A), and Alsac that in (B). The distributions of the
indices are shown in individual histograms. (E) In this X-Y plot,
the large circle indicates where the joint distribution of indices
would fall if the onset of a cell's activity is time-locked to the
cue, whereas the square indicates the location if the activity
onset is time-locked to the saccade. Method of computation of
the alignment indices is given in the Methods section (General
Methods 3-b, p. 35).

5) Modulations correlated with target selection in choice response. Figure 8 shows population data for
19 SC neurons in one monkey recorded with the choice response task. Pooled activities in shortest and
longest RT trial groups are shown by red and green curves, respectively. Solid curves represent activity for
trials in which the target was in the RF (IN) and broken ones for trials where the target was in the opposite
direction to the RF (OUT). Thickened portion of the solid curves indicates when the activity was significantly
increased for IN trials compared to the baseline - the mean activity between 100 ms before to 50 ms after
the cue onset. A pair of red and green lines at the bottom of these figures shows when the activity was
significantly different between IN and OUT trials (Kruskal-Wallis nonparametric ANOVA test applied on 10ms bins, positive if five consecutive bins are significant).
The increase of neural activity above the baseline became significant at 203 ms after the cue onset for
the shortest RT trials and 211 ms for the longest RT trials. Thus, the onset of activity increase occurred at
about the same time, whereas there was a 187-ms difference in median RT between the trial groups (the
median RT of 353 and 540 ms for the shortest and longest RT groups, respectively, as indicated by the
solid vertical tic marks in the figure). No significant increase in activity was observed in OUT trials (broken
curves). The rate of rise in activity for IN trials was higher in the shortest RT trials (thick red curve) than in
the longest RT trials (thick green curve).
The discrimination between IN and OUT target conditions became significant at 189 ms and 293 ms
after the cue onset for the shortest and longest RT trials, respectively, (the pair of red and green lines at the
bottom). This 104-ms time difference for target discrimination between the trial groups was much larger than
the 8-ms difference found for the onset times of the activity increase for IN trials, but it was still only about
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one-half of the 187-ms difference in RT for the two trial groups. We conclude from the cue-aligned
population data that there is an increase in activity in the SC at the site representing IN-directed saccades,
and that this activity is better correlated with cue onset than saccade onset. The time of discrimination
between IN and OUT targets is more variable but is also better correlated with cue onset.
150
Figure 8. Population activity in the SC during the choice
response task. The plot shows average neural activity for the
2NA condition. Population activity aligned with respect to the
cue onset (at 0 on the abscissa). Red curves are the average
activities recorded in the quartile of trials with the shortest RT
and green curves for the quartile of trials with the longest RT.
Solid curves indicate activity for IN trials, and broken curves for
OUT trials. Vertical marks represent the median RT of the trial
groups denoted by corresponding colors and line-styles.
Thickened portion of the solid curves denotes that the activity
was significantly higher than the baseline. The pair of horizontal
lines at the bottom indicates when the activity was significantly
different between IN and OUT trials for short (red line) and long
600 (green line) RT trial groups.
200
400
Time (ms)
6) The effect of reversible lesions on choice response performance. We have carried out reversible
lesions using muscimol at two sites in the SC. The effects were somewhat similar to those reported
following focal muscimol injections in the SC (McPeek & Keller, 2004) and the FEF (McPeek, 2004) for a
feature visual search paradigm. Fig. 9 shows an example for one injection site of the performance for the
case when a single visual target appeared and the fixation point was simultaneously turned off producing a
visually guided saccade to this target (upper row). Prior to the injection, cells were recorded with RFs
centered at 7° eccentricity in a direction 15°, up and right. Electrical stimulation with low amplitude current
pulses at this location produced saccades with the same displacement vector. Following the injection of 0.5
Q Fixation point
u\ of muscimol (0.5 pg///l) there were only mild
Affected field
• Target
effects on saccades made to single targets when Single-target task
the target appeared at the location coded by the
injection site. Saccade amplitude was reduced by
a factor of 12%; peak saccadic velocity was
reduced by a factor of 15% and saccadic latency
increase by 15%. These mild motor deficits when
no target selection is required agree with previous
reversible lesion studies in the SC (Hikosaka &
Wurtz, 1983;McPeek & Keller, 2004). We were 4-NA choice response
surprised to find that performance on the choice
response task, particularly for the 4NA condition
shown in Fig. 9 (lower row) was significantly
fc^ii^^
*•
affected. Before the lesion the animal performed at
100% correct (average over the two sites 88 %),
but after the lesion errors increased to 50%
(average over the two sites 36% errors). We
counted responses as errors if the end eye
Post-injection
Recovery
Pre-injection
Figure 9. Effects of SC focal inactivation on saccades. The affected field location was contralateral to the
injection site and centered at the location indicated by the gray oval. Data is shown only for those trials in which
the target appeared at the location in the injected field (indicated by the red disk). Upper row of plots shows the
saccade performance pre- and post-injection and the following day for recovery for blocks of trials in which only a
single target appeared and remained on. There was only a mild effect on visually-guided motor performance
following the injection. The lower row of plots shows the pre, post and recovery data for blocks of trials for the 4NA
condition in the choice response task. The locations of the colored stimuli remained fixed for the entire experiment
encouraging the animal to memorize the color-location association. Those trials shown when the cue turned red,
indicatina the taraet was at the location of the red disk.
30

Keller, Edward L.
position was closer to a distractor location than the target. In comparison for the feature search task,
muscimol lesions increased the error rate from 4% pre-lesion to 68% post-lesion (McPeek & Keller, 2004).
There were also differences in the types of errors. In choice response after SC inactivations more errors
went to the location in the field ipsilateral to the location coded by the lesioned site. An opposite trend was
found in the case of the visual search task. Also saccade trajectories in the ipsilateral field became more
curved and more grossly hypometric saccades appeared. Similar, but less severe deficits were obtained in
preliminary studies at 6 additional SC sites using lidocaine as the lesioning agent.
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d. Research Design and Methods
General methods
Adolescent male rhesus monkeys (Macaca mulatta) weighing between 6 and 9 kg will be used as
experimental subjects. A head-restraint post will be implanted on the exposed skull under isoflurane
anesthesia and sterile surgical conditions. Three stainless-steel recording chambers (14 mm ID) will be
implanted, two over the locations of the bilateral FEF and one on the midline declined posteriorly at an
angle of 38° and aimed at the bilateral SC.
Experiments will be conducted in a dimly illuminated room. A custom-made real-time program running
on a Macintosh G4 computer equipped with a National Instrument multi-channel IO board controls
experiment events and data collection. Visual targets were displayed on a video monitor at a distance of 35
cm from the animal's eyes. The monitor allows stimuli to be presented in a field of view of approximately
±30° along the horizontal meridian and ± 28° along the vertical meridian. Eye position and velocity will be
recorded using a video-based eye tracker running at a sampling rate of 500 Hz (EyeLinkll, SR Research
Ltd.). All data analysis will be conducted with programs developed in MATLAB (The MathWorks, Inc.). Offline analysis of the eye movement data will be performed by algorithms using velocity and acceleration
criteria to detect the beginning and end of saccades.
1) Behavioral paradigms
1-a) Delayed saccade task
This task will be used for a traditional classification of FEF and SC cells into visual, motor, and visuomotor cells. While the monkey maintains fixation at a centrally located, gray fixation point, a gray target
appears at a selected peripheral location. The monkey is required to hold fixation until the fixation point is
turned off after. The offset of the fixation point signals the animal to make a saccade to the peripheral target
to receive a liquid reward. The delay between the target onset and the fixation point offset is randomly
selected from a range between 400-800 ms. The peripheral target is presented at locations of various
eccentricity and direction, in order to map the RF of each neuron in terms of traditionally-defined visual
and/or motor activities of the neuron. See below for the methods for the RF mapping (p. 34).
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1-b) Color-cued saccade choice task
The monkeys will also perform a cued choice task (Figs. 1 & 4). In the task the target location of the
required saccade is specified by the color of a cue given at the fixation point. At the beginning of each trial a
gray fixation spot appears at the center of the visual field. While the monkey is holding fixation on the spot,
an array of colored potential targets appear in the periphery. The number of targets varies among 1, 2, and
4. The target array is on for 400 ms, and then turns gray so that visual stimuli are no longer distinguishable
by color. After a delay randomly chosen between 400 and 800 ms, the gray fixation spot changes into one
of the target colors. This change in color of the fixation spot serves as a cue to make a saccade and also
which target to choose. The animal has to foveate the target that formally had the same color as the new
color of the fixation spot within 800 ms from the cue onset, to get a juice reward. The reward is delivered 10
ms after the eyes reach an imaginary window surrounding the target. The foveation is counted as
successful, if the endpoint is within 2 degrees in amplitude and +/-15 degrees in direction from the target.
Note that, when the cue is given, all potential targets are identical and gray so that the choice decision has
to be made by a memory guided recall of the color and the location of a target that had the same color, and
not by visual matching between cue and targets. Also, since the association of color and location of the
targets is fixed within blocks of trials, the monkey can perform the task relying on a long-term symbolic
association between color and target location. In other words, even though the target colors are shown at
the beginning of each trial, a visual working memory of target configuration is not crucial for performing the
task. Trials with a different number of alternatives are run in separate blocks in randomized order. In this
way, the task is different from typical matching tasks that involve working memory (Bisley et al., 2004).
The fixation spot and potential targets are disks of one degree in diameter. When the RF is more than
10 degrees from the fovea, larger disks of 1.5 degrees in diameter are used as targets to enhance the
visibility. The eccentricity of targets is set based on the location of the response field of the neuron being
recorded. One of the targets is centered at the maximal responsive part of the field. The colors used for the
targets and the fixation spot will be chosen so that they are equi-luminant and at the same distance from the
gray and from their nearest spatial neighbors in the CIE 1976 (L*a*b*) space, which is approximately
uniform in perception of color difference (Wyszecki & Stiles, 1982). A chromameter (CS-100, Minolta Photo
Imaging USA) is used for measuring luminance and chromaticity of the colors.
2) Reversible inactivation methods
Focal injections of muscimol will be made at selected sites in SC and FEF with an injectrode that allows
neural recording and/or stimulation and pressure injection of chemical substances (McPeek & Keller, 2004).
Injectrodes are fashioned from 33 gauge stainless steel cannulas with a .003" tungsten
recording/stimulating microelectrode (FHC Inc.) attached to the outside of the cannula. The small size of the
cannula/electrode combination minimizes tissue damage made with multiple injectrode insertions and the
exterior location of the electrode helps prevent clogging at the tip of the fine cannula. The assembly passes
through the dura in a sharpened 23-gauge guide tube. The cannula is connected by Teflon tubing to a
Hamilton syringe driven by a digitally controlled infusion pump (Harvard Instruments, Model 22). The system
is filled with sterile saline and back-filled with the injection agent. A small air bubble separates the saline
from the muscimol solution and the movement of this air bubble is monitored in the calibrated tubing to
confirm the actual volume of agent delivered. Injections are made at a rate of 500 nl/min. Muscimol rather
than lidocaine will be used as the inactivating agent because previous studies have shown that very large
amounts of the latter substance are needed to produce effects in the FEF (Sommer & Tehovnik, 1997). The
inactivating agent will be prepared by dissolving 5 /;g of muscimol per 1 //I of saline. The normal volume of
muscimol solution injected will be 1 jj\ in FEF and 0.5 //I in SC, but smaller and larger volumes will be used
depending on results. The goal following injections will be to maintain performance on visually guided
saccades made to single targets in the effected field, but to produce significant behavioral deficits in the
choice response task. Even visually guided saccades made to single targets can be compromised with
muscimol injections in FEF after periods of greater than an hour (Dias & Segraves, 1999), so we will limit
our recording sessions following the administration of muscimol to an hour. Immediately following the
injections we will monitor the saccadic eye velocity performance of the animal on visually-guided saccades
made to single flashed targets appearing in the lesioned field. When a decline in this stereotyped saccadic
behavior appears we will then begin to examine performance deficits in the saccade choice response task.
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We will conduct eye movement recordings using the choice response task both before injections and after
recovery on the day following the placement of a lesion. We will also place saline injection controls at
several sites.
Possible pitfalls
The effect of the muscimol may vary in time as the muscimol spreads after the time of the injection.
This might produce the largest effect on whichever trial condition (1, 2,or 4NA) was run last. We will partially
control for this effect by random ordering of the trials blocks and by running several blocks of each type.
There is also the possibility that the animal would sense its poor performance in the affected field and
merely make a guess to one of the other still visible gray stimulus mask locations. This would appear to be
a target selection deficit. As a control for this eventuality we will train the animals from the beginning that
they can obtain a reward of about 25 % of the nominal liquid reward amount by merely holding fixation
beyond the usual 500 ms time period allotted for a correct saccade. In this way if the animal is uncertain
about the correct response when the target is in the affected field, it can signal this difficulty by withholding
any response.
3) Cell recording methods
Single-cell activity will be recorded using either tungsten or quartz-platinum/tungsten microelectrodes.
For SC recordings, one tungsten microelectrode (FHC, Inc.) will be used. We will use an array of 2-5 quartzplatinum/tungsten microelectrodes with a 5-ch Mini-matrix system (Thomas Recording GmbH) for the FEF
recordings, except for the inactivation experiments for Aims 1 & 2, in which an injectrode will be used
instead. Single electrodes and injectrodes will be advanced within a guide tube which penetrates the dura,
while the multi-electrode arrays will directly penetrate the dura. The exposed part of the dura mater will be
treated with 5-FU to control the growth of tough connective tissue on the exposed area (Spinks et al., 2003).
The electrode position within a chamber is determined by a double-eccentric positioning device mated to
the inside of the chamber for single electrodes, and by a xyz-manipulator system for the array system.
Although we aim at recording one neuron at one time in Aims 1 & 2, the use of more electrodes will improve
the yield and efficiency of obtaining cells. For Aim 3, at least two neurons will be recorded simultaneously.
In the condition where simultaneous recordings are made in both FEFs, the multi-electrode system will be
used to advance electrodes in one chamber and the double-eccentric drive will be used to advance one
electrode in the other chamber. The inter-electrode spacing in a single chamber will range from 1 mm to 4
mm, depending on the layout of the FEF in individual monkeys.
A neural spike discriminator (APM, FHC, Inc.) detects neural discharges using amplitude and time
windows and the times of spike discharge on each electrode are stored in temporal register with the eye
movement data. Raw data from each microelectrode potential are recorded simultaneously at a sampling
rate of 25 kHz. The raw records are examined off-line to check the consistency of spike shape and
amplitude, and to segregate, if present, spikes from different units using a template-matching algorithm
(Worgotter et al., 1986). Raw spike counts are converted to a smoothed estimate of neural activity with the
spike density technique (Richmond et al., 1987), with the sigma of the Gaussian filter set at either 4 or 10
ms. The spike trains will also be analyzed using a method developed by Pauluis and Baker (2000) for
estimating instantaneous discharge probability (see section 3-c) below for details).
Once a neuron is isolated, we estimate the location in its response field that produces the maximal
visual and/or saccade-related response using a delayed saccade paradigm. We will monitor in real time
computer displays of cell discharge at a grid of field locations of three different eccentricities and three
different directions, centered on an initial estimate of the location with maximum discharge. The estimate
will be adjusted as needed based on the displayed results at each of the 9 locations. Neurons in the FEF
often display RFs which change rapidly from low discharge at smaller eccentricities to a higher level over a
small range of eccentricity and then remain constant for all larger eccentricities. In this case the center of
the RF will be located at smallest eccentricity where a maximum is reached. Once the field center has been
determined the target array for the cued choice task will be placed so that one of the visual stimuli falls at
the location with the field center of the neuron. We will construct response field maps of visual and motor
activities off-line. The visual activity is defined as the mean spike density between 50 and 100 ms after a
single-target onset in the delay saccade task. Motor activity is defined as that between 10 ms before and 30
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ms after a saccade onset for the same trials. These procedures will allow us to classify SC or FEF cells into
the traditional types of visual, visuomotor, motor, or fixation.
3-a) Detection of significant activity modulations
The times when activity changes from the baseline level after the cue will be determined as follows. In
the delayed saccade paradigm the cue is a go signal indicated by turning off the fixation point. In the choice
response task the cue is a change in color detected at the fovea. We define the baseline level of activity as
the mean firing rate between 100 ms before to 50 ms after the cue onset. We then ask, for each 10-ms bin
beyond the 50-ms post-cue epoch up to 10 ms before the median saccadic RT, how likely it is to observe
the mean firing rate of the bin, assuming a Poisson spike generator with a mean equal to the baseline level.
A probability less than 0.05 will be regarded as evidence that the activity in the bin is significantly different
from the baseline (Thompson et al., 1996). If five consecutive bins are marked as significant, we take the
beginning of the first bin as the onset of activity modulation (an increase or a decrease; see Figs. 5 for
examples). In computing this time of significant modulations, the data is alternatively aligned on cue onset
or saccade onset to determine with which event the best correlation of the modulation occurs.
3-b) Alignment indices
In order to quantify the temporal relationship of an activity modulation with respect to task events,
namely, the cue onset or a saccade, and to determine to which event the activity is better aligned, we will
compute alignment indices as follows: We mark the times of cell activity modulations for the two quartile
groups of trials, i.e., a group with the shortest RT trials and another of the longest RT trials, and compute an
alignment index for data aligned on the cue: Alcue = (D1L - D1S) / (Ri. - RS), where D1 is a departure time
defined as the time where the average spike density differs from baseline as defined above, R is the median
response time for a group and subscripts S and L are for the shortest and longest RT trial groups. Since the
trial group spike density function may change depending on how the trials are aligned, we compute another
alignment index from the same data aligned with respect to the saccade onset: Alsac = (D2L - D2S) / (Ri. Rs), where D2 is a departure time with respect to the saccade onset, R is a median response time, and
subscripts L and S are again for the group of trials with long and short response times. If the onset of a
significant modulation in cue-related activity is better aligned with the cue onset, Alcue is close to zero while
Alsac is near one. On the other hand, if the cell's activity is better aligned with the saccade onset, Alcue is
close to -1 and Alsac is close to zero. An example of this analysis from our preliminary data for a SC cell is
shown in Fig. 7.
3-c) Estimation of instantaneous discharge probability in single trials
We will employ an algorithm developed by Pauluis and Baker (2000) for estimating instantaneous
discharge probability (IDP) in single trials. The IDP estimates are similar to spike density functions (SDF)
but with the following important advantages: 1) It is not blurred across moments of abrupt change, while
SDF is. 2) The uncertainty entailed by the lag from a firing rate change to actual generation of a spike is
adjusted. In the algorithm, the instantaneous firing frequency is calculated as the reciprocal of inter-spike
intervals (ISI). The moments where the frequency changes abruptly are explicitly detected according to the
probability of observing an ISI in comparison to two consecutive ISI's in the neighborhood, either preceding
or succeeding the ISI. A gamma function is assumed for the ISI distribution. The moments are adjusted to
best estimate the time of the rate change given the times of observed spikes and the firing rates before and
after the change. Segments between marked moments are then smoothed by convolution with a Gaussian
kernel with the moments themselves preserved.
3-d) Analysis of the activities of two simultaneously recorded neurons
IDP curves will be constructed on single trials for each neuron in experiments where two FEF neurons
with dissimilar RFs are simultaneously recorded (Aim 3). In experiments for this aim, moments of abrupt
change in neuronal activity, as marked on IDP curves, will be compared between two neurons, one tuned
for the correct target and the other tuned for a non-target. The moments will also be examined with respect
to task events and the response time in each trial (see Methods specific for Aim 3 for details, pages 39-40).
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Methods specific to experiments for each aim
1) Methods specific for Aim 1
In this aim we will record single cells in the SC and the FEF. The neural activities that occur after the
cue onset and before a saccade will be analyzed using the techniques described above (section 3 in
General Methods) from the viewpoint of the following questions: Q1) Is the activity cognitive in nature, as
opposed to visual or motor-related? Q2) How does changing the number of alternatives affect the activities
during choice response? Q3) How do the neural activities evolve during choice decision and reflect the
selection of a target among alternatives?
We choose the SC and the FEF as the targets in our investigation for the following reasons: We have
recently conducted an fMRI study in humans using the same color-to-target-location choice paradigm.
Among the areas where the BOLD signal is modulated during the task, the FEF, the medial part within it in
particular, showed a strong correlation of the signal with NA, which varied among 1, 2, 4, and 8 alternatives
(Lee & Wade, 2004). In addition both the SC and the FEF have been implicated in the control of eye
movements in cognitive tasks involving target selection and attention control. Furthermore, our preliminary
recording data show that neurons in both structures modulate their activity in association with events during
choice response (see Preliminary Data, sections 2-5).
Initial recording penetrations in each structure will establish the topological visuomotor map of each
structure using single-target visually guided saccades. We are able to see the arcuate sulcus through the
dura at the time during surgery when the recording chamber is placed, so we will have an estimate of the
location of the FEF. We will further refine this location by using the criterion that fixed vector saccades can
be evoked by electrical micro-stimulation within FEF at current levels < 50 juA (TD = 70 ms, TF = 300 Hz,
bipolar pulses with each phase = 0.25 ms). In determining the current threshold the animal will fixate a small
spot of light and after a random interval the fixation point will go off. After a 200-ms interval the stimulating
pulse train will be delivered. This method generally results in lower threshold currents required to elicit
saccades and the initial fixation position is controlled. The SC will be identified by the characteristic pattern
of activity that is recorded as an electrode is advanced through the ventricle, into the visual layers and
finally into the deeper layers. Stimulation will evoke saccades in the deep layers at currents of < 35 //A. In
these preliminary recordings we will find the location of the rostral colliculus (rSC) where fixation cells are
concentrated and the caudal colliculus (cSC) with peripheral RFs and in the FEF, the laterally located region
where fixation cells and cells with foveal visual fields are located (fFEF) and the more mediodorsally
positioned region where the cells have peripheral fields (pFEF) (Sommer & Wurtz, 2000). Recording sites
will be defined to be in rSC or fFEF by visual and/or motor response fields < 5° eccentric and cSC and
pFEF by fields > 5° eccentric. We will record cells in these four areas to complete the preliminary data on
cognitive signals underlying the performance of choice response. Once a cell is isolated its RF is
determined using the delayed saccade paradigm. Then blocks of trials using the saccadic choice response
paradigm will be run with random alteration of the 1, 2 or 4NA conditions.
Records of neural activity thus obtained will be analyzed in terms of the following features:
(1) Timing of activity modulation in trials with different response times: We will compare the onset of postcue activity between trial groups with the shortest and longest RTs, i.e., alignment indices (General
Methods 3-b above). By this analysis we will know whether the activity is a cognitive signal for processing
cue information or a motor signal related to the generation of a saccade. This pertains to Q1 (cognitive
signals).
(2) Timing of activities in different NA conditions: The response time in our choice task increases according
to Hick's law. We will compare the times of activity onset across different NA conditions to see how much
of the RT change can be accounted for by the change in the timing of neural activity (see preliminary data
in Fig. 4A). This will provide clues as to how Hick's law in behavior is related to neural activity during
choice response, which pertains to Q2 (NA effect) & Q3 (neural marker for decision).
(3) Visuo-motor activity in different NA conditions: We observed that the visual response of FEF cells was
reduced in 4NA conditions, compared to 1NA conditions, when an identical target disk was shown within
the RF (Fig. 3). We also observed that the motor activity was different between the delayed-saccade task
and choice saccade task, while the kinematics of the saccades were the same (Fig. 4B) These features
will be further examined to see whether visual/motor signals in the FEF are modifiable under the influence
of varying cognitive loads produced by the NA change. Q2 (NA effect)
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(4) Shift of the baseline activity in the pre-cue delay period in different NA conditions: We observed in our
preliminary data (Fig. 4A) that the baseline activity was higher in the 1NA condition relative to that present
in 4NA. The increase may be related to the prior probability of a saccade occurring toward the RF of the
cell (Basso & Wurtz, 1998). It may also reflect the fact that in the 1NA condition the animal could place all
its attention or even prepare a saccade at the location of the single target, which with certainty would
become the target. The prior probability versus the attentional explanations can be discriminated by
correlating the activity across 1, 2, and 4 NA conditions: The correlation will be a monotonically
decreasing function if the prior probability is the determining factor. On the other hand, the activity in the
2NA condition will be no different from that in 4NA, if the attention/preparation hypothesis is correct. This
analysis pertains to Q2 (NA effect).
(5) Neural activity discriminating among target locations: Our preliminary data suggests that the post-cue
activity in FEF cells discriminates among target locations, and that the time of target discrimination may
be influenced by NA in a trial (Figs. 3 & 4). For the FEF cell shown, when the target is out of the RF
(green and blue traces in the figure), the activity was unchanged in the 1NA condition, but significantly
increased in the 4NA condition. This suggests that the presence of an alternative within the RF made the
cell fire in the latter case, reflecting that target discrimination was harder and more delayed in 4NA than in
1 NA conditions. The interaction between the NA effect and target discrimination in cell activity will be
further analyzed as a possible mechanism underlying the logarithmic RT-NA relationship (Hick's law).
This aspect of the data analysis pertains to Q2 (NA effect) & Q3 (neural marker for decision)
(6) Short-latency dips in the FEF activity: There was a dip in the activity of some FEF neurons at short
latency after the cue (Fig. 4A). Sato and Schall (2001) reported a similar decrease in activity in some FEF
neurons in a search paradigm shortly after a visual stimulus appeared in the cells' RF. They interpreted
the response as a visually-driven resetting of neural activation. In our FEF cells, the fact that it was not
observed in delayed saccade trials, when a visual stimulus had appeared transiently in the RT, but only in
choice response trials, when no visual stimulus appeared in the RF argues against this interpretation, at
least for our cells. We hypothesize that this dip might be related to the return of attention to the fovea,
which is more obligatory in choice response than in a delayed-saccade task due to the less saliency of
the cue in the former. We plan to examine this hypothesis by comparing the two tasks in more FEF cells,
which pertains to Q1 (cognitive signal).
(7) Reciprocal modulation of fixation neurons (FNs) in SC and pFEF cells: As shown in Fig. 5D, FNs in rSC
and pFEF seem to have their activities modulated in opposite directions shortly after the appearance of
the cue in the choice response task. The increased activity at foveal FNs in choice response, but not in
the delayed saccade task (Fig. 5C), would be consistent with the hypothesis that attention was shifted to
the fovea following the cue in order to aid the discrimination of the color change. Closer examination of
the time-course and reliability of this apparently reciprocal modulation may shed light on the mechanisms
by which the target is selected and a saccade triggered. The effect of NA on the burst of FNs and the
decline of pFEF will also be studied for evidence of cognitive influence in their generation. This feature
may pertain to Q1 (cognitive signal) & Q2 (NA effect).
Given the complexity in the behaviorally related responses in SC and FEF neurons, this list of
anticipated analyses is not exhaustive. Additional analyses will certainly be added as the recording
experiments progress.
At the completion of the recording experiments we expect to have convincing evidence that both
structures produce activity that is correlated with the cognitive events leading to response selection among
alternatives, as opposed to visual and/or motor events. In order to determine if these correlations are causal
to choice response behavior, we will make a series of reversible lesions in each structure at sites where
neurons have peripheral RFs. The techniques for producing reversible lesions have been given above. Our
preliminary results with lesion made in cSC (Fig. 9) indicate that a target selection deficit in the choice
response task will be produced with SC lesions. Preliminary data also suggest that the deficit will not be as
pronounced as that produced by similar lesions in either SC or FEF using a feature search task (McPeek &
Keller, 2004;McPeek, 2004). We hypothesize that the reason for this difference is the former task requiring
a heavier cognitive processing load than the latter task, and therefore, lesions made in the FEF will have a
more disrupting effect on choice response than cSC lesions. This would be in contrast to the situation for
the visual search task where a similar degree of deficit was observed after FEF and SC lesions (McPeek &
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Keller, 2004;McPeek, 2004). If our preliminary findings and speculations are confirmed in the inactivation
experiments, we can interpret the results as indicating that choice response behavior is controlled at the
level of the FEF with the SC playing a lesser role, in contrast to the situation in visual search where the SC
and the FEF play equally important roles in the behavior.
The second question to be asked in this aim is where the translation of cue information takes place that
leads to the selection of an associated target (Fig. 10). This step, known as stimulus-to-response (S-R)
translation in cognitive psychology literature, is considered a crucial step that determines the logarithmic
relationship between alternative number and response time in Hick's law (Fitts & Posner, 1967;Welford,
1968;Teichner & Krebs, 1974). Our logic is that, if the S-R translation takes place in the FEF (Route 2 in Fig.
10), inactivation of the fFEF will produce a devastating effect on the performance in choice response
because the relay of cue information is blocked.
fFEF!
Furthermore, the deficit will be global, i.e.,
Cue signal
observed regardless of the color of a cue or the
"
aj fovea
target location specified by it. On the other hand, if
cSC activated for
the S-R translation occurs upstream to the FEF
a peripheral target
(Route 1 in Fig. 10), inactivating fFEF would not
significantly impair the global performance,
inactivations placed in the pFEF would have an
effect restricted to the target location represented
by the inactivated part. Thus, the pattern of
behavioral impairments induced by inactivation of
localized parts in the FEF will provide important
clues as to where in the brain the crucial step of
S-R translation takes place

Figure 10.

A schematic depiction of how cue information
given at the fovea may lead to the activation of cSC tuned
for a peripheral target. Two possibilities are postulated in
terms of where the S-R translation may occur (thick
arrows): 1) upstream to the FEF or 2) within the FEF. The
critical predictions for the proposed inactivation
experiment are that in case 2 inactivation of fFEF will
cause a global deficit in choice response, whereas it
would not in case 1.

Potential problems or pitfalls
While we are confident in achieving the goals of the recording and pFEF and cSC inactivations
experiments given the preliminary data that we already have, a couple of potential problems may lie in the
way of the fFEF inactivations. One possible problem is that the cue information may be redundantly
represented by fFEFs of both hemispheres, so that inactivation of one may not induce an observable deficit
in choice response. In this case, we may have to inactivate both fFEF at the same time. Although this
procedure would be technically difficult, the long lasting effect of muscimol injections (more than 5 hours)
should make it possible to move the injectrode to the opposite FEF and made an additional lesion there in
fFEF. We are also concerned about the possibility that fFEF inactivation would lead to a behavioral
abnormality similar to that observed following the inactivation of the rSC. Munoz and Wurtz (1993) reported
that when the rSC was inactivated the animal had trouble maintaining visual fixation and suppressing
unwanted saccades. If this behavior is also produced by fFEF inactivation, the animal may not be able to
consistently perform the saccadic choice task. In this case we will try to make smaller injections, brighten
the fixation point, and increase the size of the fixation window.
2) Methods specific for Aim 2
Aim 2 is to identify the source of the cue-related activity observed in the SC in our preliminary data (Fig.
6). The activity was observed after a color cue was given at the fovea and while there was no visual
transient in the response field. Thus, it was not a visual response. Also the onset of the activity was better
time-locked with respect to the cue onset than a saccade, making it unlikely to be a motor signal directly
related to a saccadic eye movement. Since there is a direct efferent projection from the FEF to the deeper
layers of SC where cells with cue-aligned activity was recorded, we will consider the FEF as the prime
source of such SC activity in this study. In order to test this possibility, we will make electrode penetrations
at sites in the SC and FEF where similar saccade vectors are represented. Since it is easier to predict the
RF locations for a site in SC than in FEF, because of the highly organized motor map in the former structure,
we will first make a FEF penetration, isolate a cell therein, and then select a SC penetration site that will
match the RF location with the FEF neuron. The electrode in the FEF will be an injectrode so that muscimol
can be injected afterwards. The FEF electrode will be fixed in place and the SC electrode will be advanced
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until a cell is isolated that has a cue-aligned modulation of activity in choice response. Injections of
muscimol will then be made at the FEF site while the SC cell with the cognitive activity is held for recording.
We will monitor saccadic eye velocity for saccades made to single targets appearing at the location coded
by the injection site as a sensitive measure of the onset of lesion effect. After an effect appears we will
again record the response of the SC cell in choice response, and if the modulation disappears or is
significantly reduced, our hypothesis that the FEF is a source of the cognitive signals in choice response will
be supported.
We plan to do this experiment in pFEF/SC pairings. However, depending on the outcome of
experiments for Aim 1, we will conduct similar experiments in fFEF/SC pairings as well. That is, if
inactivating fFEF results in a significant global deficit in choice response, showing that this part of FEF is
necessary for the S-R translation (i.e., cue information leading to a target activation via Route 2 in Fig. 10),
an emphasis will be placed on this part of FEF as the source of cue-related activities in the SC. Direct
projections from fFEF to cSC, as well as those from pFEF to cSC, have been demonstrated (Sommer &
Wurtz, 2000). (Even when the animal becomes unable to perform the choice task with fFEF inactivation, we
can examine the inactivation effect on the SC activities as long as the animal can hold a steady fixation
when a cue is presented.) On the other hand, if fFEF inactivation does not show behavioral effects and
pFEF inactivation does, as is expected in the case of Route 1 in Fig. 10, then the pFEF will be the main
focus of investigation. In the case that no impairment is induced by FEF inactivation, we will select sites in
pFEF where the response fields are congruent with those of SC neurons being recorded.
Potential problems
We recognize the following technical difficulties that may hinder progress in the experiments described
above for Aim 2. It may prove difficult to hold SC neurons while we make the injection of muscimol into the
FEF, wait for the effect to become manifest, and then collect more data to see if the cue-related activity has
changed in the same neuron. We sometimes have recorded from single SC cells for as long as 2 hours or
more. However, we expect it to be a challenge to record routinely for such a long duration. The need for
long recordings may cause a sampling-bias toward SC cells that are easier to maintain in isolation. Against
this concern, we will include all SC cells that show the cue-related activity before a FEF injection, and
compare the properties of the cell activity - not only the cue-related but also visual and motor activities between cells on which the experiment is completed and those lost in the middle in the experiment.
3) Methods specific for Aim 3
In this aim, we will test predictions made by two classes of models proposed to explain Hick's law, i.e.,
the logarithmic relationship between alternative number of choices (NA) and RT (Christie & Luce,
1956;Laming, 1966;Pachella, 1974;Teichner & Krebs, 1974;Usher et al., 2002). Christie and Luce (1956)
postulated that the log relationship arises because the incoming sensory signal provided by a cue is
compared simultaneously with all possible choices and a final decision of which response is reached by
choosing the best among the outcomes. Now, assuming that the time for each comparison to be completed
is randomly varied, the decision procedure is equivalent to taking the maximum values among a set of
identically distributed random variables. Laming (1966) generalized the mathematical formula for the
parallel decision process model to RT = a + b 1(1/(r+k)), where the summation runs from r = 1 to r = NA and
a, b, and k are constants to be determined from data, and showed that Hick's original data can be fit equally
well by this equation. It is important to note that in this model, which we call an exhaustive search model
(ES), the decision is reached only after all individual channels complete their job of comparing the cue with
an alternative choice for which they are tuned. Assuming that a channel is constituted by activities of
neurons tuned for an alternative target in our saccadic choice task, this model predicts that all cells will have
completed their processing of the cue information when a choice decision is reached.
Another interpretation of Hick's law has recently been put forth by Usher and his colleagues (2002).
The logarithmic increase in RT may be secondary to the requirement to maintain a constant level of the
overall accuracy. It is assumed, as in the ES model, that the incoming signal is compared in parallel with all
channels tuned for alternatives. A difference, however, is that here a decision is made as soon as any
channel reaches a threshold level. Since channels are noisy and errors add up across channels, the overall
error rate increases proportional to the number of alternatives. In order to keep the overall error rate
A
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constant, the error rate for individual channels needs to be reduced by elevating the threshold. The
threshold elevation then leads to a longer time for any channel to reach the threshold, and hence results in
longer RTs. According to Usher and his colleagues (2002), the amount of RT increase entailed in this model
is a logarithmic function of NA for stochastic self-terminating models, such as the diffusion model (Ratcliff &
Smith, 2004;Smith & Ratcliff, 2004) and the LATER model (Reddi et al., 2003). This threshold-adjustment
model (TA) for Hick's law assumes that a decision to respond is made as soon as any channel reaches the
threshold in the race of accruing information. Therefore, assuming again that activities of neurons tuned for
an alternative target constitute a channel, it follows from this model that neural activities in cells tuned for
non-targets may not have finished its evolution at the moment the decision is made that drives a burst of
activity in cells that are tuned for the correct target.
Our preliminary recordings showed that most FEF neurons increased their activity after the cue onset,
even when they were tuned for a non-target and the cue specified a target outside of the RF (see Figs. 3 &
4C). These neurons may constitute channels where cue information is processed for a potential match with
a target. The models described above both assume such activity as neural substrates of information
processing for choice decision. It is not known exactly how the activities evolve in individual cells while a
decision is reached by the system as a whole, while intense research efforts are currently made to identify
neural markers underlying the behavior (Gold & Shadlen, 2000;Schall, 2001;Shadlen & Newsome, 2001).
Most likely candidates for such markers are found in the pattern of activity in cells that code for the correct
target. For example, when a target in the RF is selected for a saccade, FEF cells build up their activity into a
burst immediately before the onset of a saccadic response (Figs. 3 & 4). The peak of the burst or some
point prior to it may be the time of transition from information accrual to a decision, i.e., a decision time.
While both ES and TA models are compatible with this predicted behavior of cells tuned for the correct
target (T), their predictions diverge when the behavior of cells tuned for a non-target (NT) is considered (Fig.
11): As stated above, the ES model predicts that all channels complete information processing - the activity
increase of NT cells becomes stationary or declines if a matching is not successful - at the time of a
decision time, whereas the TA model predicts that some channels may stil^be processing information - the
activity of some NT cells keeps increasing - when the decision is made based on the most active channel
(T cells). In this comparison of the models, the channels, i.e., cells tuned for the target and those tuned for a
non-target, need to be monitored simultaneously, because it is a relative timing between the cell activities
that is critically important and this information cannot be obtained if only one cell is recorded at a time. This
point is schematically illustrated in Figs. 11A & B where different predictions of the models are shown in
terms of the behavior of two simultaneously recorded cells in single trials. The crucial information on the
relative timing between cell activities is lost, when only one cell
is recorded. In such a case, the comparison can only be made
A) Single-trials predicted by ES model
between activity averages of T and NT trials (C), which will be
the same for both cases shown in Figs. A & B. Therefore,
simultaneous recording and trial-by-trial comparison of a T and
a NT cell is absolutely necessary for our aim of testing the
_
TO
model predictions.
0)
Q.

Peak time in T cell
B) Single-trials predicted by TA model

Figure 11. A, B) A schematic depiction, based on preliminary data, of
activities of two simultaneously recorded cells, one tuned for the
correct target (T, solid lines) and the other for a non-target (NT,
broken lines). Even when NT was in the field, the cue evoked an
activity that was smaller and later than that when T was in the field.
A) The ES model predicts that NT activity always completes its
8
0_
Peak time in T cell evolution prior to a decision, reflected in the activity of T cells. B) The
C) Averaged activity profiles
TA model, in contrast, predicts that NT activity may continue to
increase at or after a decision time. C) The same averaged profiles
With correct target
cue
can be obtained from different single-trial behaviors of a cell tuned for
With a non-target
T and another tuned for NT, showing that simultaneous recording of
the two cells is necessary to differentiate between the competing
time
models.

.
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In the proposed experiments, two neurons in the FEF will be isolated that have their RFs in different
locations. The activity profile of the cells will be monitored simultaneously on trials when the correct target
falls in either of the two RFs. We will regard the time when the activity peaks in the target-tuned cell as an
internal marker of the decision time. For the detection of such times, single trial spike trains will be analyzed
using the IDP methods (Pauluis & Baker, 2000). The variability in activity profiles may make it difficult to
consistently mark the times in different situations. For example, in the cell shown in Fig. 4C, the activity
increased and remained high in a plateau when the cue specified a target outside of the response field (the
blue location). We will assume in general that information accrual is complete when the firing rate stops
increasing, i.e., it either declines or remains constant. Therefore, in the case shown in Fig. 4C, the junction
between the up-slope and the plateau will be regarded as when the cell finished processing the cue
information. For simultaneous recording of two FEF neurons, we will use an array of 2 - 5 quartz-platinum /
tungsten micro-electrodes (Thomas Recording GmbH). Alternatively, we will record from two FEF neurons,
one in each hemisphere. In this case we will use the multi-electrode system on one FEF and a singleelectrode system on the other. Other details of the FEF recording will be the same as in experiments
proposed for Aim 1 above.
Proposed time table for the work:
Although three specific aims are listed for this project, the data for Aims 1 and 2 can be collected in the
same animals prepared with the same surgical preparation. Aim 3 will require the use of two additional
animals in which we will record paired cells within one chamber or in two chambers.
Year 1. We will implant one animal with two recording chambers over the left and right arcuate sulci and
another chamber over the SC. The animals will be trained to perform the delayed saccade task used for RF
identification and the saccadic choice response task. We have had experience with training one animal on
the choice response task. Based on our experience we expect it to take about 3 months to train the animal
to do the delayed saccade and the choice response task. We will then begin to record neural responses in
the two areas to be studied. We will attempt to record from both the SC and one FEF simultaneously
utilizing separate microdrive systems in each chamber. This two-chamber recording will increase our yield
of cells more quickly. We expect to define the gamut of individual cell responses that may be correlated with
cognitive processing in the remainder of this first year. A second monkey will be prepared with surgical
implants and trained by the research assistant on the two tasks while the Pis collect data on neural
responses in the first animal. Because we try to pair-house animals whenever possible, both of these
monkeys will be ordered together and will be in-house for the whole year.
Year 2. We will begin recording in the second animal and at the same time initiate the reversible inactivation
experiments outlined for Aims 1 and 2 in the first animal. The reversible inactivation experiments in this
animal should take about 4 months to complete. Midway through the second year the recording
experiments will be complete in the second animal and it will then enter the reversible inactivation
experiments. A third animal will be prepared in parallel with the inactivation experiments in animal two. This
animal will have chambers implanted over both FEF. Paired neural recordings in one FEF or both FEF will
begin in animal 3 in parallel with the lesion studies in animal 2 over the remainder of year 2. We will write up
and submit for publication the results obtained in Aim 1 about the cognitive signals recorded in neural
studies and a comparison of these results in SC and FEF.
Year 3. We will finish the neural recording in the third animal with an emphasis on cell interactions. The
fourth animal will be prepared at the start of the year for the paired cell recordings in the FEF. We expect to
finish the recording in this animal in about eight months. In the remainder of year 3 we will write up and
submit for publication the results of the inactivation experiments and the paired-cell recording for Aim 3.

e. Human Subjects
Not applicable.
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f. Vertebrate Animals
1. Proposed use of animals. Rhesus monkeys (Macaca mulatta) will be used for these experiments. A
total of four, 6 to 9 kilogram, male, 3 to 5 year-old animals will be used over the three-year period of the
project. All experimental protocols have been approved by the Institutional Animal Care and Use Committee
of the Smith-Kettlewell Eye Research Institute and comply with the guidelines of the Public Health Service
policy on Humane Care and Use of Laboratory Animals.
2. Justification for the number of animals used. We have restricted the number of animals used to be
the minimum that is consistent with obtaining statistically reliable experimental results that can be published
in high quality scientific journals. In general, this means a minimum of two animals for each major group of
experiments. We will need two monkeys to obtain the microelectrode recording data on cognitive neural
signals in the SC and FEF. These same two animals will be used to carry out the reversible lesion studies in
the areas after we have completed the recording studies in them. We will need two additional animals to
complete the paired neuron recordings proposed in Aim 3. By using a chronic preparation we can obtain
extensive data in each monkey that increases the reliability of the results, and thus, helps to minimize the
number of animals used.
Justification for the species of animal used. We require nonhuman primates for our experiments
because monkeys, like humans, and unlike lower species, are frontal eyed and have a strong degree of
binocular function. The rhesus monkey has been shown to have visual organizations and eye movement
behavior that is almost indistinguishable from humans. Functional MRI studies in rhesus monkeys and
humans have shown similar activations in the region of the FEF under similar experimental conditions
(Koyama et al., 2004). Although, of course, the time course of the fMRI technique makes it impossible to do
the types of experiments we propose here in human subjects. Because of the similarity between rhesus
monkeys and humans much of what we learn about brain functional organization for eye movements and
vision in this animal can be directly applied to understanding human eye movement, visual and neurological
disorders. In addition, we have accumulated over thirty-five years of experience in determining the
coordinates of the cortical and subcortical neural structures that will be studied in these experiments in the
rhesus monkey. It is also our experience that the monkeys of this particular species perform better on the
tasks used in our studies of cognitive-driven eye movements than other species of macaques. It is our hope
that the research we conduct on these animals will lead to a better understanding of the causes of a number
of oculomotor or neurological disorders, especially those associated with frontal lobe disease.
3. Veterinary care of the animals
The monkeys will be housed- - --- - --------- ----- - ------- - -- --- - --------------------- ---- - ------------- ----------This facility is operated under the supervision of a consulting veterinarian. The animal care staff under his
supervision provides daily care and observation for the animals. In addition, the Pis or Research Assistant
also check the appearance of the animals on a daily basis. We generally order two monkeys of similar age
and sex at a time so that they can be paired in a double cage with a retractable door that opens into a
shared playpen area between the two cages. If the animals are socially compatible they are allowed to
spend time together in the playpen.
4. Procedures to minimize discomfort, distress, pain and injury. Three situations exist in which a
monkey might experience discomfort, distress and/or pain in our experimental protocols. They are a)
survival surgery; b) restraint for handling or routine testing and c) training and experimental recording
sessions.
a) Survival surgery. The purpose of the surgical procedures is to implant recording /stimulating chambers,
an eye coil and a head restraint device on monkeys that will be used in the proposed neurophysiological
experiments. All surgeries will be carried out in the animal surgical suite at the Smith-Kettlewell Eye
Research Institute. A licensed veterinary anesthesiologist will be present throughout any surgical
procedures and will remain into the recovery period until the animal is sitting up and moving about after
being returned to its home cage. The anesthesiologist is responsible for anesthetic induction and for
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monitoring and recording all measured physiological variables, thus, freeing the Pis and their Research
Assistant to concentrate on the actual surgical procedure. Animals will be prepared for the chronic
experiments with sterile, anesthetic surgical procedures. Animals will be allowed free access to water but no
food the night prior to scheduled surgery. One hour before the surgery the animal will, be given an
anticholinergic drug (atropine sulfate, 0.08 mg/kg, I.M.) to prevent excess salivation during the surgery.
One-half hour later it will be sedated with ketamine hydrochloride (15 mg/kg) given I.M. The monkeys will be
intubated and placed under Isofluorane anesthesia using a closed rebreathing system. An intravenous
catheter will be inserted in a leg vein. A saline drip through this catheter will be started and maintained for
the duration of the surgery. An antibiotic (cephazolin, 25/ mg/kg, IV) will be given through a side arm of the
catheter in one-third allotments, one-third before surgery, one-third during and one-third shortly after the
completion of surgery. Throughout the surgery, core body temperature, heart rate, blood pressure, oxygen
saturation and respiratory rate will be continuously monitored. During the surgery a small coil of Teflon
insulated, stainless steel wire will be placed under the conjunctiva of one eye. The conjunctiva will be
sutured and the wire led out under the skin to a plug that will be implanted in dental acrylic as described
below. This coil gives us a chronic method for accurately measuring eye position in the alert animal after it
recovers from the effects of surgery. During the same surgery openings will be trephined in the skull for the
stainless steel recording and stimulating chambers. During this procedure care is taken to leave the dura
intact to protect the brain. The chambers will be aligned over the holes with a stereotaxic technique that
aims the center line of the chamber at the brain area to be investigated. The chambers are attached
permanently to the skull with dental acrylic. Several titanium bone screws will be inserted into the skull
surrounding the chambers and additional dental acrylic is used to place the slotted head post on the head.
The eye coil plug is placed in this same mound of acrylic. The head post will mate with a matching rod
attached to the primate chair to restrain the head of the animal during subsequent experiments. The skin is
sutured up around the implant on the skull, and tightly fitting caps with Teflon seals are placed in the
chambers to provide sterile closure. The animal is returned to its home cage after waking from the
anesthesia and is allowed to recover fully from the effects of surgery before behavioral training starts.
During the period of post-surgical recovery the animal will be monitored closely and will be given
injections of an analgesic agent (buprenex, 0.02 mg/kg, I.M.). When it is fully awake it will be returned to its
home cage. Additional doses of antibiotics and analgesics are given in consultation with the Institute
veterinarian, but normally for 2-4 days.
b) Restraint for handling or routine testing. The animals live in squeeze cages that can be used to
administer injections. Restraint for certain procedures, such as TB testing, is accomplished with ketamine
(15 mg/kg, I.M.).
c) Training and experimental recording sessions. After recovery from the surgical procedure the animal
is trained to climb voluntarily out of its cage and into a large plastic primate chair. This is done by supplying
the animal with rewards of fruit and juice. The chair has a perch with an adjustable height on which the
animal sits. The height of the perch is adjusted for each animal's comfort. Wastes fall into a collection pan
below the animal, and thus, do not cause the animal discomfort. The animal is transported to the
investigator's laboratory inside the closed chair, and the chair is placed in the experimental setup in the
laboratory. The animal is trained by the delivery of water or fruit juice rewards in daily sessions over a
period of about a month to make the desired eye movements or fixations upon presentation of the proper
visual cues delivered by the experimental apparatus under computer control. Animals are typically
scheduled for training sessions for five weekdays during which time they receive their entire liquid intake in
the experimental apparatus. They are allowed to work until satiated each day. Animals are allowed free
access to water in their cages over the weekend. Daily records are kept of the animal's weight, and if an
animal drops below 90% of its pre-surgical weight, it is removed from liquid restriction and the training is
halted until it has gained enough weight to return to above the 90% level.
When the animal has been fully trained the experiments begin. Neurons are recorded with sterile
microelectrodes advanced through the chambers implanted on the head. Recording sessions, which last a
maximum of 4 to 5 hours, are then run for 4 or 5 days a week and after each session the animal is returned
to its home cage. During the recording sessions the animal's head is painlessly restrained through the use
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of the implanted head post which mates to a vertical rod attached to the primate chair. The animal's head is
not restrained until it is placed in the recording room. We do not believe that the'animals are discomforted
by the head restraint device. They continue to train steadily for the period of time that they are in restraint
and often fall asleep as they sit in the darkened room between blocks of trials. Neural recordings are
continued for a total period of 5-8 months depending on the data obtained and the site being studied.
5. Method for Euthanasia. At the end of the experiments each animal is sedated with a combination of
ketamine hydrochloride (15 mg/kg) given I.M. and then deeply anesthetized with sodium pentobarbital (100
mg/kg, IV). Total lack of a corneal reflex is taken as an indication that an adequate level of anesthesia has
been obtained to proceed with cardiac perfusion. A bilateral thoracotomy is performed and the animal is
perfused through the heart with a liter of 0.1% phosphate buffered saline rinse followed by several liters of
fixative solution (10% buffered formalin). This procedure is consistent with the recommendations of the
Panel on Euthanasia of the American Veterinary Medical Association.
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DHHS Agreement dated:
I

175/2005

I

I No Facilities And Administrative Costs Requested.

| DHHS Agreement being negotiated with

Regional Office.

| J No DHHS Agreement, but rate established with

Date

CALCULATION* (The entire grant application, including the Checklist, will be reproduced and provided to peer reviewers as confidential information.)
a. Initial budget period:

Amount of base $

238,317 x Rate applied

77.3

%= F&A costs

$

184,219

b. 02 year

Amount of base $

245,467 x Rate applied

77.3

% = F&A costs

$

189,746

c. 03 year

Amount of base $

252,831 x Rate applied

77.3

% = F&A costs

$

195,438

d. 04 year

Amount of base $

x Rate applied

% = F&A costs

$

e. 05 year

Amount of base $

x Rate applied

% = F&A costs

$

TOTAL F&A Costs

569.404 |

'Check appropriate box(es):
[j

Salary and wages base

I

I Modified total direct cost base

Other base (Explain)

Ij
Off-site, other special rate, or more than one rate involved (Explain)
Explanation (Attach separate sheet, if necessary.):

Salary, wage and benefit base
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