Form Approved through 05/2004

I-}p.n_rtmAnt

9

1 9 3

nf HJ=_lth _n,"l I-4.....

1 8

1 R01 EY014924-01 A1
Dual:

2003

Follow
instructions
career.
0 1
56-character
length restrictions,
including
spaces.

Do not exceed
1. TITLE

IRG:

Interaction

of Visual

and Oculomotor
REQUEST

Number:

3a. NAME

Signals

in Cortex

FOR APPLICATIONS

OR PROGRAM

ANNOUNCEMENT

[]

or SOLICITATION

No []

YES

Title:

3. PRINCIPAL

INVESTIGATOR/PROGRAM

DIRECTOR

New Investigator

(Last, first, middle)

Moore,

Professor

3e. DEPARTMENT,

SERVICE,

LABORATORY,

of Medicine

3g. TELEPHONE

AND

FAX (Area

code,

TEL: (650) 725-8712
HUMAN

SUBJECTS

number

E-MAIL

and extension)

ADDRESS

(Street,

city, state,

Research Exempt

[]

No

['7

zip code)

------

ADDRESS:

tirin@ stanford.edu

FAX: (650) 725-3958
4a.

RESEARCH

5. VERTEBRATE

Yes

ANIMALS

[]

No

[]

Yes

If "Yes," Exemption no.

No

4c. NIH-defined Phase III 5a. If "Yes," IACUC approval Date

4b. Human Subjects
Assurance No.

Yes
(month,

PERIOD

[]

Nor-I Yes

7. COSTS

OF

BUDGET

day, year-MM/DD/YY)

From

5b. Animal welfare assurance

no.

Clinical Trial

A935
OF PROPOSED

SUPPORT

YES

Department
of Neurobiology
--------------- ---- --------Stanford, CA 94305-5125

SUBDIVISION

School

[]

Stanford University
School of Medicine

OR EQUIVALENT

Neurobiology
3f. MAJOR

No

PhD
3d. MAILING

TITLE

Assistant

[]

3b. DEGREE(S)

Tirin

3c. POSITION

6. DATES

Received: 11/01/2003

cvP

OF PROJECT

2. RESPONSE
TO SPECIFIC
(If "Yes," state number and title)

i4.

Council:05/2004

Ph MOORE, TIRIN

qervices

FOR

8. COSTS

INITIAL

PERIOD

7a. Direct Costs ($)

Through

A3213-01

Pending

REQUESTED

PERIOD
7b.Total Costs ($)

07/01/04
06/30/09
225,000
9. APPLICANTORGANIZATION
Name
Stanford University
Address
Research Management
Group
1215 Welch Road, Modular A
Stanford, CA 94305-5401

REQUESTED

8a. Direct Costs ($)

[]

PROPOSED

8b. Total Costs ($)

1,125,000

359,536
10. TYPE

FOR

OF SUPPORT

1,808,940

OF ORGANIZATION

Public:

[]

Federal

Private:

[]

Private Nonprofit

For-profit:

[]

General

Woman-owned

11. ENTITY

[]

[]

State

[]

Local

Small Business

Socially

IDENTIFICATION

and Economically

Disadvantaged

NUMBER

-----------------DUNS

NO. (if available)

009214214
Institutional Profile Number (if known)
12. ADMINISTRATIVE

Title
Address

E-mail

TO BE NOTIFIED

IF AWARD

IS MADE

(650) 725-3991
FAX
mary.palmer@stanford.edu

14. PRINCIPAL

INVESTIGATOR/PROGRAM

District

13.

SIGNING

OFFICIAL

Title
Address

Tel

(650) 498-5876

E-Mail

DIRECTOR

ASSURANCE:

I certif

SIG_L.ATURE

q)_: PI/PD

SIGNATURE

that the statements

(In ink."Per_l_JtraC_

and accurate

to the best

of m_

IN 3a.

(650) 498-5876
DATE

/0-3/-

___

and conditions if a grant is awarded as a result of this application. I am aware tha_
kn_w_dg_anda_eptthe_b_igat_nt_c_mp_ywithPub_icHea_th_Serv_est_rm_(_A1`_
any false, fictitious, or fraudulent statements or claims may subject me to criminal
civil, or administrative penalties.

PHS 398 (Rev. 05/01)

NAMED

;ipature not acceptab_i)

responsibility for the scientific conduct of the project and to provide the require_
progress reports if a grant is awarded as a result of this application.
15. APPLICANT
ORGANIZATION
CERTIFICATION
AND ACCEPTANCE:
I certif
are true, complete

ORGANIZATION

(650) 725-3991
FAX
mar_.palmer@stanford.edu

that the statements herein are true, complete and accurate to the best of m
(In in_".P_sj
knowledge. I am aware that any false, fictitious, or fraudulent statements or claims _/_'_.
may subject me to criminal, civil, or administrative
penalties.
I agree to accepl

herein

14
FOR APPLICANT

Mary Palmer
Research Process Manager
Stanford University
Research Management
Group
1215 Welch Road, Modular A
Stanford, CA 94305-5401

Name

Mary Palmer
Research Process Manager
Stanford University
Research Management
Group
1215 Welch Road, Modular A
Stanford, CA 94305-5401

Name

Tel

OFFICIAL

Congressional

Face Page

OF OFFICIAL

NAMED

IN 13.

DATE

not acceptable.)

_)_-__

._.,/

Form

Page 1

[]

Principal Investigator/Program

Director (Last, first, middle):

MOORE,

Tirin

DESCRIPTION: State the application's broad, long-term objectives and specific aims, making reference to the health relatedness of the project. Describe
concisely the research design and methods for achieving these goals. Avoid summaries of past accomplishments and the use of the first person. This abstract
is meant to serve as a succinct and accurate description of the proposed work when separated from the application.
If the application is funded, this
description, as is, will become public information. Therefore, do not include proprietary/confidential information. DO NOT EXCEED THE SPACE
PROVIDED.

Visual spatial attention is a critical mental operation that allows us to selectively process only relevant
information
in the face of an overabundance
of visual input. Understanding
the underlying
neural
mechanisms
of this phenomenon
is central to our understanding
of the neural basis of cognition and central
to any hope of ameliorating
disorders of attention in human patients. Ours and other recent work suggests
that better knowledge
of the interplay between visual and oculomotor
mechanisms
may be the key to
establishing
a causal neural basis of spatial attention. Thus, the long-term goal of this proposal is to
understand
the reciprocal interactions
between oculomotor
and vision mechanisms
in the primate brain.
This goal will be pursued via the following three aims.
Our first aim is to test the causal role of frontal

cortical

saccade

mechanisms

in directinq

covert

spatial attention and in drivinq selection
in visual cortex. Neuronal activity within the frontal eye field
(FEF) will be inactivated pharmacologically and we will examine the effect of this on the ability of monkeys
to voluntarily direct attention covertly to the affected part of space, and on the degree to which the widely
observed neural correlates of attention in extrastriate area V4 are eliminated.
Our second aim is to compare the chanqes
FEF microstimulation
with the known effects

in visual qain observed in extrastriate
cortex durinq
of covert spatial attention. We will examine how the

changes in V4 responses caused by subthreshold FEF microstimulation
in passively fixating monkeys
parallel the modulations observed in animals trained to direct covert attention voluntarily.
Our third aim is to examine the relationship
between the probability that a saccade will be made to
a visual stimulus and the qain of visual cortical responses to that stimulus. We will directly manipulate
saccade probability by systematically varying the parameters of FEF microstimulation
and study the effect of
this manipulation on the gain of visual responses in area V4.
This research may provide insight into the physiological basis of disorders of attention in humans, which
affect up to 5% of children in the U.S, and may also provide insight into problems of visual-oculomotor
coordination, such as dyslexia, which affects approximately 10% of U.S. citizens.
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BUDGET JUSTIFICATION PAGE
MODULAR RESEARCH GRANT APPLICATION
Initial Budget Period

Second Year of Support

$ 225,000

Third Year of Support

$ 225,000

Fourth Year of Support

$ 225,000

Fifth Year of Support

$ 225,000

$ 225,000

$

Total Direct Costs Requested for Entire Project Period

1,125,000

Personnel

Tirin Moore, Ph.D. (Principal
Investigator,
------ effort). The P.I. is an Assistant Professor in the Department
of Neurobiology in the Stanford University School of Medicine. He will be involved in all phases of the proposed
research. The PI has more than 13 years of experience in carrying out systems-level neurophysiological
experiments and has extensive experience
involving macaque monkeys.

with electrophysiological,

microstimulation

and behavioral

methods

Post-doctoral
Fellow, (TBN, 100% effort). The post-doctoral
fellow will be involved in all phases of the
proposed research, including specific design of experiments, and will assist in the surgical preparation,
behavioral training of experimental animals as well as in data collection and analysis.
Research

Technician

(TBN,

100% effort).

The research

technician

will be responsible

daily laboratory operations
and for coordinating
with the ----------- ------------health and well-being of the laboratory animals used in the proposed project.

----------

for overseeing
---------

all for

to maintain

the

Graduate Student,
(TBN, 50% effort).The
graduate student research assistant will, like the post-doctoral
fellow, be involved in all phases of the proposed research (surgical preparation, data collection, etc.). The 50%
effort is the equivalent of a full-time graduate student.
Note: Per our negotiated Rate Agreement
with the Office of Naval Research,
staff includes 8.65% vacation accrual/disability
sick leave (DSL) for exempt

the budgeted salary amount for
employees and 7.45% for non-

exempt employees.
This amount does not exceed total salary. The vacation accrual/DSL
rates will be charged
at the time of the salary expenditure.
No salary will be charged to the award when the employee is on vacation,
disability or worker's compensation.
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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:

The principal investigator's
laboratory consists both of a separate non-human primate lab space in the ------------------------------ --------- as well as computational
and office space in the ------- -- ----------------and totals
more than 1,300 sq. feet. The animal lab space consists of 3 isolated and independent
awake-behaving
electrophysiological
rooms
to carry out the proposed
experiments,
a separate
workshop
room, and
experimental
bench space. Histological space is shared with other laboratories in the Dept. of Neurobiology.

Clinical:

N/A

Animal:

The experimental
laboratory
space will be centrally located within ---- -------------------- ---------- which is
managed by the Stanford Dept. of Comparative
Medicine and its ---------------------- --------- The animal facility
consists
of about 110,000 sq. feet and houses a variety of species,
including
mulatta and fascicularis
macaques.
The facility also contains a surgical suite and five operating
rooms, as well as an intensive
care/recovery
suite for postoperative
care. The facility is managed and staffed by veterinarians
and veterinary
technicians
who are available 24 hours/day. The facility complies with federal, state and local guidelines for
laboratory animal care and is AAALAC
principal investigator.

accredited,

and all of the facility resources

are available

for use by the

Computer:

The experimental
laboratory space contains, or will contain, the full compliment
of necessary computers (pcs)
to monitor and control behavioral and neural recording experiments
and to measure and store data. Each of
the three experimental
setups consists of 3-4 separate computers for this purpose. In addition, computers and
computer space is provided to each of the personnel listed in the proposal for data analysis, lab operations and
manuscript preparation.
Office:

More than 600 sq. feet of office/computational
proposal. The PI has a private office.

space

is provided

for the PI and the personnel

listed

in the

Other:

In addition

to laboratory

well as departmental
MAJOR EQUIPMENT:

resources,

administrative

the PI has a share

in departmental

electronics

and machine

shop labor as

support.

List the most important equipment

items already available for this project, noting the location and pertinent capabilities

of each.

The PI is presently completing the acquisition of all of the necessary major equipment needed to carry out the
proposed work. This equipment
includes all of the data acquisition
and control computers,
digital interface
boards,
5 multi-channel
single-unit
amplifiers,
magnetic
search coils and coils drivers/demodulators,
3
micromanipulators,
display monitors for each of the 3 experimental
rooms, stimulators and stimulus isolation
units, microinjection
pumps, oscilloscopes
and data acquisition software.
Since the PI has set up similar, if not
identical, experimental
rooms more than once in the past few years, all of the major equipment needed should
be in place before the requested funds could be made available.
The location of all of the above-mentioned
equipment will be in the Pl's laboratory and will be used solely for the Pl's research.
All major equipment
is
available at no direct cost to this project.

[]

PHS 398 (Rev. 05/01)

Page

7

Resources

Format Page []

3 pages redacted--response to reviewers' critiques

PRINCIPAL
INVESTIGATOR:
MOORE,
Tirin
RESEARCH
A. SPECIFIC

PLAN

AIMS

The long-term goal of the proposed research is to understand the interactions
between visual-perceptual
and oculomotor mechanisms in the primate brain. Much of the history of inquiry into the neurophysiological
basis of visual perception and of oculomotor behavior has involved a view of vision and eye movement
mechanisms as largely independent entities. However, over the years, it has become increasingly clear that
a more integrative approach will be necessary to establish a neural basis of visually guided behavior and
visual cognition. Recent results have, for example, raised the possibility that the reciprocal interactions
between visual and oculomotor mechanisms give rise to the phenomenon of spatia/attention,
a fundamental
but poorly understood cognitive faculty. These results suggest that the voluntary selection of spatially
relevant visual cues reflects developing
saccade plans, plans that may or may not give rise to eye
movements, but nonetheless act to filter incoming visual signals. If this is true, then the deployment
of
covert spatial attention, when orienting movements are withheld, and of overt spatial attention when gaze is
directed to targets of interest, should both be governed by oculomotor mechanisms.
Our initial exploration of
the causal role of saccade-related
mechanisms
in attention gating of visual signals led us to an experimental
approach
in which we directly examine the impact of perturbations
of saccade-related
signals on visual
attention and on visual processing in macaque extrastriate cortex. This approach has thus far proven to be a
powerful one in terms of our ability to address causative systems-level
questions as to the neural basis of
cognition
and of visuomotor
integration. We will continue to capitalize on the power of this approach in
addition to refining and expanding it to address a broader range of related questions.
We recently found that we could 'gate' the responses of V4 neurons to visual stimuli by applying
electrical microstimulation
to sites within the frontal eye fields (FEF) _). Although this observation serves
as an important step in exploring the interactions
of visual and oculomotor
mechanisms
and the crucial
operations those interactions underlie, it is merely the first of many steps. A particular salient question raised
by this observation
is whether or not FEF neurons themselves
control visual selection in visual cortex.
A
major drawback of the intracortical
microstimulation
technique is that it activates all neural elements at the
site of stimulation and can thus also antidromically
activate neurons in other areas. As a result, we cannot
determine the extent to which the gating observed reveals the normal function of FEF neurons, or neurons
elsewhere, or even reflects a physiologically
relevant process. Therefore, in our first aim we will test whether
signals originating from FEF neurons are necessary for normal visual selection.
Specific aim 1: We will examine the effects of FEF inactivation
on covert spatial attention and on its
neural correlates in visual cortex. Microinjections
of gamma-aminobutyric
acid (GABA) will be made into
sites within the FEF to inactivate neuronal activity and the effects of this inactivation
on the monkey's
behavior and on visual responses in extrastriate
cortex will be studied simultaneously.
Our studies will
focus on the degree to which the widely observed modulation
of area V4 responses to covertly attended
visual stimuli is eliminated
by FEF inactivation
and the extent to which the inactivation
also impairs
psychophysical
performance on a task requiring spatial attention to the affected part of space.
As it is unclear whether the microstimulation-driven
gating effects observed in V4 are physiologically
relevant, we will need to test the extent to which these
mirror those observed
in monkeys trained to voluntarily
precisely

the goal of our second

effects, observed in passively fixating monkeys,
direct spatial attention to visual stimuli. This is

aim.

Specific Aim 2: We will examine the similarities
between the 'qatinq' effects observed
with FEF
microstimulation
and the known effects of covert spatial attention on area V4 responses.
Using our
previously established methods of simultaneous FEF microstimulation
and V4 single-unit electrophysiology,
we will study the impact of FEF perturbations on the basic receptive field properties of V4 neurons. We will
examine how the changes in V4 responses caused by subthreshold FEF microstimulation in passively
fixating monkeys parallel the modulations observed in animals trained to direct covert attention voluntarily.
We will test whether three of the major effects seen with voluntary covert attention, namely RF profile
changes, decreased contrast thresholds and sharpening of orientation tuning functions, can be induced in
V4 by microstimulation
of FEF sites with spatially corresponding representations.
11
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Human psychophysical
studies demonstrate
that detection of visual events is improved
at the
location of an intended saccade (2-3). This evidence and our recent observations
suggest that visual
selection is driven by developing
saccade plans, whether or not those plans are carried out. If this is so,
then the gain of visual cortical responses to a stimulus may be governed by the probability that a saccade
will be made to that stimulus. We will examine this possibility in our third aim:
Specific Aim 3: We will examine the effect of direct manipulations
of saccade probability on the qain
of visual responses in visual cortex.
In this aim, we will systematically
vary the likelihood that a saccade
will be made to a visual stimulus
and study the effects of both subthreshold
and suprathreshold
microstimulation
of FEF sites on the visual responses of V4 neurons with spatially corresponding
and noncorresponding
representations.
We
will vary
saccade
probability
by varying
the parameters
of
microstimulation
in such a way that we alter its potency with respect to proportion of evoked saccades, but
do not alter the volume of activated neural tissue. If visual selection is driven primarily by developing saccade
plans, then the magnitude of microstimulation-driven
changes in V4 responses
likelihood that the microstimulation
will evoke a saccade to a RF stimulus.

should

be predicted

by the

Taken together, these three projects form a methodologically
aggressive
research program that should
substantially
deepen our understanding
of the causative neural mechanisms
of visual selection and visual
spatial attention.
B. BACKGROUND

AND SIGNIFICANCE

B.1. Dynamic representations
in visual cortex: Attention and saccadic eye movements
The past few decades have seen dramatic progress in our understanding
of the organization
of the
primate visual system.
Particularly important is the discovery that primate visual cortex is composed of a
mosaic of separate representations
of the visual field organized more or less hierarchically
beyond primary
visual cortex (V1) (4-5, but see 6). Despite the profusion of information on the organization
of the primate
visual system, and the abundance of details on the passive filtering properties of neurons within extrastriate
visual cortex, our understanding
of how information is actively extracted from the environment
by the visual
system is poor. However,
several
studies of macaque
extrastriate
cortex have begun revealing
a
dependence of the strength of visual signals on the behavioral relevance of particular visual stimuli (8-9,1316). Most of these studies demonstrate
that the location or object to which a monkey is covertly attending is
preferentially
represented
by neurons in extrastriate
cortex.
To date, effects of attention
have been
observed in extrastriate
visual areas V2 (15,17), V4 (7,9-11,13),
inferotemporal
(IT) areas TEO and TE
(7,15), MT and MST (8), and parietal area LIP (12). The fact that the strength of visual representations
is
dynamic has begun to alter the view of visual cortical neurons as passive filters to one in which they play an
active role in constructing visual representations
according to behavioral demands (16-17). How this occurs,
however, remains unknown.
The mechanism of attentive selection has in fact been a puzzle for more than
100 years, at least since the psychologist
William James popularized
the human ability to mentally
"withdraw from some things in order to deal effectively with others" (18).
In normal vision, this shifting of visual resources
usually involves overt oculomotor
behavior.
Saccadic eye movements are the primary way by which visual resources, namely the foveas, are brought to
bear on relevant stimuli. In some natural circumstances,
primates will dissociate the point of gaze from the
point of interest
(19). The above-mentioned
studies
of extrastriate
cortex
clearly
provide
some
neurophysiological
basis for this behavior.
Despite the fact that attention
can be dissociated
from the
direction of gaze, a large body of psychophysical
evidence suggests that the same mechanisms
of visual
selection are at play, whether or not the eyes move (20-22). Moreover, as for the correlates of attention in
visual cortex, consider the following: for neurons in extrastriate area V4, on which many attention studies
have focused,
spatial attention
has, for example, the following
three effects on visual responses.
1)
responses to attended stimuli are enhanced (e.g. 8). 2), the enhancement
is greatest at the cell's optimal
orientation
(23-24), and 3) attention to locations outside of, but near, a cell's RF shifts the position of some
RFs toward the attended location (25). Recent studies show that similar effects are obtained when instead
of covertly attending, monkeys are allowed to saccade (overtly attend) to visual targets placed
That is, the presaccadic
responses
of V4 neurons are 1) enhanced
relative to responses
]2

in V4 RFs.
preceding
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saccades to other locations (26-27), 2) the enhancement
is greatest when saccades are made to a cell's
preferred Orientation 2(2.81),and 3) the RFs tend to shift in the direction of the target location 2(2.9).
Evidence from electrophysiological
studies of neurons throughout the macaque brain suggests an
overlap in mechanisms
involved
in eye movement
planning
and covert attention.
Many of the brain
structures containing
neurons modulated
by visually guided saccades also contain neurons modulated by
spatial attention in the absence of eye movements.
These structures include the superior colliculus (30), the
pulvinar nucleus (31), area LIP (12) and the frontal eye fields (FEF) in prefrontal cortex (32, although see
33). However, a weakness
of single-unit studies is that they cannot distinguish between sites of attentive
bias and sources of it, a crucial distinction (35). Electrophysiological
data is correlative in nature, and thus
attention effects may only reflect inputs from some unknown site, yet to be identified. As a result, the source
of the attention bias is conspicuously
absent in current models of the control of visual attention (e.g., 24,35).
Some have considered
that covert spatial attention may be related to the preparation of spatially directed
oculomotor commands
(22, 36). That is, the difference between covert and overt attention may only be that
in the latter case, a movement is actually carried out. This general notion actually dates back to the time of
noted physiologist
David Ferrier (ca. 1886, 37), who observed
that monkeys with lesions of the FEF
exhibited
pronounced
deficits in attentive behavior.
Ferrier's contemporary,
Ribot (ca. 1890, 38), further
hypothesized
that the faculty of attention was entirely a function of motor control and the frontal lobes. In
addition to the neurophysiological
parallels
mentioned
above, psychophysical
observations
have long
revealed striking parallels between eye movement
planning and covert attention.
For example, several
investigators
have shown that the preparation of saccades to a location in space coincides with improved
psychophysical
performance
at that location (2-3). Correspondingly,
the act of covertly attending to one
location in space can give rise to deviations
in the direction of saccadic eye movements
made to other
locations (36,30).
Our recent work provides direct evidence of a causal role of saccade preparation in driving attentive
selection of spatially corresponding
stimuli.
We have shown that microstimulation
of sites within the FEF
improves a monkey's ability to covertly monitor visual stimuli positioned at the part of space represented
at
the stimulated site 3(3.9,40). We subsequently
showed that microstimulation
of the FEF also changes the
gain of visual responses within area V4, and does so in a spatially specific manner (!). (These observations
are described in detail below.) Taken together, these two studies offer an important first step in providing a
detailed understanding
of the relationship
between the moment-to-moment
changes in the gain of visual
signals and the planning of eye movements.
They also highlight how little we know about the reciprocal
interaction of visual and oculomotor signals.
B.2. Siqnificance
of proposed
research
The goal of the proposed research is to understand the interaction of oculomotor
and visual signals
in the brain and how this interaction
gives rise to the selective processing
of visual information.
The
combined
goal of the specific aims of proposed set of experiments
is to understand
how visual cortical
representations
are affected by oculomotor
preparation.
These studies should provide insight into how
visual and movement
signals are integrated during visually guided behavior. The proposed studies thus
represent an attempt to bridge knowledge of visual coding in primate visual cortex with that of the control of
visually guided eye movements.
But most importantly, these studies offer a means by which to establish a
causal basis of spatial attention, the fundamental
cognitive operation by which the strength of visual signals
is willfully controlled according to behavioral goals.
C.

PRELIMINARY

STUDIES

0.1. Microstimulation
of the FEF and its effects on covert spatial attention
We have begun exploring the possible causal role of oculomotor
signals in directing covert spatial
attention. We recently examined the effect of microstimulation
of the FEF on performance
of a task requiring
covert spatial attention 3(39,40). With this study, we tested the hypothesis that nascent oculomotor plans are
sufficient to enhance visual signals at the location of would-be saccade targets.
We did this by testing the
1 Numbers in bold denote publications by the principal investigator. Numbers in bold and underlined indicate publications by the
principal investigator that are included in the appendix.
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ability of trained monkeys to covertly monitor

Specifically,
we tested the effect of subthreshold
stimulation would bias oculomotor preparation.
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Figure 1. Illustration of a typical experiment and the effect of FEF
microstimulation on psychophysical performance. A, Top, individual
saccade vectors obtained during suprathreshold stimulation of an FEF
site illustrating how the 'motor field' (MF) was mapped. Vector traces
show 8 saccades evoked on 8 trials at a current of 73 I.d_,. Calibration
bar indicates 2 degrees, vertical and horizontal. Bottom plot shows the
proportion of evoked saccades measured at different current levels to
determine the current threshold. The open arrowhead indicates the
subthreshold current (31 pA) used during the spatial attention task. B,
Top, depiction of the attention task performed with the target
positioned in the MF. In the task, the monkey had to detect luminance
changes in the target while ignoring flashing distracters. Bottom plot
shows staircase functions used to obtain target change thresholds (%
Michaelson contrast from background) with (filled symbols) and without
microstimulation (open symbols). Each set of points is fitted with an
asymptotic function to obtain the threshold. Note that during stimulation
trials, the monkey is able to detect a smaller change in the target than
during control trials.

Monkeys were tested on an attention task in which they had to detect a transient luminance change in
a visual target and indicate it with a manual response (figure 1). Monkeys also had to refrain from manually
responding when the luminance did not change. During the task, distracter stimuli were flashed continuously
and the visual target was positioned at the location to which suprathreshold
stimulation moved the monkey's
gaze, defined as the "motor field" (MF). On a proportion of trials, the change in the target was preceded by
subthreshold
microstimulation
of the FEF. We found that when monkeys performed the attention task with
the target positioned
in the MF, we could consistently
improve its psychophysical
performance
(391).
Monkeys
could detect significantly
subtler changes
in the target stimulus
when those changes
were
preceded by a 100 ms train of microstimulation
pulses delivered at an FEF site. Furthermore,
the effect of
stimulation on task performance was spatially dependent,
requiring that the target be positioned within the
MF. When the task was performed with the target at a location distant from the MF location, there was no
significant effect of stimulation.
As a further manipulation,
we varied the time of FEF stimulation
relative to the target luminance
change 4(4£)(Figure 2A). The 100 ms stimulation train could precede the change by as much as 525 ms and
as little as 50 ms (i.e. temporally overlapping
the luminance change). When we examined
the effect of
stimulation
on the attention enhancement,
expressed as relative sensitivity, we found that the stimulation
effect was greatest at the shortest stimulation
onset asynchrony
(SOA). Thus, a stimulation
train
preceded the luminance change by the shortest interval led to the largest enhancement.
Moreover,
effect appeared to decay smoothly, with the longer set of SOAs yielding no effect of stimulation.
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Figure 2. A, The effect of the timing of FEF
microstimulation
on relative
sensitivity
to target
luminance changes. The plots show the mean relative
sensitivity obtained with varying stimulation
onset
asynchronies
(SOAs).
The effect
of stimulation
increased as the SOA approached zero and peaked at
0.073 (18%) above control.
B. Effect of simply
removing the distracters on sensitivity to target change
compared with the effect of FEF stimulation (microstim)
at the shortest SOA.
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We also compared
the magnitude
of the effect of FEF microstimulation
with the effect
distracters from the task (Figure 2B). Removal of the distracters
increased the monkey's
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target event by an average of 21%. Interestingly,this improvementwas not significantlygreaterthat the
improvementobservedwith FEF microstimulationat the shortestSOA,whenthe distracterswerepresent.
C.2. Microstimulation
of FEF and its effects on visual responses of area V4 neurons
The fact that FEF microstimulation
enhances performance of a task requiring attention suggests that
spatial attention is deployed to the location in space represented
by the activated neurons. If this is true, it
suggests that the modulation of neural activity observed during spatial attention in extrastriate visual cortex
might be driven by the same neurons activated during FEF microstimulation.
We recently tested this
possibility by studying the effect of microstimulation
of the FEF on visual responses of neurons in macaque
area V4 (.!.). We electrically
stimulated sites within the FEF while simultaneously
recording the activity of
neurons in area V4 (figure 3a). During each of these experiments, the RF of an isolated V4 neuron was first
mapped. With a second electrode, we subsequently
located a site within the FEF from which saccades
could be evoked by electrical stimulation.
Next, we mapped the point in space to which the monkey's gaze
was shifted and measured the current threshold to evoke saccades. At a particular FEF site, the endpoint of
the evoked saccade vector could either lie inside or outside of the RF of the recorded V4 neuron. Finally,
using subthreshold
currents, we examined the effect of stimulating the FEF site on the visual responses of
the V4 neuron. We recorded the responses of V4 cells to oriented bar stimuli while the monkey fixated a
central spot. Visual stimuli were presented for 1.5 - 2 seconds inside and outside the RF of a V4 neuron.
Stimulation trains lasting 20 - 50 ms were applied to the FEF site 200-500 ms after the appearance of visual
stimuli. This delay allowed us to examine the effects of FEF stimulation on visually driven activity in V4.
Thus, stimulation
could amplify, have no effect on, or interfere with the V4 representation
of the stable
stimulus.
B

A

:+,
RF stim

_
FEF stim

l
u_

q

60,
P

8
_-

0
0,5
Time from visual

1.0
onset (sec)

20,
40,
0.-

Evoked
V4 RF

Saccade

RF stim

/

___

-

ea
rw
FEF stim

g

q

-20,

f
20

40

60

Visual onset activity
\

80

100

(sp/sec)

j
_-

0
0.5
Time from visual

1.0
onset (sec)

Figure 3. Effect of FEF microstimulation on the visual response of V4 neurons. A, Microstimulation of sites within the
FEF was carried out while simultaneously recording the responses of single V4 neurons to visual stimuli in monkeys
performing a fixation task. The FEF microelectrode was positioned so as to align the evoked saccade vector with the RF
position of the V4 cell under study (bottom cartoon). B, TOP. Example of the effect of FEF microstimulation on the
response of a single V4 neuron to an oriented bar presented to the cell's RF (cartoon above) when the saccade vector
represented at the FEF site (arrow) overlapped with the V4 RF. Mean response during control trials is shown in black
and the mean response of trials on which a 50 ms microstimulation train (FEF stim) was applied to the FEF site is
shown in grey. Note that the 50 ms microstimulation period is not shown due to the electrical artifact introduced during
by the stimulation pulses. B, BOTTOM. Same as in TOP, but histograms show responses during trials on which a visual
stimulus is only presented outside of the RF. The response of the cell was elevated immediately following the
stimulation train, but only when the cell was being driven by a RF stimulus (i.e., top vs. bottom histogram). C, The
stimuation-driven enhancement of the cell's response depended critically on the effectiveness of the visual stimulus.
When there was no RF stimulus (e), there was virtually no change in the cell's response, compared to control trials.
When there was a non-optimally oriented (np), vertical bar in the RF, there was an intermediate enhancement. The
greatest enhancement was observed when a horizontally oriented bar stimulus (p) was presented inside the RF.
(Adapted from 41).
We found that FEF stimulation
both within the RF of the V4 neuron

enhanced visual responses when the visual stimulus was positioned
and at the location represented
at the FEF site, i.e. when the two
]5
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representations
overlapped spatially (Figure 3b,c). In the absence of a visual stimulus, FEF stimulation did
not affect the activity of V4 neurons. This result demonstrates
that FEF stimulation alone does not alter the
activity of V4 cells, but that it can change the magnitude
of the visual response.
When the two
representations
were spatially non-overlapping,
FEF stimulation
significantly
suppressed
responses to the
RF stimulus (1_).Thus, the effect of stimulation was spatially dependent. These results suggest that saccade
programming
and visual selection
are controlled
by the same neural circuits.
Moreover,
like the
psychophysical
results of FEF microstimulation,
these observations
suggest an equivalence
of covert and
overt spatial attention mechanisms
and argue that covert visual selection is driven by nascent saccade
programs.
C.3. Reversible

inactivation

of the FEF

In Specific Aim 1, we propose to test whether the deployment
of covert spatial attention and its
correlates in area V4 depend on the activity of FEF neurons. Crucial to the feasibility of these experiments
is
our ability to reversibly inactivate sites within the FEF. Although past studies by other investigators
have
successfully
inactivated FEF neurons with pharmacological
agents (42-44), there is no guarantee that we will
be able to accomplish
this in such a way that the challenge
of combining
this method with single-unit
recording in V4 is not overly ambitious.
We have therefore
piloted these methods in our own hands to
evaluate the feasibility of our proposed experiments.
To date, we have succeeded
in piloting this method,
and have demonstrably
inactivated
3 FEF sites, in only 5 attempts.
Furthermore,
we have been able to
demonstrate
the reversibility of the inactivation both in terms of an acute change in local multi-neuron
activity
and in terms of changes in our ability to evoke saccades from the inactivated sites with microstimulation.
Several past studies have used reversible pharmacological
inactivation,
via pressure injection, in a
variety of visual or motor structures in rat, cat and monkey brain (45-48).
Although many of these studies
have been carried out in anesthetized
animals, they have been instrumental
in establishing
and refining this
approach so that it can be used optimally in alert animals where it is particularly
valuable.
Of the many
valuable lessons to be learned from this literature, is that the use of the GABA a agonist muscimol, which has
been employed previously in FEF inactivation
experiments,
is not the optimal choice.
One major problem
with muscimol is that its effects can persist for many hours or perhaps even days (43,49) due presumably to
its unusually
high affinity for GABAa receptors (50). Some of the deficits observed
following
muscimol
injections can even become worse with time. Some other studies have instead employed GABA, the effects
of which can be rather brief depending on the concentration
and volume infused. In fact, the effects of GABA
can be limited to minutes (45,47). The brevity of GABA's effects is similar to that of lidocaine (44), the latter
having been used in the FEF as well, and with no progressive
deficits. GABA has the advantage
over
lidocaine, however, in that it does not affect fibers of passage (46).
4O
1 microliter

Multi-unit
activity

(0.5M

GABA)

Figure 4. Multi-neuron responses at a site within the FEF that was
inactivated by the microinfusion of GABA. Each point in the plot shows
the mean activity recorded during successive time epochs of ~10
minutes. Infusion of GABA began at the end of the first time epoch and
proceeded at a controlled rate (0.1 #l/minute) until 1.0 #1 was delivered.
Once the local neuronal activity was suppressed to a trough, it remained
there for -1 hour and then recovered to approximately the original
baseline level.
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We have begun using GABA within the FEF of awake monkeys to suppress the efferent signals of
FEF neurons. Our method of microinfusion
of GABA (described in the general methods) involves a modified
technique
in which the drug is delivered via small diameter (150 #m) polymixide-coated
borosilicate
glass
pipettes which are epoxied to standard varnish-coated
microelectrodes.
With this system, we are thus also
able to get more than adequate electrophysiological
recordings of neurons at the injection site. Microinfusion
is controlled by a commercially
manufactured
micropump.
Figure 4 shows multi-unit data from an example
FEF site that was dramatically suppressed for < 2 hours with 1 #1 of 0.5 M GABA. These data were collected
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during our third attemptat cortical inactivation.In a subsequentinactivationexperiment,we examinedthe
impactof the GABAinfusionon the currentthresholdto evokea saccadiceye movementfrom the silenced
FEF site (figure 5). Prior to the inactivation,the current threshold was approximately24 I.dk. Within
approximately
10 minutes from the end of the GABA infusion,
an almost threefold
increase.
However,
within 90 minutes
decreased

to almost its original
I microliter

(0.5M

the current threshold was elevated to 67 }_A,
of the infusion, the current threshold
had

level (31 ida,).
GABA)

1.0-

Proportion
of
evoked saccades

Figure 5. Changes in current threshold to evoke a saccade from an FEF
site before and after inactivation of the site with GABA. Open squares
show the stimulation current-saccade probability tradeoff function taken
just prior to the GABA infusion, when the threshold was 24 pA. Following
the infusion, the threshold increased dramatically (black squares) to 67
I_A. However, considerable recovery of the current threshold was seen
within 90 minutes of the infusion (gray squares).
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These results demonstrate
that we should be able to employ reversible inactivation
to examine the
role of FEF neurons in covert spatial attention and its role in driving correlates of this phenomenon
in
extrastriate cortex. Moreover, our ability to temporally limit the FEF suppression
suggests that in addition to
pre and post-injection
effects, we may also be able to correlate
any psychophysical
and physiological
recovery with the recovery of local FEF activity and of current threshold.
D. RESEARCH

DESIGN

AND METHODS

All of the proposed
research
involves alert, behaving
macaque
monkeys
(Macaca mu/atta and
Macaca fascicu/aris). Each animal used in these studies will be trained to sit comfortably in a primate chair
positioned in front a visual display, and to either fixate centrally during the presentation of parafoveal visual
stimuli, or to actively perform an operant task. All of the behavioral procedures, the collection of eye position
and neural data, and the timing of electrical microstimulation and of pharmacological manipulations
will be
controlled by computer. Procedures common to all 3 specific aims, such as extracellular recording and FEF
microstimulation are described in detail at the end of this section (general methods and procedures). The
inactivation methods, used in specific aim 1, are also described in greater detail at the end of this section.
The PI is familiar with all of the key methods needed for the proposed research, including single-unit
physiology in area V4 of alert monkeys _,27,28,29),
intracortical electrical microstimulation, in alert monkeys
(39140,51), combined single-unit physiology in V4 and microstimualation
of the FEF _), as well as the use of
GABA and related pharmacological agents in vivo (preliminary results). The research design of each of the
three specific aims is described

below.

D.1. General Approach
The goal of the proposed research is to understand the influence of saccade-related
signals on visual
processing. In the proposed experiments, we will examine the impact of changes in oculomotor signals on
the ability of visual cortical neurons, or the monkey, to selectively process visual stimuli. All of the proposed
experiments involve the manipulation of the strength of saccade-related signals, either electrophysiologically
or pharmacologically, and a study of how this affects visual representations. Manipulation of saccade signals
will be accomplished by altering the activity within the FEF, and we will examine the effect of these
manipulations on the activity of extrastriate neurons beginning
in area V4. Our choice of these particular
structures is not based on a view of either structure as being involved in purely 'oculomotor' or purely 'visual'
functions, but on a view that these structures represent two ends of a likely visuomotor continuum. The FEF
is a convenient point from which to modify oculomotor signals for a few reasons. First, FEF neurons are
clearly involved in the programming of saccadic eye movements by virtue of their exquisite selectivity to the
direction and amplitude of impending saccadic eye movements (52-53) as well as by virtue of the direct
connections to the brainstem saccade generator (54). Second, the rich and organized connections the FEF
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has with posterior visual areas (55,56) suggest that it is uniquely involved in integrating motor preparatory
signals with information about possible targets. Third, while it is clear that the 'motor' activity of FEF neurons
can accurately code a point in space, 'visual' activity in this area is largely unable to code particular stimuli
(57). This suggests that activation of sites within the FEF can specify a location in retinotopic space without
specifying a particular visual stimulus or stimulus attribute.
We will study the impact of FEF manipulations
primarily on the activity of area V4 neurons for two
major reasons. First, V4 is one of the most well studied macaque visual areas in terms of the effect of covert
spatial attention on visual responses (9-11,13-14,23-25).
Thus, we will be able to compare any effects we
observe with those previously observed during behavioral manipulations.
Second, area V4 neurons have
relatively straight-forward
visual properties,
namely selectivity
to various stimulus
parameters
such as
orientation
and color, and the RFs of cells are well organized visuotopically,
unlike those in IT cortex, or
some other "higher order" areas exhibiting extraretinal
influences. Thus, we will be able to measure the
impact of changes in FEF signals on these properties.
Each methodological
approach
employed
in the proposed
experiments
has its limitations
in the
interpretations
that can be made about the results it produces.
Of the three approaches,
single-neuron
studies are the least disruptive
and most naturalistic,
but the data they yield are merely correlative.
Microstimulation
data solve the correlation issue, but lose the single cell level, and even "areal", specificity of
recording studies. Moreover, the signals injected into the brain by microstimulation
are artificial. Reversible
inactivation,
using pharmacological
agents that specifically
affect neurons, allow one to selectively
cause
changes in the activity of a isolated population of neurons. However, with this approach one sacrifices the 1
ms temporal resolution afforded by the other two methods. The choice of these three methodologies
for the
proposed
experiments
is based as much on their complementary
nature as it is on their individual
effectiveness.
Ultimately,
an adequate characterization
of the influence of saccade preparation
on visual
signals will depend upon a coherence of results from each of these approaches.
D.2. Specific Aim 1 : Effects
visual cortex

of FEF inactivation

on covert spatial

attention

and its neural correlates

in

Rationale and Objective.
Our observation
that microstimulation
of the FEF can enhance covert spatial
attention and can gate visual signals in extrastriate cortex makes it tempting to conclude that the deployment
of spatial attention is controlled by FEF neurons. However, we cannot conclude this due to a key weakness
in the microstimulation
technique,
namely that electrical stimulation
activates all neural elements near the
electrode tip, including terminals and fibers of passage. Thus, it is possible that the behavior and neural
effects we observed with microstimulation
were due exclusively to antidromic activation of neurons projecting
to the FEF. For example, our effects could have been driven solely by the antidromic activation of neurons in
parietal area LIP, neurons believed to be involved
in attention
(57). Our working
hypothesis
is that
deployment
of covert spatial attention and its correlates in extrastriate visual cortex both depend on output
from the FEF. Therefore, it is critical for us to test the dependence
of spatial attention on the integrity of FEF
neuronal activity. Recent studies have shown that reversible inactivation
of the FEF impairs the monkey's
ability to initiate saccades
to the part of space represented
at the inactivated
site, i.e. it impairs overt
attention. We will use reversible inactivation
to test the role of the FEF in the deployment
of covert spatial
attention and on its role in driving neural correlates of spatial attention in visual cortex. Microinjections
of
GABA will be made into sites within the FEF to inactivate neuronal activity and the effects of this inactivation
on the monkey's behavior and on visual responses in extrastriate
area V4 will be studied. Our hypothesis
predicts that this inactivation
will produce decreases
in the ability of monkeys and their V4 neurons to
selectivity process visual stimuli in the presence of distracters.
Behavioral

Procedures
a. Change detection
with distracters.
Macaque
monkeys
will be trained on a 'flicker
contingent' change detection task (58-59) in which they must detect changes (transformations) of an item
during a flashing presentation of that item amidst distracters (figure 6). This task will include conditions in
which the location of the possible change will either be correctly cued (valid trials) or incorrectly cued (invalid
trials). Each trial will begin with the monkey attaining fixation of a fixation spot. Next, a single visual stimulus
(target) will appear at a parafoveal location. This single stimulus will remain on for approximately 500 ms,
after which it will disappear for another 500 ms. Next, an array of stimuli, the target included, will be flashed
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on and off repeatedly
(on -200 ms, blank -100 ms) while the monkey maintains central fixation. In the
example shown in figure 6, the original stimulus is continually presented at the same location, but toggles
between two orientations
(90 degrees apart), and the animal must indicate this by manually touching its
location on a touch-sensitive
video monitor. The monkey will be required to respond to these changes within
a restricted time window (< 3 seconds total). Changes will take place on only 50% of trials, and thus the
monkey will also be required to withhold responses when no change is detected. Maintenance of fixation will
be required throughout
the duration of each trial type, including the response period. During validly cued
trials, the position of the changing stimulus is given by its initial appearance
without the distracters.
During
invalid cue trials, the position of the stimulus change will take place at one of the other locations.
To maintain
the predictive value of the cue, the valid cue trials will be 4 times as likely as the invalid trials (80%, versus
20%). Studies using this paradigm
in humans have demonstrated
that normal subjects are remarkably
impaired at detecting stimulus changes, and can fail to detect them for many seconds (58, 59)! This work
demonstrates
that the ability of subjects to detect the stimulus transformations
between flashes is remarkably
poor when the subject is not cued to its location. This is believed to be due to the fact that the flash transient
masks the transients produced by the change in the stimulus (59) Subjects must serially search the display
while ignoring the transients
introduced
by the collective flashes. As a result, this paradigm is extremely
sensitive to cues, and the difference in cued and non-cued or invalidly cued performance
can be attributed to
differential attention allocation (58-60).
touch
200 ms

100 ms

200 ms

100 ms

200 ms

of change

location
-> reward

Cue penod

500 ms
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Figure 6. Depiction of the ('flicker contingent') change detection task used to measure attention performance at different
locations in space. In this task, the monkey must detect which, if any, of the four visual stimuli is alternating between two
orientations across successive flashed (200 ms) presentations. At the start of the trial ('cue period'), the monkey fixates
and an oriented stimulus is presented at a particular location. On the latter partof the trial ('change trials'), the
orientation of the originally presented stimulus will either alternate between two different orientations, or will remain the
same for the duration of the trial (2-3 sec). The monkey is rewarded for manually indicating the location of the changing
stimulus, or for withholding manual responses when no change takes place. For 80% of the change trials, the instructive
cue will correctly indicate the position of the change ('valid cues') and the monkey is expected to attend to that location
(searchlight icon). For the remaining 20% ('invalid cues'), the change will take place at one of the other three locations.
In our procedure,
we will limit the display duration (number of cycles) in all conditions so that the
monkey is unable to serially sample every location and the monkey's
normal performance
is far from
saturation.
In addition, the contrast of display items will be kept to a minimum
to further constrain the
monkey's performance.
The position of the changing stimulus will vary among four different iso-eccentric
positions across interleaved trials (4 positions x 2 change/no-change
conditions x 5 cue conditions {4 valid: 1
invalid}; >10 repetitions).
Of these four positions, one will be the center of the RF of a single V4 neuron.
Previous studies of correlates of spatial attention in macaque area V4 have also employed tasks in which
monkeys must signal the occurrence
of a target event in a sequence of stimulus presentations
(refs). Thus,
we are confident that this task will yield attention-related
modulations
in V4 responses when we compare
valid and invalid conditions. Our experience with monkeys trained to detect changes with manual responses
suggests that training of this task should take less than 2-3 months.
b. Change detection
(visibility
control). Prior to testing the animal's ability to detect target
changes amidst distracters, we will first measure its ability to detect the same changes when the distracters
are absent and the target presentation
is uninterrupted
by flashes (i.e. no ~100 ms blanks). In this condition,
the target presentation
will begin immediately
following
fixation and the monkey will be rewarded
for
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responding manually to changes in the singly presented target, or for withholding responses when it does not
change. The singleton will be presented one of four iso-eccentric
target positions (4 positions x 2 change
conditions;
>10 repetitions).
The singleton change detection blocks will be used to ensure that the stimulus
change is equally visible at all locations, before and after FEF inactivation.
If psychophysical
performance
is
diminished within the induced scotoma following inactivation of the FEF, we will increase the contrast of the
targets at that position until the performance
is equal to that measured before inactivation and is also equal
to performance at the other four locations.
Visual Stimuli. Visual stimuli will consist of static sinusoidal
gratings convolved with a Gaussian
envelope (i.e. 'Gabor patches') presented on a video display positioned
~57 in front of the monkey. Array
stimuli (target and distracters)
will be displayed
at identical eccentricities,
sizes (2.0 ° - 5.0 ° diameter),
contrasts (5-50% Michaelson),
and spatial frequencies
(0.5 - 10 cycles/°).
On each trial, the orientation of
both target and distracter items will be randomly chosen from a set of 4 possible values (i.e. 360°/8). Once
the orientation of the target stimulus is chosen, the orientation of its transformed
version will automatically
be
determined
as a fixed A e (e.g. +90°8).
Each sequence of stimulus changes will be randomly chosen at the
beginning of each experimental
block, except at the RF location which will be chosen according
to the
orientation selectivity of the recorded neuron (i.e. the preferred orientation and its orthogonal.)
V4 Recording.
The activity of single V4 neurons will be recorded during the execution of the change
detection task using varnish-coated
tungsten microelectrodes
positioned into the lower field representation
of
V4 in the prelunate gyrus via a hydraulic micromanipulator
(see general methods).
At the start of each
experiment,
the RF of a single, or RFs of multiple isolatable single neurons, will be defined using standard
RF mapping procedures.
After mapping, the V4 recording electrode will be left in position for the remainder
of the session, or as long as the isolatable single neuron, or neurons, persist.
FEF inactivation.
Each experiment
will then proceed with the introduction
of the recording
microsyringe
into a site within the FEF in the anterior bank of the arcuate sulcus. Evidence that the electrode
is positioned within the FEF will be derived from our ability to evoke saccadic eye movements
using low
stimulation
currents (<50 pA, at 333 Hz and 0.25 ms pulse durations) (52). We will then determine the part
of space represented
at the recording site by plotting the evoked saccade vector, using a standard fixation
task (see general methods). This routine will also allow us to determine each site's current threshold.
As in
our previous
study 1(!), we will attempt to locate an FEF representation
that is largely or completely
overlapping
with the V4 RF (figure 7). This is accomplished
by moving the electrode/microsyringe
down the
bank of the arcuate sulcus and checking the evoked saccade vector until it is found that the evoked saccade
places the fovea into the V4 cell's RF. Once this configuration
is accomplished,
the array of visual stimuli,
target and distracters, will be arranged so that one of the items is

V4 RF

FEF scotoma

Figure 7. Schematic of the FEF inactivation/V4 recording experimental
design. The icon on the left illustrates the simultaneous reversible
pharmacological
inactivation of sites within macaque FEF in the
anterior bank of the arcuate sulcus and single unit recording of activity
of V4 neurons in the prelunate gyrus. The mock visual display shows
the stimuli used and the alignment of the inactivated FEF and recorded
V4 representations while the monkey performs the change detection
task. The spotlight icon indicates the condition in which the animal
must attend to the RF/scotoma target to signal a possible orientation
change.

located at the position represented
at the electrode site. Next, the monkey will begin the change detection
task and we will collect normative data on the ability of the monkey to detect stimulus changes at each
position, and on the visual responses evoked by each (-200 ms) flash of the array in validly and invalidly
cued trials. Following completion of control blocks, the neural activity at the electrode site will be inactivated
by microinjection
of 0.25 - 1.0 of GABA (0.10 - 0.5M) (see general methods and preliminary results) at a rate
of 0.05 - 0.10 _1 /minute. The exact volume of GABA will depend on precisely the amount needed to
inactivate the local activity for the period needed by the monkey to complete a full set of behavioral blocks.
Within minutes following the injection, we will repeat the microstimulation
routine to measure the change in
current threshold. This will allow us to confirm the impact of the microinjection
on the excitability of neurons
at the injection site. Current threshold will also be measured
immediately
injection behavioral data to estimate the rate of recovery of the FEF site.
2O
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of post-
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Sequence
of behavioral testing.
Following the alignment of the V4 RF and the evoked saccade
vector during each experimental session, the sequence of behavioral testing will proceed as follows: 1) initial
testing of the monkey on the singleton change detection 2) pre-inactivation testing of the monkey on the
detection task with distracters 3) inactivation of the FEF site and re-measurement of the current threshold 4)
post-inactivation testing on the singleton task and 5) post-inactivation testing on the detection task with
distracters.
We estimate that all of the steps in this sequence, mapping and psychophysical testing, will
require approximately 1100-1300 behavioral trials to complete each experimental manipulation
on a given
session. Assuming an average trial time of 2 seconds for all behavioral procedures, plus an inter-trial interval
of at least 1 second, and a micro-injection time of 10 minutes, this full sequence will require -70 minutes
from the time V4 and FEF mapping is completed.
Data set and Analyses
Effects on behavioral
and physiological
selection.
The neural and behavioral data from each
block of trials will include conditions in which the monkey was either (1) validly cued to attend to the stimulus
positioned within the V4 cell's RF or (2) was cued invalidly to attend to some other location. During control
(pre-FEF inactivation) blocks, these two conditions will be the principle comparison groups in terms of
measurements
of psychophysical performance
and the magnitude
of attention effects on the visual
responses of V4 cells. To quantify psychophysical performance, we will compute the monkey's sensitivity to
target changes according to the degree to which it is able to correctly report veridical changes ('hits') and
avoid 'false alarms' (d'). To quantify the magnitude of the single cell attention effects, we will compare neuron
responses to identical visual stimuli presented during the 2 cue trial types (valid and invalid) during changing
and unchanging stimulus presentations. To examine the effects of attention in a manner similar to previous
studies, we will also use standard modulation indices computed from the neural responses to identical stimuli
in the 2 cue conditions. These indices will be computed as the normalized difference
in visual activity
between conditions in which the monkey attends to the RF stimulus (valid) and when it attends to a non-RF
stimulus (invalid), (i.e., valid-invalid / valid + invalid) (e.g. 8). For main effect analyses, data from the 3 invalid
conditions (i.e. wrongly cued to one of the 3 non-RF locations) will be collapsed together to accumulate an
adequate number of trials. The key comparisons for the neural data will between the pre and post-injection
modulation indices. The key comparisons for the behavioral
data will be the pre and post-injection
psychophysical performance inside and outside of the FEF scotoma. Both of the main effects in the neural
and behavioral data will also be correlated with the observed change in current threshold to evoke saccades
after FEF inactivation.
Possible

Outcomes

Dependence
of behavioral and visual cortical selection on FEF activity. Our working hypothesis
is that both spatial attention performance and spatial attention-dependent
modulation of extrastriate activity
depend on the integrity of FEF output. Inactivation of particular spatial (oculomotor) representation within the
FEF could eliminate or reduce the behavioral advantage of validly cueing the location of upcoming stimulus
changes (figure 8a) and the attention-dependent
effects in the responses of V4 neurons with overlapping
spatial representations (figure 8b). The most interpretable main outcome would be a reduction in attention
effects in V4 coupled with a comparable disruption in the animal's performance in the validly cued condition,
the latter occurring only within the inactivation induced scotoma. Simply put, we predict a decrease in the
neural and behavioral sensitivity to cued stimulus changes to the levels observed when an animal directs
attention elsewhere during invalidly cued trials.
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Figure 8. Hypothesized effects of FEF inactivation on the ability of monkeys (a) and area V4 neurons (b) to selectively
process visual stimuli within the induced FEF scotoma. In a, control behavioral trials demonstrate the known effects of
cueing the location of an upcoming target change during the presentation of visual stimuli in a complex array, namely
improved performance. We expect monkeys to be better at identifying target changes when those changes are cued
correctly ('valid cue') versus incorrectly ('invalid cue'). However, if the FEF is the mechanism by which the monkey
selectively processes stimuli at the cued location, we expect this benefit to be eliminated. (Ovelapping arrows on the
ordinate show the monkey's performance at detecting the stimulus change when it is presented alone and during an
uninterrupted presentation. This result would indicate that the FEF inactivation does not merely reduce the visibility of
stimuli within the scotoma, but selectively eliminates its willful selection according to instructive cues.) In b, the
responses of individual neurons to the presentation of oriented stimuli in their RFs are elevated when the monkey is
validly cued to attend to a changing RF stimulus, versus when it is invalidly cued to attend elsewhere. The ellipse
represents a hypothetical distribution of corresponding responses. The shift in this distribution away from the line of
unity (x and y axes have the same scale) would replicate the well known affect of spatial attention of visual responses in
V4. However, if the FEF is the mechanism by which V4 neurons selectively process stimuli at the cued location, we
expect this shift in responses to be eliminated (gray ellipse).
In addition, by simultaneously
monitoring the monkey's psychophysical
performance
and the activity
of V4 neurons, we will be able to examine the degree to which inactivation-induced
changes in either
measure correlates
with the other, and with the elevation
in current threshold
measured
during each
inactivation. Our hypothesis is that all three variables
current threshold) will positively correlate.

(behavioral

decrement,

neural decrement,

increase

in

Lack of dependence
of visual selection on FEF activity.
Although inactivation of FEF neurons
results in robust deficits in the preparation of saccades, and despite findings
on our part that such
inactivation decreases
the likelihood that electrical stimulation will evoke saccades, we may nonetheless
observe no changes in attention-dependent
modulation of V4 activity. In this scenario, modulation of V4
responses according to the direction of spatial attention would not differ reliably between the pre and postinjection conditions and would have no measurable effects on the monkey's ability to carry out the task when
the to-be-attended
stimulus falls in the affected part of the visual field. The absence of an effect of
inactivation on visual selection would deal a decisive blow to the notion that correlates of covert spatial
selection in extrastriate cortex reflect covert saccade plans, and in particular to the idea that feedback signals
from the FEF are key in driving gain changes in visual signals. In terms of our working hypothesis, precisely
the notion above, this result would be 'bad news'.
However, in terms of narrowing down the source or
sources of spatial attention-dependent
gain changes, this would be a big step forward.
If for example, visual
cortical selection persists as well as behavioral performance, this would provide the best evidence to date of
a unique role of posterior parietal cortex in directing attention, and would suggest that the large body of
human functional imaging data implicating a frontal-parietal role in spatial attention (e.g. 61-62) likely reflects
a confounding of causal and correlative brain activity. This finding would thus designate
posterior parietal
cortex as the next best place to look for a causal spatial attention mechanism.
Another possibility that must be considered
is that FEF inactivation could impair psychophysical
performance or its neural correlate and spare the other. For example, though we do not believe it is likely, it
is certainly conceivable that the inactivation
could wipe out psychophysical performance,
but that the
modulation of V4 responses remains. If for instance, cueing a location initiates the selection process within
posterior visual areas, or in posterior parietal cortex as a more feed-forward process, we might observe
continued effects of that cueing in V4. However, the monkey may be unable to make use of the resulting
differences in visual signals, perhaps due to some loss of executive function. Moreover, it has been observed
previously that the persistence of a visual signal is not necessarily sufficient to drive visually guided behavior.
Schiller and colleagues (63), for example, found that monkeys with dual parvocellular-magnocellular
lateral
geniculate nucleus lesions acted 'blind' within the resultant scotoma, but that superficial superior colliculus
neurons still responded to visual stimuli within that scotoma.
General degradation
of vision and of visual cortical responses.
We recognize that a distinction
can be made between a dependence
of visual spatial attention on FEF activity and a dependence
of stimulus
visibility on that activity. Inactivation of the FEF could simply degrade the visibility of the target stimulus
change, and also visual responses in visual cortex. Indeed, past observations that lesions of area V4 cause
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deficits of attention (64) are complicated
by the fact these lesions also elevate contrast thresholds (65). We
have opted to include blocks of behavioral
testing in which we can measure both the monkey and the
recorded V4 neuron's contrast threshold for changing stimuli (sect. b, 'visibility control'). The value of these
blocks of data is twofold. (1) It will allow us to look for behavioral and neural deficits and (2) it will allow us to
adjust the parameters of the targets presented to the scotoma so as to equate their visibility to the monkey, if
it necessary. If the net contribution of FEF neurons to vision is simply to add to the strength of visual stimulus
representations,
and thus the visibility of visual targets, then FEF inactivation
should diminish neural and
behavioral performance
independent
of the attention task, and its conditions. This would be detected first in
the diminished
neural and behavioral
performance
measured
in the singleton
change detection
blocks
(visibility
control).
It would then be verified
by the absence
of alterations
in neural and behavioral
performance
when the visibility of the scotoma stimuli is equated with pre-inactivation
levels.
Significance
of outcomes.
It is important to note that each of the above noted possible outcomes
provides valuable and interpretable information as to the role of the FEF in vision and visual selection and
the role of FEF feedback
in visual processing within extrastriate cortex. Each outcome will allow us to
establish the relative causal role of FEF neurons in vision and visual selection, and by elimination, in
saccadic eye movements. To date, of the many electrophysiological, pharmacological, functional imaging,
and lesion studies of this important cortical structure, none of them have afforded us with such an
opportunity.
Possible pitfalls. We mention here three of the most likely problems to arise in carrying out this particular
set of experiments and in interpreting the results. The first possible complication is that previous studies of
the effect of FEF inactivation have observed long lasting and even growing effects of local injections on
visually guided saccades (43,49)! As a result, it is difficult to localize the affected part of the visual field and
almost impossible to observe a return to baseline performance to temporally define the period of inactivation.
However, these past studies employed the GABA a agonist muscimol, the effects of which last much longer
than other inactivating substances such as lidocaine (44). Instead, we plan to use GABA primarily, the effects
of which are known to reverse on a time frame of tens of minutes when used in vivo and at comparable
volumes and concentrations (e.g. 47, and preliminary data).
The second possible complication, which is related to the first, is that at least when muscimol has
been employed in FEF inactivation experiments, investigators have observed noteworthy increases in
fixation scatter (44). Within approximately about 2 hours following muscimol injection, scatter in the monkey's
initial fixation position can be increased to more than 1.5 °, where the baseline scatter begins as low as 0.25 °
(see figure 14 in ref. 44). Although it is encouraging that these effects are time dependent,
and that they do
not seem to follow inactivation with substances with short-lived suppressive effects, such as lidocaine (44),
we nonetheless need to ensure that such an effect will not distort the interpretations of behavioral and neural
effects of inactivation. At best, increases in fixation scatter would make it difficult to consistently position
visual stimuli at particular retinal locations, and to interpret changes in behavioral and neural performance
across pre- and post-inactivation epochs. At worst, increased scatter could make it impossible for the
monkey to carry out the task, which requires fixation. Generally, we have two strategies to offset this
problem. The first, and perhaps most effective strategy, is that we will temporally restrict the effects of our
inactivation by employing GABA instead of muscimol. In our own hands (preliminary results), we have
already been able to restrict inactivation effects, measured via multi-neuron activity and by changes in
current threshold of evoked saccades, to less than 2 hours. Furthermore, given published data on the dosedependent
effects of infused GABA (e.g. 47), we are confident that we can further reduce the window of
inactivation, at least by a factor of two. (Ideally, the window would be slightly longer than that needed to
collect all the behavioral data (i.e. ~40-50 minutes). Thus, even if we assume that the increases in fixation
scatter are not muscimol dependent, we should be able to avoid significant changes in fixation precision. The
second strategy is to design our experiments, as we have, so as to allow us to rule out effects of variable
fixation precision, or any systematic changes in oculomotor behavior.
By randomly interleaving all of the
behavioral conditions, varying target-change position, varying cue validity, etc., this will allow us to identify
any changes that are merely due to decreased fixation precision. For example, decreased stability of fixation
during stimulus presentation should reduce the visibility and affect neural responses to stimulus equally for
all conditions and stimulus positions. Thus, if we set our fixation window sizes to allow for a reasonable
amount of scatter, for example 2 ° (used commonly, refs), the monkey should be able to complete the task
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and we should be able to interpretthe behavioraland neural data adequately. In addition,sincewe will be
monitoringand storingthe monkey'seye positiondata via a scleralsearchcoil, we can also examinethese
data post-hocfor any effectsthat are solelyattributableto fixationprecisionor stability.
A third pitfall is that despite our efforts, we may find it too difficult to simultaneouslyconductall
componentsof this experimentalmanipulation.Althoughwe have been able to pair FEF microstimulation
with V4 physiology,and FEF microstimulationwith attention psychophysics,and we have been able to
successfullyinactivate the FEF, it may nonethelessbe too difficult to completethe entire experimental
protocolon a reliablebasis. Our responseto this unfortunate,and we believeunlikely,pitfallwould haveto
be to simple divide the experimentalprotocol in half. That is, we would test the effect of FEF inactivation
separatelyon behaviorand on passive visual propertiesof V4 neurons.In the behavioralhalf, we could
simplyconductthe sameexperimentas we originallyplanned,but withoutV4 physiology.In the physiology
half,we woulduse the samedisplays,singletonchangingandthenflashingchangewith distracters,andlook
for distracter-dependent
degradationsin visual responses.
D.3. Specific Aim 2: Comparison
spatial attention

of microstimulation-driven

'qatinq'

effects

with known

effects

of

Rationale and Objective.
The effects of covert spatial attention on visual responses of V4 neurons have
been extensively studied and some important properties of these effects have been described. In addition to
the primary finding, that covert spatial attention directed to stimuli biases visual responses in favor of the
attended stimulus (refs), there are at least three other properties of this effect. The first is that spatial
attention alters the classical RF profiles of V4 neurons (25). When monkeys are trained to detect visual
events at locations outside, but near the RF of a V4 neuron, the RF profiles are altered both in their position
and size. Interestingly, the gain of responses throughout the RF can vary according to which outside RF
location the monkey attends to. (This latter phenomenon occurred in 80% of V4 neurons, although to date no
explanation
has been provided.) A second major property is that attention to the RF stimulus increases the
contrast gain of V4 neurons, rather than the response gain (14). This result is reflected by the fact that
contrast-response
tradeoff functions are shifted to lower contrasts, yielding decreased
contrast thresholds,
rather than just equally elevated responses at all contrasts.
Thus, the deployment
of spatial attention is
likened to raising the effective contrast of the attended stimulus (14). Orientation
tuning functions of V4
neurons, however, behave differently with spatial attention. A third major property is that attention to the RF
stimulus alters the orientation tuning functions of V4 neurons such that the greatest modulation occurs at the
preferred orientation
(23-24). This effect differs from that seen on contrast response functions where the
greatest modulation
is observed for less optimal stimuli and is best explained
by a scalar multiplicative
mechanism (24).
Our finding that FEF microstimulation
enhances performance on a spatial attention task and alters the
gain of V4 responses suggests that such microstimulation
deploys spatial attention to visual stimuli even in
passively
fixating
monkeys.
If indeed the microstimulation
effects reflect deployed
attention,
then the
properties
of the stimulation-induced
response modulation
of V4 activity should mimic those observed in
monkeys trained to deploy attention voluntarily. Thus, we will explore the degree to which the gating effects
mimic these three known properties of spatial attention effects in area V4 in monkeys passively viewing
visual stimuli.
Methods.
The goals of this aim will be achieved via three experiments
(a, b, and c below). The
design of each of these three experiments
is primarily determined
by the design of the previous spatial
attention
studies described
above, and by the design of our previous
studies of the effects of FEF
microstimulation
on visual responses of V4. In each of the proposed studies, we will test the degree to which
we can replace the behavioral contingency,
the requirement
of the monkey to attend to a particular stimulus,
with FEF microstimulation
and still obtain the same neurophysiological
results. Therefore,
as is described
below, we will, as best we can, use the identical visual stimulus parameters
used in the above three spatial
attention
studies.
For example,
in each experiment
the presentation
of RF stimuli
will always be
accompanied
by a non-RF 'distracter'
stimulus, analogous
to previous attention experiments
(e.g. 14,24).
However, monkeys used in these experiments
will only be required to fixate centrally during the presentation
of those stimuli.
Furthermore,
we will present the visual stimulus pairs (RF and non-RF) in successive
sequences,
a design analogous
to some
primarily to yield more data per trial.

previous

attention
24
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monkeys will be trained to fixate a centrally

appearing

fixation

spot for 2 - 3 seconds in order to receive a juice reward. During each fixation trial, two successive pairs of
behaviorally
irrelevant visual stimuli will be presented simultaneously
at different parafoveal positions (figure
9). After the reward, the fixation spot will disappear,
there will be a -1 second inter-trial interval and the
monkey will be cued to begin the next trial by the reappearance
of the fixation spot. During the task, the
animal's eye position will be continuously
monitored and stored (500 Hz1 kHz) via a scleral search coil
(see general methods). Fixation will be evaluated according to whether or not the animal's eye position stays
within a 1-1.5 ° diameter electronic window around the fixation spot.
500

400-600

500

ms

Figure 9. Illustration of the fixation task used to test the effects of FEF
microstimulation on the visual responses of V4 neurons to stimuli
varying in contrast, orientation and position. In this task, the monkey
passively fixates a fixation spot for approximately 2 seconds while two
visual stimuli are presented simultaneously at different visual field
locations and at 2 time periods. One of the visual stimuli will be
positioned in (or near) the RF of a recorded V4 neuron.
In the
proposed experiments, the orientation, contrast and position of the
visual stimuli will be systematically
varied in three different
manipulations (a-c). In the example shown, the orientation is varied
across the two presentations. The effect of FEF microstimulation on V4
neuron responses can be tested during either or both of the two
successive presentations.

ms

ms

V4 RF

Visual Stimuli.
a. Receptive

field

profiles.

In this component

of the aim, we will present

sinusoidal

'Gabor'

patches at two visual field locations simultaneously,
which will be chosen from a set of 25 possible in a
square (5 x 5) grid, one in each hemifield (figure 10). A pair of 'blank' stimuli (i.e. no gratings) will serve as
the 26 th stimulus condition. Each pair of gratings will be presented at locations mirrored across the vertical
meridian, and thus only one will be in the same hemifield as the RF of a studied V4 neuron. Each pair (26
possible, including 'blank') will be randomly chosen and presented in one of two successive 500 ms periods,
beginning
500 ms after the start of fixation.
Each presentation
will be followed by a 400-600 ms blank
interval (figure 11). Grating patches will vary in size from 1-5 ° in diameter, depending on the RF eccentricity,
and will be presented at preferred orientation (4 possible values) and spatial frequency (5 possible values, 1
- 8 cycles/°) of the V4 neuron under study. The orientation
and spatial frequency
used will be uniquely
determined for each V4 neuron based on tests during initial fixation trials in which both parameters are varied
in randomly interleaved trials (5 spatial frequencies x 4 orientations;
<10 repetitions). The size and spacing of
the Gabor patch grid will be fixed according the RF eccentricity such that center three rows and columns of
the matrix are at least mostly within the classically
defined RF. The contrast of each grating will be set
between 20 and 60% Michaelson contrast.
a

b

V4 RF

'Distracter'
stimulus grid

V4 RF

Figure 10. Visual display used to test the effect of FEF
microstimulation on the RF profiles of V4 neurons. A, The
diagram depicts the grid of 25 possible positions (5 x 5)
presented in and around the RF of a V4 neuron and at a
mirror-symmetric
position in the opposite hemifield. B.
During a particular stimulus presentation, the pairs of grating
patches are presented in both hemifields at only one of the
possible positions. This position will vary with respect to the
RF center and with respect to the endpoint of the evoked
saccade vector.

b. Contrast sensitivity.
In this component of the aim, we will present rectangular
patches of
sinusoidal gratings (as in 14) at parafoveal locations on a video monitor following fixation of the fixation spot
by the monkey. Five hundred ms following fixation, 2 grating patches will appear successively
at 2 fixed
visual field locations for 500 ms, and will be followed by a variable interval of 400-600 ms (figure 11). Grating
sizes will be 0.4 ° wide and 1.5 - 2 ° in length and will be presented at a single spatial frequency, chosen from
a range of 0.5 - 8 cycles/°. As in the previous study of the effect of attention on contrast sensitivity (14), we
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will present the rectangular grating at an orientation and a spatial frequency that is non-optimal with respect
to driving a particular V4 neuron. This will be done to avoid saturation of the neuron's response and thus to
avoid obscuring any effects of microstimulation
at the peak stimulus contrast. The orientation and spatial
frequency used will be uniquely determined for each V4 neuron based on tests during initial fixation trials in
which the orientation (4 values) and spatial frequency (5 values) is varied in randomly interleaved trials. Each
grating stimulus will be presented at one of at least 8 contrasts,
ranging from 1% to 85%. Each grating
contrast of the 2 successively
presented will be chosen randomly, and thus the two simultaneously
presented
gratings will have independently
varying contrasts.
Thus, in each grating presentation
there will be 2
combinations
of the possible 66 possible combinations
(8 contrasts at position 1 x 8 contrasts at position 2 +
1 'blank' at each) presented. Thus, in 33 trials, all combinations
will be tested once.
c. Orientation
tuning.
In this component
of the aim, the visual stimuli will be pairs of
successively
presented counter-phasing
Gabor grating patches (as in 24), one in the RF and one in a mirrorsymmetric position in the opposite hemifield, just as in part a. However, instead varying the position of the
grating patches, we will vary the orientation of grating randomly across 8 possible orientation values (360°/8).
(Both RF and opposite
hemifield
orientation
will be matched.
Thus, in 4 trials, all orientations
will be
presented once.) Furthermore,
the size of each RF grating will be set to approximately
fill the V4 neuron RF
(as in 24).
FEF microstimulation

and evoked

vector alignment

with RF. In each of the above

manipulations,

we will first attempt to locate aligned RFs of V4 neurons and saccadic representations
in the FEF, such that
when we stimulate the FEF with suprathreshold currents, we evoke saccades that shift the monkey's fovea to
the center or near the center of a V4 cell's RF. As described in the preliminary results, we have successfully
mastered this procedure and have used it in three separate monkey preparations. Given that the location of
V4 RFs in the prelunate gyrus ranges from about 2-10 ° and almost exclusively in the lower contralateral
quadrant (!), most of the adjustment in the electrode position is done within the FEF. In the FEF, the
amplitude of the evoked saccade, and thus the corresponding RF eccentricity, can be predicted its medialateral position. The direction of evoked saccades in each electrode penetration can be varied by adjusting
the electrode depth, when the electrode is successfully
positioned in the anterior bank of the arcuate sulcus
(see figure 12). Once the evoked saccade vector and the V4 RFs are aligned, we then measure the current
threshold needed to evoke the saccade using a standard procedure in which the current is varied
systematically during fixation trials (see general methods,
39140). Once the threshold parameters are
determined,
we will reduce the microstimulation current to 50% of the threshold value (1139140). Next, the
monkey will begin the passive fixation task and the visual stimuli will be presented in the manner described
above (Visual stimuli, a-c).
fixation point
Eye position
Visual stimulus

FEF microstimulation

Figure 11. Timing of trials events during tests of the effect of FEF
microstimulation on responses of V4 neurons to visual stimuli. The top
three lines show the same events depicted in figure 9 but continuously
through time. In addition, the diagram shows the time of delivery of
brief trains of FEF microstimulation which can begin in the middle of
the first or second visual stimulus presentation, both, or not at all.

In each of the three experimental
manipulations,
each fixation trial will consist of two separate
stimulus presentations,
both with durations of 500 ms. Subthreshold
microstimulation
of the FEF site in each
of these experiments
will generally occur after the visual stimuli have been presented for at least 250 ms
(figure 11). As in our previous experiments
(!), this is done so as to examine the effect of stimulation after
the initial transients of the visually-evoked
V4 responses have decayed, and when these responses are most
sensitive to covert spatial attention
(refs). As in our previous experiments,
we will use stimulation
train
durations between 20 and 50 ms. (We have observed significant
enhancement
effects with 20 ms train
durations,
but the 50 ms effects appear to be more reliable, so we will likely use 30 ms.) This short
stimulation duration will allow us to examine its impact on the visually driven responses in V4 within at most
50 ms (but probably shorter) of the start of microstimulation,
even when we are unable to eliminate
the
microstimulation
artifact. The occurrence of microstimulation
during each trial will be randomized
so that for
each stimulus presentation the likelihood of microstimulation
is 50% (figure 11).
26

PRINCIPAL INVESTIGATOR:
Variation

of saccade

vector-RF

alignment.

MOORE, Tirin

Our study of the effects

of FEF microstimulation

on RF

profiles (part a) will also involve a manipulation of the alignment of the evoked vector and the V4 RF, within a
limited range (figure 12). As in our previous study (!), this will be done by advancing the FEF microelectrode
and re-testing the effect of microstimulation on responses to the visual stimuli presented in the grid of grating
positions. The number of tested saccade vectors will depend on 1) the degree to which our electrode
traverses the FEF tangential and 2) the number of trials the monkey will run. For an adequate number of
control and microstimulation trials, we may need >500 total trials at each saccade vector (25 positions + 1
'blank' x 2 control/microstimulation conditions; >10 repetitions). Therefore, we will not typically be able to test
more than 3 vectors per experimental session, assuming the average monkey will do 1200-1500
simple
fixation trials. Note that in this manipulation, the configurations that allow us to adequately compare our
results with those from studies of the effect of spatial attention to non-RF stimuli on RF profiles (refs) are
those in which the evoked vector shifts the monkeys gaze to locations just outside of the RF (as in figure 10).

.........
........................
,/

V4 RF

Figure 12. Examining the effect of saccade vector-RF alignment on the
modulation of V4 responses. On the left, a sagittal section through the
arcuate sulcus is shown (anterior to the right) and the location of 4
hypothetical FEF sites during a single electrode penetration. The
saccade vectors evoked from these sites will typically vary in the manner
illustrated on the right diagram (refs, our own observations). At the same
time, the alignment of the grating patch with either the RF center or the
saccade vector is varied.

Possible outcomes
Results consistent with an equivalence
of FEF microstimulation
and covert attention effects. If
FEF microstimulation
directs attention to the location represented at the stimulation site, then stimulation
should produce effects in V4 that mimic the known effects of attention in monkeys trained merely to fixate.
Thus, 1) microstimulation
of the FEF should alter the size and position of V4 neuron RFs, and should do so
in a vector-RF alignment dependent manner. Specifically, when the evoked saccade vector shifts the
monkeys gaze to locations just outside of the V4 RF, those RFs should be reduced in size and should shift in
the direction of the evoked vector endpoint. Also, under those alignment conditions, the gain of the visual
response should vary according to the endpoint of the evoked saccade vector. 2) Stimulation should increase
the responses of V4 neurons preferentially at lower contrasts, thereby decreasing each cell's contrast
threshold.
3) Stimulation should alter the shape of orientation tuning functions predominately at the peak,
and the effect should be consistent with a scalar multiplicative
mechanism. These outcomes are summarized
in figure

15.
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Figure 13. Effects of subthreshold FEF microstimulation on V4 responses predicted by an equivalence of those effects
with effects seen during covert spatial attention. A. The results predicted according to the observation that attention to
outside, but near RF locations, alters the RF profile by shifting it toward the attended location and reducing its size (25).
B. Results predicted by the observation that attention to a particular visual stimulus increases its effective contrast (14).
C, Results predicted by the observation that attention to a particular oriented stimulus, preferentially modulates a V4
cell's response at the preferred orientation (24).
Results

inconsistent

with an equivalence

of FEF microstimulation

and covert

attention

If the previously observed
changes in visual responses
with FEF microstimulation
reflect
neural phenomenon
that has nothing to do with directing the animal's attention to a particular
then effects observed in any of the above manipulations
should deviate from those seen
(behavioral contingent)
spatial attention. These deviant results can come in many forms. For
2"7

effects.

some induced
part of space,
with voluntary
example, FEF
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microstimulation
could increase
the response
gain of V4 cells in both orientation
and contrast tuning
functions. This result would be consistent with previous studies of orientation tuning but inconsistent
with
studies of contrast. As electrical microstimulation
drives neural elements artificially and in ways that may
have little or nothing to do with how they are driven synaptically
under normal conditions,
it is altogether
possible that FEF microstimulation
could affect visual processing in extrastriate cortex in a way this is partly
or even entirely physiologically
irrelevant.
To date, it is indeed remarkable
how little the effects of
microstimulation
of many brain structures
deviates from what one would expect from activating
these
structures in physiologically
normal ways (refs). However, this may only reflect a lack of sufficient scrutiny.
Possible
pitfalls.
We consider two important possible pitfalls in carrying out the experiments
of this
aim and in interpreting
our findings.
The first pitfall concerns our ability to rule out indirect effects of FEF
microstimulation
on the responses of V4 neurons. The biggest concern the general experimental
design is
that microstimulation,
even when well administered
at levels well below threshold, could destabilize fixation
during visual stimulus
presentation.
Such destabilization
could then shift the retinal position of the RF
stimulus, and alter the responses of the recorded neuron. In our past studies, to rule out such an effect we
primarily took advantage of the experimental cases in which the evoked saccade vectors and the RFs did not
overlap. Since the effect of microstimulation
in these cases was reversed from the overlap cases, fixational
destabilization
could not account for the data. (Destabilization
should affect visual responses equally in both
cases.)
However,
in the proposed
experiments,
we plan to almost exclusively
study the effect of
microstimulation
on overlapping
representations.
Thus, we must find other ways of ruling out indirect effects.
We have two major strategies for accomplishing
this. First, since eye position will be measured and stored at
high spatial (<0.10 °) and high temporal resolution (500 Hz to 1 kHz) we will be adequately poised to detect
any systematic changes in eye position, resulting from microsaccades
or any other movements,
caused by
FEF microstimulation.
The second strategy we will employ is to examine the effects of microstimulation
during a highly restricted time period following microstimulation.
Since for each experiment,
we will have a
wealth of data on the latency of evoked movements,
when suprathreshold
currents are employed, we can
reestablish
for each site the minimum
amount of time required to evoke such movements
from cortex
(saccades, vergence or pursuit), known in the literature to be at least 30 ms (52,54,66).
Furthermore,
we will
also be able to reestablish from our own studies the visual response latencies of the recorded V4 neurons,
known to be at the very least 50 ms (67). From both of these measurements,
we can establish the minimum
period within which the effects of FEF microstimulation
cannot be explained
by destabilization
of eye
position, namely the electrically evoked saccade latency + the visual latency, which according to published
values is at least 80 ms. Thus, from the end of a 30 ms stimulation
train, we can be confident that any
measured
changes in visual responsiveness
in a 50 ms time window is not due to changes in the retinal
position of the visual stimulus.
Although this period of certainty is relatively short, our previous observations
suggest that the effects of microstimulation
are greatest immediately
following short stimulation trains, and
then decay rapidly. Thus, this 50 ms period may yield the most robust results.
A second pitfall concerns the possibility
of direct effects of microstimulation
on the recorded V4
neurons. As it is known that many neurons within area V4 project axons into the FEF (56), we must be wary
of directly activating these cells antidromically.
Although we will have no control over this effect should we
observe it, we have one major strategy for dealing with it. In each of the microstimulation/recording
experiments,
the response of the neuron in the absence of a visual stimulus (i.e. 'blank' condition) will allow
us to measure any direct effects of FEF microstimulation
on V4 responses.
This control will permit us to
determine
the extent to which FEF stimulation
merely evokes spikes from the record neuron, directly or
indirectly,
and thus imposes a (visual)
signal on the recorded
visual cortical
neuron.
Our previous
experiments
failed to find any effect of stimulation
on the activity of V4 neurons using subthreshold
stimulation when there was no visual stimulus (!)- However, in the proposed experiments
we will continue to
look for such an effect.
D.4 Specific

Aim 3: Dependence

of visual response

qain on saccade

probability.

Rationale and Objective.
Together with a large body of psychophysical
evidence, our recent observations
suggest that visual selection may be driven by developing saccade plans, whether those plans are carried
out or not. If this is true, then the gain of visual cortical responses to a stimulus may be determined
merely
by the probability that a saccade will be made to that stimulus. Thus, in our experimental
paradigm, we
should expect the magnitude
of microstimulation-driven
gating effects in V4 to be governed
by the
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probability that the microstimulation
will evoke a saccade to a RF stimulus. To test this hypothesis, we will
vary saccade probability
by varying the parameters
of microstimulation
in such a way that we alter its
potency, with respect to proportion of evoked saccades, but do not alter the volume of activated neural
tissue.
If visual selection
is driven primarily
by developing
saccade
plans, then the magnitude
of
microstimulation-driven
changes
in V4 responses
should
be predicted
by the likelihood
that the
microstimulation
will evoke a saccade to a RF stimulus.
Behavioral
Procedures.
Macaque monkeys will be trained to fixate a centrally appearing fixation spot for
-1.5 seconds in order to receive a juice reward. During each fixation trial, behaviorally
irrelevant visual
stimuli will be presented
at two different parafoveal
positions for -1 second immediately
after which the
monkey will be rewarded (figure 14). After each reward, the fixation spot will disappear, there will be a -1
second inter-trial interval and the monkey will be cued to begin the next trial by the reappearance
of the
fixation spot. During the task, the animal's eye position will be continuously
monitored and stored (500 Hz lkHz) via a scleral search coil (see general methods). Fixation will be evaluated according to whether or not
the animal's eye position stays within a 1-1.5 ° diameter electronic window around the fixation spot.
A
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Figure 14. Behavioral task used to test the effect of varying the probability of an evoked saccade on the visual
responses of V4 neurons. A, Layout of the visual display in which on of two visual stimuli is presented within a V4
neuron's RF and, in this case, at the location to which the monkey's gaze is shifted with suprathreshold microstimulation
of the FEF site. B, The timing and duration of fixation point and visual stimulus presentation, and microstimulation during
the fixation task. Note that trials on which a saccade is evoked are still followed by a reward, if the saccade occurs after
a minimum period.
Visual stimuli. Visual stimuli will consist of pairs of Gabor grating patches, one in the RF and one in
a position mirror-reflected
across the horizontal meridian. The orientation of both grating patches will be set
to the optimal orientation of the recorded V4 neuron and the size of both gratings will be set so that one of
them approximately
fills the RF of the recorded neuron (figure 14). Since in this aim, we will only vary the
FEF stimulation parameters, there will only be two visual stimulus conditions, the pair of grating patches and
a 'blank' condition in which no visual stimulus is displayed during the fixation task.
V4 Recording.
The activity of single V4 neurons will be recorded during the execution of a fixation
task using varnish-coated
tungsten microelectrodes
positioned into the lower field representation
of V4 in the
prelunate gyrus via a hydraulic micromanipulator
(see general methods).
At the start of each experiment, the
RF of a single, or RFs of multiple isolatable single neurons, will be defined using standard RF mapping
procedures.
After mapping, the V4 recording electrode will be left in position for the remainder
of the
session, or as long as the isolatable single neuron, or neurons, persist.
FEF microstimulation
a. alignment of Evoked saccade and V4 RF. In each experiment,
we will first attempt to locate V4
RF and saccadic representations in the FEF, such that when we stimulate the FEF with suprathreshold
currents, we evoke saccades that either shift the monkey's fovea to the center or near the center of a V4
cell's RF ('overlap' condition) or it shifts the monkey's gaze to a location distant from the V4 cell's RF ('nonoverlap' condition). The non-RF stimuli will be positioned at locations to which 'non-overlapping'
saccades
are evoked. Figure 14 shows an aligned configuration. As described
in the preliminary results, we have
successfully accomplished both procedures so far in three separate alert macaque monkey preparations. In
each experiment we will attempt to vary the spatial correspondence
of the V4 and FEF representations
(overlap vs. non-overlap) in separate blocks of experimental trials while studying a single V4 neuron (as in 1)29
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b. timing of microstimulation.
As in our previous experiments,
on a fraction of fixation trials,
microstimulation of the FEF site will occur after visual stimuli have been presented for more than 500 ms.
This delay will allow enough time for the visual response to the RF stimulus to adapt and will thus allow us to
examine the impact of microstimulation
on the V4 cell's response to a stable visual stimulus. Since in these
experiments, we will also employ suprathreshold microstimulation of the FEF, the fraction of microstimulation
trials will be less than 50%, probably 33%. This will be done to reduce the amount of behavioral
compensation
by the monkey which is known to affect the potency of microstimulation
of oculomotor
structures (68), given that the evoked saccades can interfere with the animal's execution of the fixation task.
To further ameliorate this problem, microstimulation will always occur within 100-150 ms of the end of the
trial and the reward. Since we will only examine 30-100 ms of V4 activity following microstimulation, in order
to avoid any effects of destabilized
fixation, there will still be a sufficient amount of post-stimulation time
within which to study neural effects. Thus, saccades evoked by the monkey with latencies of 100 ms or
greater, a common value for near-threshold stimulation parameters, will still be followed by reward (figure
14b). Microstimulation trains will be set to 20-50 ms of biphasic current pulses. This short stimulation duration
will allow us to examine its impact on the visually driven responses in V4 within at most 50 ms (but probably
shorter) of the start of microstimulation, even when we are unable to eliminate the electrical artifact that is
often present during microstimulation.
c. Control
of saccade
probability
by variations
in stimulation
pulse duration
and pulse
frequency.
Three major stimulation parameters are known to determine
the probability that a train of
stimulation pulses will evoke an eye movement in oculomotor-related
structures, namely current amplitude,
pulse frequency
and pulse duration
(69). Most frequently, current amplitude is varied to estimate the
sensitivity of neural elements to electrical stimulation (e.g. 52). Unfortunately, variations in current amplitude
also grossly alter the volume of the stimulated tissue (62). Variations in pulse duration and pulse frequency,
however, do not suffer from this problem (70-71), and thus variation in the probability of an evoked behavior
can be achieved without altering the passive spread of neural activation. We will take advantage of this fact
to explore the relationship between the likelihood that a microstimulation
of an FEF site will evoke a saccade
and the magnitude of the induced modulation in V4 responses.
c.i. Pulse duration. The probability of an evoked movement from microstimulation of FEF sites
typically increases monotonically within the range of 0.1 and 0.4 ms (69). This observation makes sense as
the amount of charge per pulse for the 0.4 ms duration is 4 times that of 0.1. However, the passive (i.e.
purely electrical) spread of the two durations is equal. In one set of experiments, we will systematically vary
the pulse duration of FEF microstimulation
to achieve variation in the probability that a saccade will be
initiated to the V4 RF (overlap cases) or to another location (non-overlap cases). Pulse duration will vary
randomly during interleaved trials between the 0.1 and 0.4 ms values, at steps of 0.05 - 0.1 ms, ~6 values
per block (2 visual stimulus conditions {stimulus present/blank} x 18 microstimulation conditions {6 pulse
durations + 12 no stimulation trials}; -20 repetitions). In each experiment, the current and pulse frequency
parameters will be set such that at the highest pulse duration, saccades will be evoked >80% of the time, but
not 100%. With this procedure we expect to obtain sufficient post-stimulation time (>50 ms) on a majority of
microstimulation
trials. Moreover, since the highest pulse duration condition is not at saturation with respect
to the proportion of evoked saccades, even in this condition, we should still be able to obtain at least a small
number of trials in which either the microstimulation failed to evoke a saccade or it failed to do so within 100
ms.

c. ii. Pulse frequency.

The probability of an evoked movement

from microstimulation

of FEF sites

varies according to the frequency of stimulation pulses, and typically has a characteristic peak within the
range of 200 and 400 Hz (69). Variation in pulse frequency results in the variation in the number of delivered
pulses within a fixed period (e.g. 20 - 30 ms), a number that may or may not be summed appropriately by
neural elements with constrained time constants. However, the passive (i.e. purely electrically) spread of a
range of frequencies is nonetheless equal. In another set of experiments, we will systematically vary the
pulse frequency of FEF microstimulation
to achieve variation in the probability that a saccade will be initiated
to the V4 RF (overlap cases) or to another location (non-overlap cases). Pulse frequency will vary randomly
during interleaved trials between the ~60 Hz and 1 kHz, in integer multiple steps, -6 values per block (2
visual stimulus conditions {stimulus present/blank} x 18 microstimulation conditions {6 frequencies
+ 12 no
stimulation trials}; ~20 repetitions).
Similar to the pulse duration experiments, in each of these experiments,
the other two parameters will be set such that at the highest pulse frequency, saccades will be evoked >80%
3O
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we expect to obtain sufficient

post-stimulation

time (>50

Data Set and Analyses.
Each block of completed
trials will yield neural data corresponding
to each
microstimulation
condition in which the probability
of a saccade to the RF of the recorded neuron, or to
another location, was causally varied across condition.
As mentioned
above, in a majority of cases no
saccades
will be evoked before the end of the fixation trial. These trials will be divided into categories
according to the proportion of evoked saccades at each of the pulse frequency and pulse duration levels (-6
categories).
Each
of
these
categories
will
then
be
broken
into
the
two
microstimulation
(control/microstimulation)
and the two visual stimulation conditions (stimulusfblank').
Our analyses will focus
on the degree to which the microstimulation
alters the recorded cell's sensitivity to the visual stimulus. Thus,
we will adopt the standard practice of computing
d' values from neural responses,
which measures the
degree to which the population
of firing rates in the presence of a visual stimulus differs from when the
stimulus is absent (see general methods).
This analysis will collapse the above four major conditions into
two, control and microstimulation,
the latter containing
a set of d' values from the different stimulation
conditions.

Thus, for 6 stimulation/saccade

probability

conditions,

there would be 6 Ad' values (i.e.

d'[st,mu,ation
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d'cooJ.
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Figure 15. Illustration of a possible relationship between the gain of visual
responses
and the probability
of saccade
being evoked
by FEF
microstimulation. The ellipses represented hypothetical distributions of saccade
probabilities and their corresponding changes in visual sensitivity to visual
stimulation (compared with the no stimulation control). This result would
demonstrate a correlation between the efficacy of electrical microstimulation to
elicit movements and its efficacy in modulating visual representations. This
correlation is expected if visual gain is driven by saccade planning.The
correlation, and its slope, should either be positive or negative, depending on
the overlap of the V4 and FEF representations, as suggested by our initial
findings _).

Possible Outcomes.
If visual selection is driven by neural circuits involved in planning saccades, then the
above manipulations
should yield the following results. First, the probability that a saccade will be made to a
visual stimulus positioned within a neuron's RF should predict the sensitivity of that neuron to that stimulus.
Thus, when the extrastriate
and FEF representations
are spatially aligned, the increased
visual
responsiveness should increase in proportion to the fraction of trials on which a saccade is evoked by FEF
stimulation. Conversely,
when the representations
are non-overlapping,
the magnitude of response
suppression should be proportional to the probability that an evoked saccade will target a non-RF stimulus.
Both of these general relationships are depicted in figure 15. On the other hand, as suggested by some
neurophysiological
studies (72), circuits controlling saccade initiation and visual selection may diverge
detectably as variation in the microstimulation parameters differentially drives two separate underlying neural
circuits. One possible example of this is depicted in figure 16. For a particular FEF site, for example, the
ideal pulse frequency for evoking saccades may be 350 Hz, while the ideal frequency for maximizing the
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El evoked saccades
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Figure 16. Divergence in the optimal microstimulation pulse
frequency to evoke saccades and to elicit changes in visual
response in area V4. In this hypothetical result, variation in
microstimulation pulse frequency, within a wide range, produces
two different tradeoff functions with the two dependent variables
(proportion of saccades and response enhancement). This result
would be expected if saccade planning and visual selection are
controlled by different neural circuits.

(Hz)

change in visual responsiveness
may be at a much different frequency (-100 Hz in the example). This would
represent
a clear demonstration
of a divergence
of function
among the elements
driven by FEF
microstimulation.
This divergence
would be expected, for instance, if there are two separate
underlying
31

PRINCIPAL INVESTIGATOR:

MOORE, Tirin

circuits that differ in their ability to integrate pulse trains of different frequencies,
and if visual gain is not
simply driven by saccade probability.
Possible
Pitfalls.
Aside from avoiding the pitfalls described in the Aim 2, namely the possibility of
contamination
of the neural activity by fixation destabilization,
there are at least two important pitfalls we
should consider in the experiments
of this aim. The first concerns our ability to achieve an appropriate range
of saccade probabilities
while still obtaining enough trials in which saccades are absent, or have latencies
sufficiently
long to allow us to analyze visual responses before the impending eye movement
moves the
visual stimulus
from the V4 neuron's
RF and indirectly alters its response.
We have designed
the
experiments
to maximize the number of trials in which we obtain a sufficient time window, however, when the
microstimulation
parameters
are at their optimal, we may find that even with 20 repetitions, we are left with
only 3-4 trials to analyze. For example, if at the highest pulse duration, the proportion of saccades is 0.9, with
20 repetitions this yields only 2 trials (i.e., 1 - proportion of saccades evoked x number of trials), with only the
possibility that some evoked saccades have latencies >100 ms. Our primary way of handling this issue will
simply be to get as much data at lower saccade probability values so that we may be able to extrapolate
reasonably
into the regime in which the number of trials is more limited.
In most cases, this may simply
involve running more repetitions, which is possible given the simplicity and brevity of the behavioral task.
The second possible pitfall concerns the possible effects of increasing microstimulation
potency (via
increased pulse duration, or optimal pulse frequency) on the nature of the visual 'gating' effects in area V4. In
our initial experiments,
we found no effect of subthreshold
FEF microstimulation
on the responsiveness
of V4
neurons in the absence of visual drive (!). However, we consider the possibility
that as we change the
stimulation
parameters such that we begin to evoke saccades, the dependency
of effects on the amount of
visual drive may diminish or be eliminated altogether. This result would make the interpretation
of the effects
more complicated.
It would be considerably
more convenient
if in all stimulation
conditions, there was no
observable effect on the V4 neurons undriven activity. Nonetheless,
we should be able to quantify the degree
to which changing stimulation potency alters the visual sensitivity according to the d' measure, which is bias
free. For example, the visual response magnitude at one pulse duration could increase by 10% above control
when the neuron is visually driven, and may not increase at all when it is not driven. Then at a higher pulse
duration (and a higher saccade probability)
may increase by 25% when visually driven, but might also
increase
by 15% when not driven. (Note, however, that since we study the post-microstimulation
V4
responses,
this result would not indicate antidromic activation of the V4 cell.) Despite the increase in the
enhancement
effect in the latter case, the net effect is a decrease in visual sensitivity. Although this outcome
would be a more complicated
one, the lack of a correlation
between the change in saccade probability and
the change in visual sensitivity would nonetheless suggest a divergence of function in the control of saccade
planning and visual selection.
D.5. General methods and procedures.
General behavioral
control.
Behavioral

control,

data

collection,

and visual

stimulation

will

be

accomplished via the widely employed, open-source CORTEX state system (http://www.cortex.salk.edu).
Monkeys will be seated comfortably in a primate chair and head-fixed via a surgically implanted head bolt.
During all experiments, eye position will be monitored and stored (500 Hz - 1 kHz) via a scleral search coil
implanted in at least one eye (73-74) (CNC engineering). This method yields a positional accuracy of -0.1
degree.
Visual Stimulation.
Visual stimuli will be displayed on a CRT monitor positioned 40 - 57 cm in front
of the monkey. All visual stimuli will be constructed via "on-board"
graphic routines within CORTEX or from
bitmap images constructed off-line. The luminance and contrast values and timing will each be measured
empirically on the display monitor used for the monkey via a calibrated photometer (Minolta).
Recording methods. We will Record from single V4 neurons and from clusters of FEF neurons with
varnish-coated
tungsten microelectrodes
(FHC inc.) which are lowered into the cortex via hydraulic
micromanipulators
(Narishige inc.). During each experiment, electrode micromanipulators
are attached to
recording cylinders positioned over the prelunate (V4) or the arcuate sulcus (FEF). Accurate placement of
recording cylinders during sterile surgery (see section F) is facilitated
either by standardized
stereotaxic
coordinates or by individual magnetic resonance images obtained from each monkey's brain. Amplification
and band-pass filtering of extracellular neural activity is accomplished via commercially available multichannel differential AC amplifiers (AM Systems). In most cases, the identification of single neurons will be
achieved by online template-based
spike sorting digital signal processing hardware (FHC inc.). Storage of
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eye position, behavioral trial events, and raw spike waveforms for "offline" analyses is done with
commerciallymanufactureddata acquisitionsoftware(Matlab)combinedwith a pc interfacecard (National
Instruments).Simultaneouselectrophysiologicalstudy/manipulationof posteriorvisual and frontal cortex is
accomplishedby positioningthe two micromanipulatorson custom designedmicromanipulatorstages that
allowfor the use of two closelyspacedrecordingchambers.
Microstirnulation
of the FEF. In each monkey, the FEF will be localized on the basis of its
surrounding
physiological
and anatomical
landmarks
and our ability to evoke fixed-vector,
short-latency
saccadic eye movements
with electrical stimulation. As in previous work (57), the FEF will be defined as
those cortical sites at which the threshold to evoke saccades is ~50 pA (at 0.25 ms pulse durations, 333 Hz
pulse frequencies,
and 50 ms train durations). Trains of constant-current,
biphasic (charge-balanced)
pulses
are used to stimulate
sites within the FEF. Trains of pulses are delivered via varnish-coated
tungsten
electrodes
using a pulse generator
(Grass $88) and stimulus
isolation
units (Grass SIU-6). Current
monitoring is accomplished
by observing the voltage drop across a resistor in series with the return lead of
each stimulus isolation unit. Stimulation frequencies
can be varied (10-1000 Hz) during some experiments.
At each FEF site we will measure the current threshold by varying the current and measuring the proportion
of evoked saccades, threshold being the current at which a saccade is evoked 50% of trials. Measurement
of
current threshold and mapping of the evoked saccade vector is done during a separate fixation task in which
the fixation spot is displayed in different screen locations (0 and _+15 deg. along the horizontal and vertical
meridian) and microstimulation
is delivered at the end of 50% of trials when the fixation spot is removed 4(_.).
The variation in beginning eye position allows us to verify that the evoked saccades are fixed-vector,
i.e. in
eye-centered,
rather than head-centered,
coordinates (52).
Inactivation
of FEF. Small (0.2 - 1.0 #1) volumes of GABA (0.10 - 0.50M, Sigma) will be infused into
sites within the FEF through small diameter (105 - 150 #m, outer) polymixide-coated
borosilicate
glass
micropipettes
(Polymicro
Technologies).
The pipettes, which are flexible and highly resistant to physical
stress, are attached to standard varnish-coated
tungsten microelectrodes
with biocompatible
epoxy or bisacryl cement.
Electrode-pipette
assemblies
are made by hand with the aid of a dissecting
microscope.
Depending on the shape parameters
of the chosen microelectrode,
the dimensions of the electrode-pipette
assembly are <450 #m by <300 _Lm. Thus, for repeated use of injection cannulae on cortical tissue, this
assembly
can be less traumatic
than the commercially
manufactured
(Crist instruments)
recording
microsyringes.
Furthermore,
the use of insulated microelectrodes
facilitates more than adequate recording
and microstimulation
of neurons proximal (within -100 #m) to the core of the drug injections.
Infusion of
GABA is accomplished
by way a precision syringe pump (Harvard Apparatus) attached to the cannula with
small gauge polyethylene
tubing. Infusion rates will be slow and controlled within a range of 0.05 - 0.10
#l/minute to reduce the chances of tissue trauma. To date, we have made use of these electrode-pipette
assemblies
in an alert monkey to reversibly inactivate and record, or inactivate and microstimulate
neurons
within the FEF on 5 sessions (see preliminary data). The success of these inactivations was verified in three
of the five sessions. Using injections of 1.0 #1 of 0.5mM GABA, we were
clusters of FEF neurons, or to increase the current thresholds
of saccades
approximately
90 minutes.
inactivated
by measuring
microstimulation
according
FEF.

able to suppress the activity of
evoked from the FEF sites, for

Before, during, and after GABA infusion, we will map the spatial representation
the amplitude
and direction
of saccades
evoked via suprathreshold
electrical
to the methods described above. We will also define the current threshold of the

Histological
methods.
At the completion of all experiments,
long-lasting
electrolytic landmarks are
made within the studied cortex by passing small DC currents across the electrode tip for 10-20 second.
Subsequently,
monkeys are given an overdose of barbiturate
(Sodium Pentobarbital)
intravenously
and are
perfused transcardially
with heparinized saline, followed by 10% neutral formalin.
Subsequently,
the brain is
removed and blocked stereotaxically,
sunk in sucrose and cut on a freezing microtome.
Sections stained
with cresyl violet (or alternately with Gallyas myelin stain) will be examined
under the microscope
and the
recording, stimulation or inactivation sites will be localized by locating the electrolytic lesions.
D.6. Timeline of proposed research
The period of support required to complete the aims outlined in this proposal is five years.
This
period is based on a conservative
estimate of the time required to complete the experiments
of the three
aims in a minimum of two macaque monkeys, and with an adequate amount of neural and behavioral data to
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statisticallytest the main hypothesesindependentlyin each monkey.Moreover,this periodis basedon the
estimatedtime neededfor the equivalentof two dedicatedscientistsand their technicalassistantsto carry
out each aim in semi-parallel/semi-serial fashion (described below). We estimate that the complete
acquisitionof all experimentaldata will requireroughly4 _+0.5 years, barringunforeseensetbackssuchas
unusuallyhigh personnelturnover,or difficultyin obtainingexperimentallysuitablemacaquemonkeys.Data
analysisand manuscriptpreparationwill be carriedout concurrentlywith data collectionin eachaim as much
as possible.Eachaim will progressas follows:
Specific Aim 1. This is the most difficult aim as it requires at least a few months of behavioral training,
and it will probably involve a significant fraction of experimental
sessions (>10%) during which an adequate
amount of data is not obtained. Given this fact, we estimate that it will take 2.5 - 3 years from start to finish,
where finish is the time at which the last data are collected in the final monkey.
Specific Aim 2. This aim is the second most time demanding,
as it has 3 core components,
each of
which could be pursued for 1 - 2 years. However, we will attempt to carry them out concurrently
as much as
is reasonable.
In the first monkey, we will probably pursue the two less trial-intensive
components
(contrast
and orientation) concurrently,
and then begin the latter component (RF profiles) once an adequate amount of
data on the first two is collected. For the second monkey, we would likely then begin with the RF component
and then finish off the other two components
second. The primary rationale for this scheme is that it allows
us to minimize concerns about the relative health of the recorded cortex and its influence on the outcome of
the three experimental
components.
With this semi-parallel
approach,
we expect to complete
the
experiments
of this aim within 3 years.
Specific Aim 3. This aim is the simplest of the three as it only involves a variation of either of two
microstimulation
parameters during a simple fixation task, although it can potentially require large number of
behavioral
trials. In any case, components
of this aim should not require more than 2.5 years of
electrophysiology
in two monkeys to complete.
We have space for 3 alert electrophysiological
setups, each of which can be devoted to the proposed
work. At the time of the requested start date, 2 of these 3 setups will be fully equipped and operational,
with
some additional time (-4-6 months) being needed for the completion of the third setup. Thus, for most of the
proposed
period of support, we will have the capacity to carry out each of the above aims in parallel.
However, in the interest of minimizing
the number of animals needed, and given that all aims involve the
same combination
of V4 and FEF recording chambers
and scleral coils, we will attempt to involve each
monkey in more than one aim. Thus, the total time to complete all aims is greater than the time needed to
complete the longest of the three (by ~25%).
D. 7. Future Directions
Our apparent discovery

of a causal mechanism

of visual cortical

and visual perceptual

gating, though

gratifying, is daunting with regard to the need to understand
its underlying circuitry and its relevance, if any,
in normal neurophysiological
function. Although it is clear that pursuing those two goals is the only option,
there is a large number of potential experimental
questions that can be addressed
that would satisfy that
requirement.
A key virtue of the choice of experiments
described in this proposal lies in the strategic nature
of the questions they address. Clearly, it is in our interest to fulfill the long-term goals of our research using
the fewest experimental
manipulations
possible. In terms of arriving at a basic understanding
of the causal
mechanisms of visual spatial attention, the current aims of the proposal are chosen to achieve just that.
Specific Aim 1. Speculation
on the relative roles of prefrontal and posterior parietal cortex in visual
spatial attention dates back more than 100 years (41). However,
in the current literature one still finds
conflicting arguments for an exclusive role of either structure (57,41) as well as others that combine both (6162). The goal of Aim 1 is to provide the best possible basis for settling this persisting question. Regardless of
the outcome of this aim, that is whether FEF inactivation
fails to affect covert visual selection and/or its
correlates in V4, it completely eliminates both, or it does something in between, the outcome plus our recent
results will greatly narrow the possible neural substrate of visual selection.
Should FEF inactivation
fail to
affect visual selection, for example, the next strategic experimental
step would be to perform a similar
experiment within posterior parietal cortex, most likely area LIP.
Specific Aim 2. Should we find that microstimulation-driven
gating effects in V4 do not mimic the
effects of covert spatial attention, this would place in doubt the physiological
relevance of the changes in
visual responses
seen with FEF microstimulation.
This doubt would make it difficult to justify further
experiments
of this type at least in the FEF. Should we instead find that both effects are similar, it would
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stronglysuggestthat FEF microstimulationinitiatesthe deploymentof spatial attention.In this case, as we
hope to do in V4, we could study the changes FEF inducesin other extrastriatevisual areas, particularly
thoseknownto exhibitattentioneffects.
Specific Aim3. The extent to which the results from this aim suggest a dependence of visual gain on
the probability of a saccade to a visual stimulus will have much influence on future directions.
Evidence of
this type will support the hypothesis that visual selection is driven by developing saccade commands and that
the reciprocal interaction between posterior visual areas, such as V4, and the FEF behaves like a positive
feedback loop. We can thus imagine future studies in which we simultaneously
perturb V4 (presumed feed
forward) signals and FEF (presumed feedback) signals in order to understand their interdependence.
As with
the current proposal, however, achieving a firm grasp of the causal interactions
between oculomotor
and
visual signals will require significant technical advances.
E. HUMAN

SUBJECTS.

F. VERTEBRATE

There are no human subjects

involved

in the proposed

research.

ANIMALS

1. Description
of the proposed use of animals. Macaca fascicularis and Macaca Mulatta will be used in
the proposed research and will include both male and female adults and older juveniles.
Below we provide
brief descriptions,
not already provided in section D, of the procedures for handling, surgery and controlled
fluid intake involved in the experiments
described. All the surgical and behavioral procedures
have been
carefully reviewed by the Stanford
University Administrative
Panel for Laboratory
Animal Care and all
protocols conform to the NIH Guide to the Care and Use of Laboratory Animals.
Handling
of non-human
primates.
Upon arrival to the laboratory,
we will immediately
begin
to acclimatize the monkeys by spending time with each monkey daily in the animal room, and giving it fruit or
other treats. The first step in behavioral training is to condition the monkey to leave its cage and to go into its
primate chair. Eventually a monkey learns to move directly from its cage to the primate chair with minimal
guidance. Once the monkey learns to move into the primate chair with minimal guidance, the monkey is
brought into the laboratory and given treats in its particular experimental
room. This is meant to acclimatize
the animal to the laboratory setting. Next, the animal will undergo surgery to implant the eye coil and head
holder.
Eye coil. The purpose of this procedure
is to implant a coil of insulated,
biocompatible
wire
comfortably
into one or both eyes. The coil, which moves with the eye, is used to monitor the position of the
eye in the orbit. The monkey sits in a magnetic field and small amounts of current induced by the change in
the coils position are used to determine the direction of the monkey's gaze. During each coil implantation,
under strict aseptic conditions and anesthesia,
the eyelids are gently retracted and a local anesthetic
is
applied to the eye. Next, a pocket between the conjunctiva
and the sclera is made around the limbus of the
eye via a scalpel and blunt dissection. A custom-made
coil is carefully chosen that fits comfortably within the
prepared pocket and the coil leads are fed subcutaneously
to the location of a slit in the skin made, with a
scalpel, approximately
1 cm ventral to margin of the acrylic implant and roughly at the temple. The coil is
then secured to the sclera at 1-3 strategic locations via very fine suture. The coil pocket is then sutured
closed. Next, a small loop is made within in the slit to provide slack to the scleral coil and the coil lead is fed
subcutaneously
to the margin of the implant where it is secured via acrylic and where it can be attached to its
connector. The slit is then sutured closed. Ophthalmic
ointment is administered
to prevent infection, swelling
and/or irritation. It is important to note that in the interest of good behavioral performance
by the monkey, our
experiments depend critically on the comfort and good fit of implanted eye coils.
Cranial implant surgery. The purpose of this procedure is to provide a means by which the animal's
head can be kept comfortably fixed and by which microelectrodes
can be carefully introduced into the brain
during behavioral/electrophysiological
experiments.
Our experimental
goals require accurate measurements
of eye position at all times, which can only be obtained by keeping the head position fixed. Furthermore,
head restraint facilitates the stable placement of electrodes near neurons in the brain. Implantation
of the
recording
chamber
provides
a means
by which electrodes
can be introduced
into the brain via a
sealable chamber, once a craniotomy
is performed in a subsequent procedure.
During this procedure, under
strict aseptic conditions and anesthesia,
the skin over the skull is retracted and the muscle and fascia are
cleared from the bone. Next, a set of (8-15) orthopedic
screws are carefully implanted
into the skull at
strategic
locations,
around the outer edge of the exposed
skull, adjacent
to a stainless
steel (or MRI
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compatible)head holder bolt, and near stainless steel recordingchambers.Each screw hole is manually
drilled and tapped using a speciallydesigned orthopedickit. All of the screws and the head holder are
secured together via dental acrylicwhich is applied slowly in multiple, thin layers. The skin is then
suturedsnugly aroundthe edge of the dried acrylic.In addition,a smallpatch of skullwithin eachrecording
chamberis removedabovethe brainstructureof interestto allowaccessto the microelectrode.The chamber
is kept sealedwith a stainlesssteelor plasticcapand cleanedregularly.
Controlled fluid intake. To motivate the monkeys to work, overall fluid intake is carefully controlled. On
experimental
or training days, each animal receives the bulk of its daily fluid as rewards for successfully
executed behavioral trials. We carefully measure total fluid intake each day, and we use the developing
history of fluid intake, body weight, overall health, and behavioral performance
as a guide for how much fluid
each animal needs. The animal's attitude, activity, food intake, fecal output, urine output, and occasionally,
blood electrolyte
levels, are monitored to evaluate the animal's health.
If there is any concern about
health of an individual
animal, or if the animal undergoes
a significant
loss from baseline weight,
veterinary staff are consulted and the animal is returned to ad libitum fluid intake.
2. Justification

for the use of animals,

choice of species,

and number

of animals.

the
the

If we are to establish

a

physiological basis of cognition and its related dysfunctions,
it is necessary to carry out neurophysiological
experiments in alert, behaving subjects. Cognition functions (e.g. perception and attention) are systems-level
phenomena, and as such can only be studied in intact, wholly functioning nervous systems. Likewise, primate
visuomotor integration can only be understood in whole systems in which the visual and motor machinery
are intact. Computational
approaches
are useful in developing
important hypothesis about the above
physiological issues, but ultimately they can only be tested in neurophysiological
experiments.
Recent
advances in human brain imaging have made it possible to ask general questions about the neural events that
correlate with cognitive functions
and visually-guided behavior.
The use of functional
magnetic resonance
imaging (fMRI), for example, makes it possible to roughly localize key structures activated during various
mental operations. However, work of this type over the past decade has only made more obvious the
physiological gaps in our knowledge.
Human brain imaging, though performed in the most relevant species,
does not allow one the spatial or temporal resolution needed to ask cellular and systems level questions.
Information processing in neural systems occurs on a 1-10 millisecond timescale, and neurons range only 1050 microns in diameter.
Both of these temporal and spatial scales are at least an order of magnitude smaller
than that afforded by current human imaging techniques. More seriously, the general inability to directly
and precisely alter brain activity in normal human subjects rules out the use of human subjects. This inability
means that it is impossible to test the causal hypotheses that need to be tested to form a complete
neurophysiological basis of cognition and visually guided behavior, which is the goal of the work proposed.
The proposed experiments can only be carried out in primates since only primates have visual cortex
organized like that of a humans.
Virtually all of the relevant previous research has been carried out with
macaques and thus a great deal is known about the organization of its visual and oculomotor system. The use
of chronically implanted animals minimizes the number of animals required for the project. Over the period of
proposed award, the research should require a maximum of 8 animals, 2 - 3 per specific aim, which should
provide enough data to be statistically confident of the results.
3. Veterinary
care. The animals used in the proposed experiments
will recei--- ---- ----- -------------- ----- ----husbandry provided by the ----------------------- --------- -------- at Stanford. The -------- ----- ---- -------------------Facility is managed and staffed by veterinarians
and veterinary technicians
who are available 24 hours/day.
The facility complies with federal, state and local guidelines
for laboratory
animal care and is AAALAC
accredited.
Most of the ------ veterinarians
are also faculty members
of the Department
of Comparative
Medicine and thus maintain the highest standards of their profession.
4. Procedures

to minimize

pain and distress.

Every attempt

is made to minimize

discomfort

and eliminate

pain under procedures mandated by the supervising veterinarians.
Animals are pre-anesthetized
with ketamine
hydrochloride
and maintained under isoflurane anesthesia during the major surgeries described above. Careful
post-operative
care and analgesics (Torbugesic,
or Buprenex) are given following surgery and supplemented
as needed. Following recovery, most monkeys become accustomed to the daily routines involved in behavioral
experiments
described
in this proposal such that any signs of acute or chronic distress or discomfort
are
immediately apparent since the experimental
procedures
require the animal's comfort and cooperation.
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5. Euthanasia. Euthanasiais only carried out at the end of all experimentswith an overdoseof sodium
pentobarbital.This is in accordancewith the recommendationsof the Panel on Euthanasiaof the American
VeterinaryMedicalAssociation
G. LITERATURE

CITED

1.

Moore, T., Armstrong, K.M. Selective
frontal cortex. Nature 421: 370-373.

2.

Shepherd M., Findlay J.M., Hockey R.J. (1986) The relationship between eye movements
and spatial attention. Q J Exp PsychoL 38: 475-91.
Hoffman J.E., Subramaniam
B. (1995) The role of visual attention in saccadic eye movements.
Percept Psychophys. 57:6 787-95.
Ungerleider,
L.G., Mishkin, M. Two cortical visual systems in Analysis of Visual Behavior, DJ Ingle,
MA Goodale, RJW Mansfield, Eds. (MIT, Cambridge, MA, 1982), 549.
Felleman, D.J., Van Essen, D.C. (1991) Distributed hierarchical processing in the primate cerebral
cortex. Cereb. Cortex 1:1-47.

3.
4.
5.
6.
7.
8.
9.

10.
11.
12.

13.

gating of visual signals

by microstimulation

of

Hilgetaag, C.-C., O'Neill, M.A., Young, M.P. Indeterminate
organization of the visual system. Science
271: 776.
Moran J., Desimone R. (1985) Selective attention gates visual processing in the extrastriate cortex.
Science 229: 782-4.
Treue, S., Maunsell, J.H. (1996) Attentional modulation of visual motion processing in
cortical areas MT and MST. Nature 382: 539-41.
Mountcastle,
V.B., Motter, B.C., Steinmetz, M.A. and Sestokas, A.K., (1987) Common and
differential effects of attentive fixation on the excitability of parietal and prestriate (V4) cortical visual
neurons in the macaque monkey, J Neurosci 7: 2239-55.
Haenny, P.E., Maunsell, J.H. and Schiller, P.H., (1988) State dependent activity in monkey visual
cortex. I1. Retinal and extraretinal factors in V4, Exp Brain Res 69: 245-59.
Motter, B.C., (1993) Focal attention produces spatially selective processing in visual cortical areas
V1, V2, and V4 in the presence of competing stimuli, J Neurophysiol70:
909-19.
Bushnell M.C., Goldberg M.E., Robinson D.L. Behavioral enhancement
of visual responses in
monkey cerebral cortex. I. Modulation in posterior parietal cortex related to selective visual attention.
J Neurophysio146:
755-72.
Luck, S.J., Chelazzi, L., Hillyard, S.A., Desimone, R. (1997) Neural mechanisms
of spatial selective
attention in areas V1, V2 and V4 of macaque visual cortex. J. NeurophysioL 77: 24-42.

14. Reynolds, J.H., Pasternak, T., Desimone, R. (2000) Attention increases sensitivity of V4
neurons. Neuron 26:703-14.
15. Chelazzi, L., Miller, E.K., Duncan, J., Desimone, R. (1993). A neural basis for visual search in inferior
temporal cortex. Nature 363: 345-7.
16. Maunsell, J.H. (1995) The brain's visual world: representation
of visual targets in the cerebral cortex.
Science 270: 764-9.
17. Desimone, R. & Duncan, J. (1995)Neural
mechanisms
of selective visual attention. Annu Rev
Neurosci 18, 193-222.
18. James, W. (1890) Principles of Psychology. ch. 11 (New York, Henry Holt).
19. van Hooff, JARAM (1972) A comparative
approach to the phylogeny of laughter and smiling, in: NonVerbal Communication
(RA Hinde, ed.),Cambridge
(UK).
20. Remington RW (1980) Attention and saccadic eye movements.
J Exp Psychol Hum Percept Perform
6: 726-44.
21. Rizzolatti G., Riggio L., Dascola I., Umilt& C. (1987) Reorienting attention across the
horizontal and vertical meridians: evidence in favor of a premotor theory of attention.
Neuropsychologia
25:31-40.
22. Kowler E., Anderson E., Dosher B., Blaser E. (1995) The role of attention
programming
of saccades. Vision Res. 35:1897-916.
23. Spitzer, H., Desimone, R., Moran, J (1988) Increased attention enhances
3?

in the
both behavioral

PRINCIPAL
INVESTIGATOR:
MOORE,Tirin
and neuronalperformance.Science 240: 338-40.
24. McAdams, C.J, Maunsell, J.H. (1999) Effects of attention on orietation-tuning
functions
neurons in macaque cortical area V4. J. Neurosci. 19: 431-41.
25. Connor, C.E., Preddie, D.C., Gallant, J.L., Van Essen, D.C. (1997) Spatial attention

of single

effects in macaque area V4. J. NeuroscL 17: 3201-14.
26. Fischer, B., Boch, R. (1981) Enhanced activation of neurons in prelunate cortex before visually
guided saccades of trained rhesus monkeys. Exp. Brain Res. 44: 129-37.
27. Moore, T., Tolias, A.S., Schiller, P.H. (1998) Visual representations
during saccadic eye movements.
Proc. Nat'l Acad. Sci. USA 95:8981-8984.
28. Moore, T. (1999) Shape Representations
and Visual Guidance of Saccadic Eye Movements. Science,
285: 1914-1917.
29. Tolias, A.S., Moore, T., Smirnakis, S.M., Tehovnik, E.J., Siapas, A.G., Schiller, P.H. (2001) Eye
Movements Modulate Visual Receptive Fields of V4 Neurons. Neuron, 29:757-767.
30. Kustov A.A., Robinson D.L. (1996) Shared neural control of attentional shifts and eye
movements.
Nature 384: 74-7.
31. Petersen, S.E., Robinson, D.L., Keys, W. (1985). Pulvinar nuclei of the behaving rhesus monkey:
visual responses and their modulation. J. NeurophysioL 54: 867-86.
32. Kodaka Y., Mikami A., Kubota K. (1997) Neuronal activity in the frontal eye field of the monkey is
modulated while attention is focused on to a stimulus in the peripheral visual field, irrespective of eye
movement. Neurosci Res 28:291-8.
33. Goldberg M.E., Bushnell M.C. (1981) Behavioral enhancement
of visual responses in
monkey cerebral cortex. I1. Modulation in frontal eye fields specifically related to saccades. J
Neurophysio146:
773-87.
34. Posner M.I., Petersen S.E. (1990) The attention system of the human brain. Annu Rev Neurosci
25-42.
35. Reynolds, J.H., Chelazzi, L., Desimone, R. (1999) Competitive mechanisms
subserve
attention in macaque areas V2 and V4. J. Neurosci. 19:1736-53.
36. Sheliga B.M., Riggio L., Rizzolatti G. (1994) Orienting of attention and eye movements.Exp
98: 507-22.

13:

Brain Res

37. Ferrier, D. (1886) The functions of the brain. (London, Smith, Elder).
38. Ribot, T. (1896) The psychology
of attention, third edition (Chicago, Open Court).
39. Moore, T., Fallah, M. (2001) Control of Eye Movements and Spatial Attention. Proc.
Nat'l. Acad. Sci. USA., 98: 1273-1276.
40. Moore, T., Fallah, M. Microstimulation
of the FEF and its effects on the covert spatial attention. J
NeurophysioL,
in press.
41. Moore, T., Armstrong,
K.M., Fallah, M. (2003) Visuomotor origins of covert spatial attention. Neuron,
in press.
42. Dias, E.C., Kiesau, M. and Segraves, M.A., (1995) Acute activation and inactivation of macaque
frontal eye field with GABA-related
drugs, J Neurophysio174:
2744-8.
43. Dias, E.C. and Segraves, M.A., (1999) Muscimol-induced
inactivation of monkey frontal eye field:
effects on visually and memory-guided
saccades, J Neurophysio181:
2191-214.
44. Sommer, M.A, and Tehovnik, E.J. (1997) Reversible inactivation of the macaque frontal ey field. Exp.
Brain Res. 116:229-249.
45. Maunsell, J.H.R., Nealey, T.A., DePriest, D. (1990). Magnocellular
and parvocellular
contributions
to
responses in the middle temporal visual area (MT) of the macaqe monkey. J. NeuroscL 10: 3323-34.
46. Malpeli, J.G. (1999) Reversible inactivation of subcortical structures by drug injection.
J. NeuroscL Meth., 86: 119-128.
47. Hupe, J.M., Chouvet, G., Bullier, J. (1999) Spatial and temporal parameters of cortical inactivation by
GABA. J Neurosci. Meth. 86: 129-143.
48. Martin JH, Ghez C. (1999) Pharmacological
inactivation in the analysis of the central control of
movement. J Neurosci Methods. 86: 145-59.
49. Hikosaka, O., and Wurtz, R.H. Modification of saccadic eye movements by GABA-related
substances. I. Effect of muscimol and bicuculline in monkey superior colliculus. J NeurophysioL
266-291.
38

53:

PRINCIPAL
INVESTIGATOR:
MOORE,
Tirin
50. Enna,S.J. and Snyder,S.H. (1975).Propertiesof %aminobutryicacid (GABA)receptorbindingin rat
brainsynapticmembranefractions.Brain Res 100: 81-97.
51. Graziano,

M.S.A.,

Taylor, C.S.R.,

Moore, T. (2002) Complex

of precentral cortex. Neuron. 34:841-51.
52. Bruce, C.J., Goldberg, M.E., Bushnell, M.C. and Stanton,

movements

evoked by microstimulation

G.B. (1985) Primate frontal eye fields.

II.

Physiological
and anatomical correlates of electrically evoked eye movements, J Neurophysio154:
714-34.
53. Schall, J.D, Hanes, D.P., Thompson,
K.G., King, D.J. (1995) Saccade target selection in
frontal eye field of macaque. I. Visual and premovement
activation. J. NeuroscL 15:
6905-6918.
54. Segraves, M.A. and Goldberg, M.E., (1987) Functional properties of corticotectal
neurons in the
monkey's frontal eye field, J Neurophysio158:
1387-419.
55. Stanton, G.B., Deng, S.Y., Goldberg, M.E. and McMullen, N.T., (1989) Cytoarchitectural
characteristic
of the frontal eye fields in macaque monkeys, J Comp Neuro1282: 415-27.
56. Schall, J.D., Morel, A., King, D.J. and Bullier, J., (1995) Topography of visual cortex connections
with
frontal eye field in macaque: convergence
and segregation of processing streams, J Neurosci 15:
4464-87.
57. Goldberg M.E., Bisley J., Powell K.D., Gottlieb J., Kusunoki M. (2002). The role of the lateral
intraparietal area of the monkey in the generation of saccades and visuospatial
attention. Ann N Y
Acad Sci. 956: 205-15.
58. Rensink, R., O'Regan, J.K., Clark J.J. (1997) To see or not to see: the need for attention to perceive
changes in scenes. Psychological
Science. 8: 368-373.
59. Rensink, R (2002). Change detection. Annu Rev PsychoL 53: 245-77.
60. Scholl, B.J. (2000) Attenuated change blindness for exogenously attended items in a flicker
paradigm. Vis Cog. 7: 377-396.
61. Kastner, S., Pinsk, M.A., De Weerd, P., Desimone, R. and Ungerleider,
L.G., (1999)
Increased activity in human visual cortex during directed attention in the absence of visual
stimulation, Neuron 22:751-61.
62. Nobre, A.C., Gitelman, D.R. Dias, E.C., Mesalum, M.M.(2000). Covert visual spatial
orienting and saccades: overlapping neural systems. Neuroimage
11,210-6.
63. Schiller, P.H., Logothetis, NK, Charles, ER (1990) Role of the color-opponent
and broad-band
channels in vision. Vis NeuroscL 1990 5:321-46
64. De Weerd P., Peralta M.R. 3rd, Desimone R., Ungerleider L.G. (1999) Loss of attentional stimulus
selection after extrastriate cortical lesions in macaques. Nat NeuroscL 8:753-8.
65. Merigan, W.H. (1996) Basic visual capacities and shape discrimination
after lesions of extrastriate
area V4 in macaques. Vis Neurosci. 13:51-60.
66. Gamlin PD, Yoon K (2000) An area for vergence eye movement in primate frontal cortex.
Nature. 407:1003-7.
67. Maunsell, J.H.R. (1987) Physiological
evidence for two visual subsystems,
in: Matters of Intelligence
(L.M. Vaina, ed.) Reidel, Dordrecht, Holland, pp 59-87.
68. Tehovnik E.J., Slocum W.M, Schiller P.H. (1999) Behavioural conditions affecting saccadic eye
movements elicited electrically from the frontal lobes of primates. Eur J NeuroscL 11:2431-43
69. Tehovnik EJ, (1996) Electrical stimulation of neural tissue to evoke behavioral responses.
J Neurosci Methods. 65:1-17.
70. Murasugi, C.M Salzman, C.D., Newsome, W.T. (1993). Microstimulation
in visual area MT: effects of
varying pulse amplitude and frequency. J Neurosci.13:1719-29.
71. Gardner, J.L. and Lisberger, S.G. Serial linkage of target selection for orienting and
tracking eye movements.
Nat. Neurosci. 5, 892-899 (2002).
72. Murthy A, Thompson KG, Schall JD. (2001) Dynamic dissociation of visual selection from saccade
programming
in frontal eye field. J NeurophysioL 86:2634-7.
73. Fuchs, A.F. and Robinson, D.A. (1966) A method for measuring horizontal and vertical eye
movement chronically in the monkey, J Appl Physio121: 1068-70.
74. Judge, S.J., Richmond, B.J. and Chu, F.C. (1980) Implantation
of magnetic search coils for
measurement
of eye position: an improved method, Vision Res 20: 535-8.
39

Principal

Investigator/Program

Director

Moore,

(Last, first, middle):

Tirin

CHECKLIST
TYPE
N

OF APPLICATION

NEW
D

application.

all that apply)

(This application

SBIR Phase

I_1 STTR

(Check

I

Phase

I

is being

r-I

SBIR Phase

r--]

STTR

submitted

to the PHS forthe

I1: SB[R Phase

Phase

first time.)
_SBIR

I Grant No.

I1: STTR Phase

[_STTR

I Grant No.

N

REVISION of application
number :
R01 EY014924
(This application replaces a prior unfunded version of a new, competing continuation, or supplemental application.)
INVENTIONS
AND

_

COMPETING
CONTINUATION
of grant number:
(This application is to extend a funded grant beyond its current preject period.)

(Competing

[_No Yes.
[_
D

SUPPLEMENT
to grant number:
(This application is for additional funds to supplement a currently funded grant.)

--I

CHANGE

of principal

investigator/program

'--]FOREIGN

application
INCOME

or signification

PATENTS

continuation

_

If "Yes,"

Fast Track

appl. And Phase

I_

II only)

Previously
reported
Not
previously
reported

director.

Name of former principal investigator/program

1. PROGRAM

Fast Track

director:

foreign

component.

(See instructions.)

All apNications must indicate whether program income is anticipated during the period(s) for which grant support is requested. If program income is
anticipated, use the format below to reflect the amount and source(s).
Budget Period

Anticipated

Amount

Source(s)

N/A
2. ASSURANCES/CERTIFICATIONS

(See instructions.)
•Debarment and Suspension;-Drug-Free Workplace (applicable to new
[Type 1] or revised [Type 1] applications only);.Lobbying;.Non-Delinquency
on Federal Debt;.Research Misconduct;.Civit Rights (Form HHS 441 or HHS
690);-Handicapped Individuals (Form HHS 641 or HHS 690); -Sex
Discrimination (Form HHS639-A or HHS 690);-Age Discrimination (Form
HHS 680 or HHS 690);-Recombinant DNA and Human Gene Transfer
Research;-Financial Conflict of Interest (except Phase I SBIR/STTR)
STTR Only: Certification of Research Institution Participation.

The following assurances/certifications are made and verified by the
signature of the Official Signing for Applicant Organization on the Face
Page of the application. Descriptions of individual assurances/certifications
and provided in Section III. If unable to certify compliance, where
applicable, provide an explanation and place it after this page.
•Human Subjects;.Research Using Human Pludpotent Stem Cells.Research on Transptantation of Human Feta1Tissue.Women and
Minority Inclusion Policy.Inclusion of Children Policy.Vertebrate Animals,
3. FACILITIES

AND ADMINISTRATIVE

COSTS

'-]

DHHS

Agreement

dated:

--]

DHHS

Agreement

being negotiated with

(F&A)/INDIRECT

COSTS.

See specific

instructions.
D

No Facilities and Administration
Regional

Costs Requested.

Office.

N
No DHHS Agreement,
but rate established
with
Office of Naval Research
Date
09/18/02
CALCULATION*
(The entire grant application, including the Checklist, will be reproduced and provided to peer reviewers as confidential information.
Supplying the following information on F&A costs is optional for for-profit organizations.)
a. Initial budget

period:

Amount

of base $

Animal
b, 02 year

Amount

Amount

Amount

Amount

189,05

60%

% = F&A costs

$

x Rate applied

77.5%

% = F&A costs

$

60%

]

$

% = F&A costs

$

17,444

x Rate applied

60%

% = F&A costs

$

113,431

x Rate applied

77.5%

% = F&A costs

$

23,599
11 1,356

x Rate applied

60%

% = F&A costs

$

34,768

x Rate applied

7"7.5%

% = F&A costs

$

of base $

185,901

x Rate applied

60%

% = F&A costs

$

% = F&A costs

$

35,348

Care $

x Rate applied

77.5%

TOTALF&ACosts $ I
*Check

appropriate

--]Salary
F'J

Off-site,

Explanation

base

other special

4. SMOKE-FREE

117,693

26,945
11 1,541

27,395
683,940]

box(es):

and wages

(Attach

16,936

% = F&A costs

Care $

Animal

185,594

1 ]7,600

77.5%

x Rate applied

30,450

Care $

x Rate applied

x Rate applied

22,509

of base $

Animal
e, 05 year

196,155

Care $

of base $

Animal
d, 04 year

21,853

of base $

Animal
c. 03 year

196,000

Care $

_

total direct cost base

rate, or more than one rate involved

separate

sheet,

WORKPLACE

PHS 398 (Rev. 05/01)

Modified

r--]

Other base (Explain)

(Explain)

if necessary.):

N

Yes

D

No (The response to this question has no impact on the review or funding of this application.)
Page
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