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Preamble:
This is a revised application that has taken into account the comments of the referees who have evaluated the
initial submission of the grant. In a separate section a point-by-point response is made to the criticisms. The
--------------- ---------- --------- ---- ------ ------------- -- --------- - -------- -- ----- ---------------- --- ----- --------- ---- -------- --- --------- ----- ----- ----- ---- --------- ------------ ------------- --- ---- ----------- ----- --------- ------------ ----- ------------- ------------ ---- ---------- ----- ---- ------ -- ----- -- ------------- ----- ------------------- -- ---- ----- ------- --- ----- --play in target selection with visually guided eye movements. This grant application replaces EY00676 entitled
Parallel information processing in the visual system which we decided not to renew because the work under that
grant has been largely completed and because the new discoveries we had made dictate a shift in our effort.
Abstract:
The aim of the proposed research is to determine what role areas V1 and V2 of the primate play in the selection
of visual targets with saccadic eye movements.
Rhesus monkeys will be trained on a variety of behavioral tasks
to enable us to study their visual capacities and their ability to select visual targets with saccadic eye movements.
Single-cell recordings, microstimulation, and the application of GABAergic neurotransmitter agonists and
antagonists will be used to assess how areas V1 and V2 interact and how they contribute to the generation of
saccadic eye movements to visual targets. The proposal is based on a recent set of findings from our laboratory
that has established that these two areas are centrally involved in target selection with visually guided saccadic
eye movements.
The work has shown that electrical stimulation of the infragranular layers of V1 and V2
enhances the generation of saccadic eye movements to visual targets at very low current levels whereas
stimulation of the supragranular layers interferes with target selection. In addition to clarifying the role of V1 and
V2 in the generation of visually guided saccadic eye movements, the proposed research should have significant
bearing on microstimulation
prosthetics for the visually disadvantaged as it will specify the effects of microstimulation of different layers of the visual cortex and what roles various neurotransmitters
play in the process.
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12 PCs for which he is responsible.
---- ---------- has written dozens of excellent programs
for stimulus
presentation
in behavioral
experiments,
for data acquisition
and data analysis for eye movements
and for
neuronal responses.
He has programmed
our Brain Wave Systems to allow for segregating
signals obtained
from multiple electrodes.
Presently, he is in the midst of updating our systems that will ------ --- -- - hase out
the PDP-11/73s.
One system, using CORTEX, is already fully operational.
Thanks to ---- ----------- we have
one of the best systems anywhere for examining a broad range of visual capacities in --------- ------------ ------several different behavioral paradigms, some of which are described in this application.
---- ------- ----------------- ---- ----------- ---- ---------- -- -------- --- ------- --- ------ - ---- -- ---- ---------4. Technical Assistant:
------ support is requested for the technical
essential duties in realizing our research. This includes preparation
construction,
animal testing, and data analysis.

assistant in my laboratory who carries
and assistance in surgery, electrode

out

A vacation accrual charge of 7.5% has been charged on the salaries of the research scientist, the programmer
and the technical assistant.
The employee benefits rate for the PI, the research scientist, the programmer and
the technical assistant has been charged at 23% for the period 04/01/04 - 06/30/04 and then at 25% for the
remaining period.
5. Graduate Student: We have training grants to support graduate students for two years. After this time,
their support must come from the advisor in whose laboratory each student works. I expect to have one fourth
or fifth year student in the lab for whom I am seeking support. The student will carry out research on the
projects described in the application.
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P.H. Schiller, S.D. True and J.L. Conway, Deficits in eye movements
colliculus ablations. (1980) J. Neurophysiol., 44, 1175-1189.

following frontal eye field and superior

P.H. Schiller, Interactions between cortical and subcortical structures in vision and eye movement.
Advances in Physiological Sciences, Volume 16, Sensory Functions, Pergamon Press, 51-62.
J.H. Sandell and P.H. Schiller,
Neurophysiol., 48, 38-48.

(1980) In:

The effect of cooling area 18 on striate cortex cells in the squirrel monkey. (1982)

P.H. Schiller, J.H. Sandell and J.H.R. Maunsell,
(1986) Nature, 322, 824-825.

J.

The functions of the ON and OFF channels of the visual system.

P.H. Schiller and J.H. Sandell, Interactions between visually and electrically elicited saccades before and after
superior colliculus and frontal eye field ablations in the rhesus monkey. (1983) Exp. Brain Res., 49,381-392.
P.H. Schiller and C.L. Colby, The responses of single cells in the lateral geniculate
color and luminance contrast. (1983) Vision Res., 23, 1631-1641.
P.H. Schiller, The superior colliculus
Smith, Ch. 11, pp. 457-505.
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The 25th Jubilee Issue of Vision Research., Vol. 26.

N.K. Logothetis, P.H. Schiller, E.R. Charles and A.C. Hurlbert, Perceptual deficits and the activity of the coloropponent and broad-band pathways at isoluminance. (1990) Science, 247, 214-217.
P.H. Schiller, N.K. Logothetis and E.R. Charles, Functions of the color-opponent
visual system. (1990) Nature, 343, 68-72
P.H. Schiller, N.K. Logothetis, The color-opponent
Trends in Neurosciences, 13, 392-398.
P.H. Schiller and Kyoungmin
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M.A. Sommer, P.H. Schiller and McPeek, R.M. What neural pathways
and Brain Sci., 16, 589-590.

15, 86-92.

mediate express saccades?

P.H. Schiller, The effects of V4 and middle temporal (MT) area lesions on visual performance
(1993) Visual Neuroscience, 10, 717-746.

(1993)

Beh.

in the rhesus monkey.

P.H. Schiller and K. Lee, The effects of lateral geniculate nucleus, area V4 and middle temporal (MT) lesions on
visually guided eye movements. (1994) Visual Neuroscience, 11,229-241.
R.P. Dolan and P.H. Schiller, Effects of ON channel blockade with 2-amino-4-

phosphonobutyrate

brightness

11, 23-32.

and contrast perception

in monkeys. (1994)

Visual Neuroscience,

P.H. Schiller, Effect of lesions in visual cortical area V4 on the recognition
376, 342-344.

of transformed

(APB) on

objects. (1995)

Nature,

P.H. Schiller, The ON and OFF channels of the mammalian visual system. (1995) In: Progress in Retinal and Eye
Research, Vo115. (Eds: N.N. Osborne and G.J. Chader), Pergamon Press, Oxford, England.
P.H. Schiller, On the specificity of neurons and visual areas. (1995)
K. Zipser, V.A.F. Lamme and P.H. Schiller, Contextual
7376-7389.

modulation

Behavioural

Brain Research, 76, 21-35.

in primary visual cortex. (1996)

P.H. Schiller, Past and present ideas about how the visual scene is analyzed by the brain.
Extrastriate Cortex, (Eds. Kaas and Rockland), Plenum Publishing Coropration, 1997.
P.H. Schiller and I-han Chou, The effects of frontal eye field and dorsomedial
guided eye movements (1998) Nature Neurosci., 1,248-253.
T. Moore, Tolias, A.S. and P.H. Schiller, Visual representations
Acad. Sci., USA, 95, 8981-8984.

J. Neurosci.,

Cerebral

Cortex, Vol 12:

frontal cortex lesions on visually

during saccadic eye movements.

(1998) Proc. Natl.

E.J. Tehovnik, W.M. Slocum, A.S. Tolias and P.H. Schiller, Saccades induced electrically from dorsomedial
cortex: evidence for a head-centered representation.
Brain Res., 795, 287-291.
I. Chou, M. Sommer and P.H. Schiller (1999)
4216.

Express averaging

16,

saccades in monkey.

Vision Research,

frontal

39, 4200-

I. Chou and P.H. Schiller (1999) Temporal delays in processing, not underactivation of detection processes may be
responsible for neglect. IN: A model of saccade generation based on parallel processing and competitive inhibition,
(Eds. J.M. Findaly and R. Walker), Behavioral and Brain Sciences, 22, 661-721.
P.H. Schiller and I. Chou (2000) The effects of anterior arcuate and dorsomedial frontal cortex lesions on visually
guided eye movements:
1. Single and sequential targets Vision Research, 40, 1609-1626.
P.H. Schiller and I. Chou (2000) The effects of anterior arcuate and dorsomedial frontal cortex lesions on visually
guided eye movements:
2. Paired and multiple targets Vision Research, 40, 1626-1638.
E.J. Tehovnik, M.A. Sommer, I. Chou, W.M. Slocum and P.H. Schiller (2000)
primates Brain Research Reviews, 32, 413-448.
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P.H. Schiller and E.J. Tehovnik, (2001) Look and See: How the brain moves your eye about. In: Vision: From
Neurons to Cognition (Eds: C. Casanova and M. Ptito), Progress in Brain Research, 134, 127-142.
E.J. Tehovnik, W.M. Slocum and P.H. Schiller (2002) Differential
selection by macaque monkeys. Eur. J. NeuroscL, 16, 751-760.
A. Cao and P.H. Schiller, (2002) Behavioral
monkeys.
Vis. Res., 42, 1953-1961.
A. Cao and P.H. Schiller, (2003)
Vis. Neurosci., 20, 77-84.

assessment

effects of laminar stimulation

of motion parallax and stereopsis

contributions

as depth cues in rhesus

Neural responses to relative speed in the primary visual cortex of rhesus monkeys.

E.J. Tehovnik, W.M. Slocum and P.H. Schiller, (2003) Saccadic eye movements
striate cortex. Eur J Neurosci., 17, 870-878.
General

of V1 on target

evoked by microstimulation

of

to the field:

1. I had organized three symposia

the past two years:

(a) a symposium for the 2001 SFN meeting entitled Look and See: How the Brain Attends, Makes Choices
and Directs the Eyes. The participants were John Maunsell, Jeff Schall, Marc Sommer and I.
(b) a symposium for the 2002 AAAS Annual Meeting entitled How the Brain Selects Objects and Commands
Movement The participants were C. Gross, M. Graziano, E. Bizzi, D. Sparks and I.
(c) a symposium for the upcoming IBRO World Congress meeting entitled Look, See and Reach: How the
Brain Does It, that will take place in July, 2003. The participants will be E. Bizzi, C. Gross, R. Wurtz, G. Rizzolatti
and I.
2. We have presented our findings at numerous scientific meetings including the annual SFN and VSS meetings,
and meetings held in Tuebingen, Germany, and Montreal, Canada. For the 2001 VSS meeting I submitted the
winning logo that had appeared on the back cover of the program booklet.
3. As a result of our recent interesting findings, I have been invited to give numerous talks that include those given
at the Helmholtz Club in Irvine, at the Salk Institute, at the Max Planck Institute in Tuebingen, Germany, U.
Wisconsin, and the NSR meeting NEI, Washington.
4. I had written several book and encyclopedia chapters.
chapter in John Richard's book Cognitive Neuroscience
Guided Eye Movements.

I have had particularly extensive requests for the first
of Attention,
entitled The Neural Control of Visually

5. We had published several review articles, the most recent of which has been well received and widely read (E.J.
Tehovnik, M.A. Sommer, I. Chou, W.M. Slocum and P.H. Schiller. Eye fields in the frontal lobes of primates (2000).
Brain Research Reviews, 32, 413-448.).
6. Three students had gotten their PhDs in my laboratory -------- -------- ----------- -------- --- ------ the past four years,
bringing the total PhDs out of my lab to 24, with many of them now accomplished investigators in their own right.
7. I have a collaborative arrangement with Suzanne Corkin in our department
General to study target selection in patients with frontal, parietal and temporal

and with neurologists
lobe deficits.

at Mass

8. I have a collaborative arrangement with Dr. David Edell, InnerSea Technology, to develop a telemetry device for
indwelling microelectrodes in monkeys that is funded by a grant to him. This collaboration came about as a result of
my ongoing efforts to use indwelling electrodes in rhesus monkeys.
9. I have a collaborative arrangement with Nikos Logothetis, Andreas Tolias and Edward Tehovnik to study the
neural circuitry of saccadic eye-movement generation using imaging procedures. This work will be carried out in the
Logothetis laboratory in Teubingen, Germany which has two magnets available for this research.
10. We have put together an extensive website (http://web.mit.edu/bcs/schillerlab)
with 115 figures that describes
our work and provides a minicourse on vision and eye movement. This website contains description of our research
both on the visual and oculomotor systems and describes our recent work on electrical stimulation, pharmacological
manipulation, and express saccade generation.
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Research

Support

1 R01 EY08502-11
NIH/NEI
The Neural Control of Visually

Schiller

1/1/1991

(PI)

- 08/31/2003

$150,000
Guided Eye Movements

The major goals of this project are to investigate the functions of various brain areas in target selection
eye-movement
generation in the rhesus monkey and in the human subject.
5 R01 EY00676-32
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The research is carried out on behaving, trained rhesus monkeys and involves both single-cell
recordings and examination of the effects of selective ablations of visual cortical areas on visual capacities.
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Laboratory:

My laboratories occupy 2300 square feet in the Whitaker College Building at MIT. Eight rooms are devoted to the
research, two of which are electrode making facilities, one a histology lab, and one a general work area for data analysis,
programming and equipment repair. We have four independent, fully equiped monkey setups in four separate rooms,
each with its own complement of computers and other necessary equipment.
In each setup, two monkeys can be run
every day with ease. We experiment with 5-7 monkeys daily five or six times a week.

Clinical:

N/A

Animal:

Our animals are kept in a large holding facility where they are kept in three monkey rooms. This facility, run by a core of
veterinarians, also has four surgical suites, prep-rooms, and an X-ray machine.

Computer:

Our computing equipment includes six PDP-11/73 machines, 12 IBM PCs and two DataWave systems. We have several
graphics systems that include several TIGA and Number Nine boards.

Office:

We have four offices.

Other:

Funded by a CORE grant from the NEI, on which I am the PI, we have an excellent electronics shop and an instrument
shop. We have superb veterinary services.

MAJOR

EQUIPMENT:

List the most

important

equipment

items

already

available

for this project,

noting

the location

and pertinent

capabilities

of each.

The equipment in my laboratories includes numerous eye-movement
monitors, recording amplifiers, wave-form
separators, the above mentioned computing equipment, LED boards, touch panels, 3D display systems, microscopes,
electrode-making devices, shop equipment (drills, band saw, grinder, etc.), printers, copying machines, surgical tools and
many smaller items for carrying out our research. Major new pieces of equipment for electrode construction include a
microwelder, a parylene coater and a laser system for removing insulation from electrode tips.
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Plan

A. Specific

Aims:

There is growing evidence that areas V1 and V2, in addition to playing well-known,
central roles in processing visual information, are involved in target selection with visually
guided eye-movements.
The prime focus of this grant is to specify how these areas
contribute to this process. Recent findings in our laboratory have established that electrical
microstimulation
at low current levels has strikingly different effects in the supra and
infragranular layers of V1 and V2: In the supragranular layers electrical stimulation generally
interferes with the selection of a visual target placed in the receptive fields of the stimulated
neurons whereas in the infragranular layers such stimulation facilitates the choice of the
target55, 70. These and related findings indicate that areas V1 and V2 play a more central role
in target selection and in the generation of visually guided eye movements than had
previously been thought. To study this in more detail, a series of experiments are proposed
utilizing single-cell recordings, microstimulation
and the infusion of pharmacological
agents in
rhesus monkeys trained to perform on a variety of behavioral tasks. The proposed
experiments are formulated to answer the following questions:
A. To what extent is saccade generation by electrical stimulation of the supra and
infragranular layers of V1 and V2 a product of a phosphene being generated and/or the
product of a motor command?
B. What is the nature of the visual percepts elicited by electrical stimulation of the
supra and infragranular layers of V1 and V2? Are these percepts different when V1 and V2
are electrically stimulated?
C. Are saccades elicited by electrical stimulation of V1 and V2 due to (a) independent
signals sent from these areas to the superior colliculus (SC), (b) a product of V1 sending a
signal to V2 which in turn sends signals to the SC, or (c) a product of V2 sending a feedback
signal to V1 which in turn sends signals to the SC?
a

b

c

D. What are the roles of feed-forward and feedback
for visual analysis and for saccade generation?

circuits

between

areas V1 and V2

To answer these questions six sets of experiments are proposed as described in
section E. Based on our preliminary work described in section C, we have developed the
following sets of hypotheses the proposed work will test: (a) Both V1 and V2 play a central
role in target selection with saccadic eye movements.
(b) Visual analysis is carried out
predominantly
in the supragranular
layers of these areas, whereas in the infragranular layers
motor commands are generated to move the eyes. (c) The role of V2 in this process is to
provide a feedback to V1 that is central for target selection; the command for saccade
generation originates in V1 and is sent to the SC (and perhaps other structures such as the
lateral intraparietal sulcus, the frontal and medial eye fields).
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B. Background:
Over the last half century neuroscientists
have focused predominantly
on the sensory
contributions
of the visual cortex. This undertaking has led to numerous seminal discoveries
about how various visual areas in the occipital, parietal and temporal cortices contribute to
the analysis of the visual scene 1' 13,19,27,61,55 Far less attention has been paid to the
question of how signals generated in the visual cortex lead to the execution of motor acts, in
particular to the generation of visually guided saccadic eye movements to selected visual
targets in the visual scene. It is commonly believed that the frontal lobes are preeminent in
these operations 69. As early as 1888, however, Sch&fer 42had shown that electrical
stimulation of macaque V1 readily evokes eye movements, subsequently
also shown by
several other investigators 8' 14,15.These studies have established that there is a close link
between visual cortex and the generation of eye movements.
Electrical stimulation delivered
to the cells with microelectrodes
was found to induce a saccadic eye movement that shifted
the center of gaze into the receptive field (RF) of the stimulated neurons 21'22,37,38,4_
Prolonged stimulation induced a staircase of identical saccades much like in the superior
colliculus21,34, _9 Strikingly, responses elicited from both striate and extrastriate regions were
abolished following lesions of the superior colliculus 21'22, 45, suggesting that these areas gain
access to the brainstem saccade generator predominantly
by way of the superior colliculus.
If striate and extrastriate cortical areas are indeed involved in the generation of motor
commands, one might expect that some of the neurons in these regions are modulated
during the execution of visually-elicited
motor responses.
There are indeed studies that had
shown that unit activity in some V1 cells is enhanced when the occurrence of a visual target
in the receptive field is accompanied
by a saccadic eye movement that lands the fovea in the
center of the receptive field 3. It has also been observed that neurons in area V4 produce an
enhanced response during the execution of saccadic eye movements 1°' 11,75
Recently we have been studying the effects of electrical stimulation in areas V1 and
V2 when monkeys perform a target selection task with saccadic eye movements 55'7o. Two
targets were presented with various temporal asynchronies
in a free-choice situation, with
one of the targets placed into the receptive field of the electrically stimulated neurons. When
electrical stimulation was delivered to the supragranular
layers of V1 and V2 at current levels
below which saccadic eye movements could be generated, the target in the receptive field of
the stimulated neurons was chosen less often than when the target appeared without
electrical stimulation.
On the other hand, when electrical stimulation was delivered in the
infragranular layers, monkeys selected the target in the receptive field with greater frequency
than when the target was presented without electrical stimulation.
We had also shown that
this was accompanied
by increased saccadic latencies when the supragranular
layers were
electrically stimulated and decreased saccadic latencies when the infragranular layers were
stimulated 55. These effects are highly local as discussed in the Preliminary Studies section
and Figure 1.
We believe that these results are due to the fact that subthreshold

electrical

stimulation of the supragranular
layers of V1 interferes with the processing of the visual signal
created by the visual stimulus, whereas stimulation of the infragranular layers activates the
cortico-tectal
cells 9 thereby driving the eyes into the receptive field location of the stimulated
neurons.
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That the upper and lower layers of V1 play different roles in target selection with
saccadic eye movements is also supported by the fact that significantly less current is
needed to elicit a saccade in the lower than in the upper layers 68. This is discussed in more
detail in the Preliminary Studies section and Figure 2. A similar situation occurs in the SC
where stimulation in the lower layers can elicit a saccade with as little as 1-2pA but needs
more than 100pA in superficial gray 59. The central question that arises is whether monkeys
move their eyes because the stimulation generates a percept (a phosphene) or because the
stimulation generates a motor command by activation of layer 5 cortico-tectal cells 9. One of
the aims of the proposed work is to answer this question.
To better understand these effects, we injected GABA agonists (muscimol) and
antagonists (bicuculline) into V1 as monkeys performed on the two target task. We had
found that both agents disrupt the selection of targets presented in the receptive fields of the
treated neurons.
By contrast, bicuculline injection into the frontal eye fields (FEF) greatly
increased saccade generation to the target presented in the RF of the infused neurons in a
manner similar to that reported for the SC by Hikosaka and Wurtz 17. A paper submitted on
this work is enclosed.
Stimulation delivered to V1 in humans has long been known to induce the appearance
of phosphenes in the visual field 34. A phosphene has most frequently been described as a
circular white spot of light, sometimes with faint colors, with sizes well within the range of the
sizes of receptive fields that lasts as long as the duration of the electrical stimulation 4,7.80.
One study has also reported phosphenes perceived as circular dark spots. This fits with the
fact that two of the channels originating in the retina are formed by the ON and OFF-center
cells that provide excitatory signals for light increment as well as light decrement and appear
to be involved in the perception of lightness and darkness 49.
Based on our initial studies, the central hypothesis we wish to examine is that
electrical stimulation confined to the supragranular
layers results in the generation of a
phosphene which under some conditions can evoke an eye movement that shifts the center
of gaze to that location, whereas stimulation of the lower layers elicits a motor command.
The generation of saccadic vectors to visual targets in the process of target selection
has been studied behaviorally both in humans and monkeys 24'43. Work in monkeys carried
out in our laboratory has shown, as discussed in the Preliminary Studies section, that when
two identical targets are presented, the frequency with which vector averaged saccades are
generated depends on the angular separation of the two targets; vector averaged saccades
are rare with an angular separation of 90 degrees and become progressively
more frequent
as the angular separation is decreased 5. Figure 5, A and B shows such data. By contrast,
when two sites are electrically stimulated in the SC, the FEF or when one electrode is placed
in each structure, vector averaged saccades occur throughout, even with an angular
separation of 180 degrees between the vectors. The differences seen in generating vector
averaged saccades with visual and electrical stimulation suggests that visual target selection
involves more than just excitatory signals. There is now increasing evidence showing that
inhibitory circuits and their modulation play a central role in target selection with saccadic eye
movements 55. This evidence in turn suggests that the selection of a visual stimulus with
saccadic eye movements requires that decisions be made not only about where to look but
also where not to look, a process that is often conceptualized
in terms of attentional shifts 24.
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To answer the questions posed here and to test the hypotheses delineated in the Specific
Aims section, we plan to carry out six sets of experiments as described below. We believe that this
effort will establish that areas V1 and V2 play a central role in target selection with saccadic eye
movements and will succeed in specifying how this is accomplished
in these areas.
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studies:

The proposed work stems
had 45 publications (23 full length
under review (see in G-H, Papers
bearing on the proposed research

from research we had carried out the past 4 years during which we
papers and 22 abstracts).
We have several papers in press and
in press andpapers
under review). The papers that have a close
are described under sections 1-9 below.

Prompted by the critical comments made by the referees in the previous submission of this
grant we have carried out a number of experiments
during the past several months to test the
feasibility of our procedures and to meet the criticism that our proposed undertaking is risky. These
preliminary experiments
are described under sections 5-9 below. Also added here are data from
previous work that place our proposed effort on sounder footing (1-4).
Our recent findings
1. The effects
movements:

are also described

of cortical

electrical

on my website,
stimulation

http://web.mit.edu/bcs/schillerlab.

on target selection

with saccadic

eye

We have published several studies in which the effects of subthreshold electrical
microstimulation
were examined in V1 and in V2 as well as in areas V4, LIP, FEF and MEF 5s'7°' 71 In
all of these areas except for V4, subthreshold electrical stimulation could influence target selection
with saccadic eye movements.
In areas V1 and V2 stimulation of the supragranular
layers produced
interference whereas in the infragranular
layers produced facilitation.
Interference was always
accompanied
by increased latencies in saccade execution.
These findings provide new inferences
about the manner in which the brain goes about selecting visual targets with saccadic eye movements
and suggests that the infragranular layers of Vl play a central role in generating saccadic eye
movements,
most likely by virtue of the activation of the cortico-tectal
cells. The papers on this work
are enclosed.
2. How local is the interference
An important
electrical stimulation

effect produced

by electrical

stimulation

?

question regarding the interference and facilitation effects we had obtained with
is how local the effects are. To determine this we had stimulated a number of

sites in area V1 to assess the spatial area over which the electrical stimulation produces the
interference effect we had discovered.
Figure 1 shows representative
data. Here we determined
the
extent to which electrical stimulation produces an increase in saccadic latencies as a function of the
distance of the visual target from the center of the receptive field of the stimulated neurons.
The data
show that the effect is highly local. The RF of the stimulated neurons was 4 degrees from the fovea in
the lower quadrant.
The affected area represents less than one degree of visual angle.
3. Detailed
movements:

study of the effects

of electrical

stimulation

in Vl on saccadic

eye

Experiments were performed to assess the excitability of neural elements activated while
inducing saccadic eye movements electrically from different layers of V168. Figure 2 shows current
threshold levels as a function of depth of stimulation.
The data show that minimum current thresholds
for the evocation of saccadic eye movements occur in the deepest layers of VI. This suggests that
the functions of the layers for eye-movement
generation are different.
Further support for this comes
from the finding, noted above, that stimulation of the upper layers produces interference and
stimulation of the lower layers facilitation in target choice. Numerous other studies have established
functional differences among cortical lamina, with the lower layers in many cases associated with
outputs leading to motor acts 9' 28,29,32,36 A similar situation is seen in the SC where dramatically
less
current is needed to elicit a saccade in the deeper layers than in the upper layers _9. The recent
publication on the depth effects of V1 stimulation is enclosed 88.
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agents applied to V1, LIP and the FEF on target
eye movements:

play in areas Vl,

LIP and the FEF in target selection

with saccadic

can produce either interference or facilitation in Vl, depending on the subregion stimulated (see
above), it is possible that these effects are due to the activation of either inhibitory or disinhibitory
circuits. Our results show that in V1 both bicuculline and muscimol interfered with target selection as
well as with visual analysis whereas in the FEF bicuculline greatly facilitated saccade execution and
muscimol inhibited it. In LIP these substances had no significant effects on target selection and visual
processing.
A paper on this work has been submitted.
A copy is enclosed.
5.

Temporal

factors

in target

selection

with saccadic

eye movements:

In preparation for the work proposed in this grant application, we had carried out a study in
which we assessed how monkeys select visual targets with saccadic eye movements and what the
latencies are with which saccades can be initiated. To do so we compared saccadic latencies when
single targets, paired targets and a discrimination
task was used. Quantitative
data were collected to
specify saccadic latencies on these tasks when the parameters of the visual stimuli were varied. This
work is in press; a copy is enclosed.
We have several other publications in which experiments
are
reported using the two target task s, sl, 52.
6. Principles

of vector averaging

with visual and electrical

stimulation

in various areas:

Here we show data we and others had collected previously that pertain to three questions: (1)
What happens when a brain site is exposed to prolonged electrical stimulation and (2) What happens
when two sites are activated simultaneously
by either visual or electrical stimulation?
(3) What
happens when we electrically stimulate the left and right Vl areas at the same time? Figure 3 shows
data obtained by Keating and Gooley 2_ when stimulating V1 and data obtained by us when
stimulating the SC 59. Prolonged stimulation in each of these areas (as well as in the FEF) produces a
staircase of saccades.
Numerous studies have demonstrated
this 37'38 67 Figure 4 shows
schematically
that brief, simultaneous
stimulation of two sites in the SC leads to vector averaging.
It
has been shown that such vector averaging occurs under all conditions ..........
when electrodes
are placed in the right and left hemispheres and generate saccades in opposite directions;
similar
results were obtained when the FEFs were stimulated and even when one electrode was in the FEF
and the other in the SC 57. It is not known what happens with paired electrical stimulation of V1 and
V2, which is one of the proposed lines of study. Figure 5 shows what happens, when in contrast to
electrical stimulation, two visual targets are presented simultaneously.
In Figure 5, A-C, eye
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movements elicited to single targets and to two targets are shown. Vector averaging is rare at large
angular separations of the visual targets but increases dramatically as the angular separation is
decreased.
Figure 5 C graphs these results and also shows that vector averaging always occurs with
electrical stimulation.
Figure 5 D schematizes
the hypothesized
results when the upper and lower
layers of V1 are stimulated.
Such findings would suggest that stimulation of the upper layers
generates a phosphene whereas stimulation of the lower layers generates predominantly
a motor
command.
If the prime effect of electrical stimulation is to create a phosphene,
as we suggest
happens with stimulation of the upper layers of V1 and V2, simultaneous
electrical stimulation at two
sites should produce results similar to those obtained with two visual stimuli. If on the other hand a
motor command is produced by electrical stimulation, as we suggest happens when the lower layers
of V1 and V2 are stimulated, paired electrical stimulation should produce vector averaged saccades.
Shortly before the resubmission
of this grant application we did succeed in running one
experiment in which we stimulated the left and right V1 areas at the same time. We placed one
electrode into each V1 of a monkey. After mapping the RFs of the neurons at the tip of the two
electrodes, we electrically stimulated these sites either singly or together.
Intermingled with the
electrical stimulation we presented visual targets in the receptive field, again either singly or in pairs
with varied temporal asynchronies.
Figure 5, E shows selected eye-movement
records indicating that
our method works, and that this approach is likely to provide interesting new data once we
systematically
examine the effects of electrical stimulation in the supra and infragranular
layers of V1
and compare such data with those obtained by stimulating the FEF under identical conditions.
The
data we had obtained show that paired electrical stimulation of the intermediate and lower layers of
V1 does yield vector averaged saccades with a higher probability than do visual targets that yield that
same saccadic vectors. (The tip of the electrodes was 0.9mm and 1.9mm below the cortical surface in
the left and right Vls and we stimulated for 80ms at 200Hz, using currents of 30pA and 20pA.)
7. Can the proposed
stimulation
effect?

two target task provide

reliable

data for assessing

the electrical

We carried out pilot studies in two monkeys trained on both the two target task and the
discrimination
task. The purpose of these experiments
was to determine how well one can succeed in
setting up equivalence points for contrast size and duration between a visual target and electrical
stimulation.
How these experiments are carried out is outlined in Figure 6 and is also described in the
Methods section.
First the receptive field of the neurons at the tip of the electrode was mapped out
(Figure 6-1). Second we electrically stimulated that shifted the center of gaze into the receptive field
location (Figure 6-2). Third we presented either two visual targets with varied temporal asynchronies
with one of the stimuli in the RF (Figure 6-3) or we paired electrical stimulation with the target at the
other location. The left column in Figure 7 shows data obtained with two visual targets and the right
column shows data obtained when a visual stimulus, whose parameters were varied, was paired with
electrical stimulation.
Figures 7A and B show data when the contrast of a visual target was varied
and size was kept constant at 16 minutes in diameter. The data generated in Figure 7B are for three
current levels and indicate that the visual target equivalent to the electrical stimulation (50%
crossover) ranged between 6 and 10 percent contrast.
Figure 7C (two visual targets) and 7D
(electrical stimulation and one visual target) show data collected when the size of the visual target
was varied whose contrast was set at 8% showing that the crossover point was when the target was
16 minutes in diameter. These data suggest that we can reliably determine the visual equivalence
points for electrical stimulation.
Similar procedures can be employed to determine other
equivalencies
such as color and shape.
Figure 7E and F in which the duration of the visual stimuli
was varied will be discussed below.
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Establish RF and MF

map RF

Electrically

Fi,qure 6: Procedures used to assess images
created by electrical stimulation: 1. Map
receptive field. 2. Electrically stimulate to
vet fy the gaze shits into receptive field center.
3. Paired iarget task in whicl_ two vsuai

stimulate

Two target task

targets are presented with varied tempora_
asynchronies with one target in the RF.
4. Pairetectrical stimulation with one visual

!

target whose attributes are systematically
varied. 5. Discrimination task in which
several stimuli are presented one of which
is different from the others. The composition
of the distracters is varied in contrast, size,

l ........
Two visual

targets

Target

Discrimination

Visual targets, one target different

paired with electrical

stimulation

task

Electrical stimulation,

color and shape. 6. The distracters are
presented in concert with electrical stimulation.
Conditions 2 and 3 are presented in
randomized order as are conditions 5 and 6.

no target in RF

8. Can the proposed discrimination
electrical stimulation
effect?

task provide

reliable

data about assessing

the

We examined how well the discrimination
task works when electrical stimulation is paired with
distracters whose contrast and size are varied. Trials in which a visual target was presented with five
identical distracters were interspersed with trials during which electrical stimulation was paired with

target appearing at other locations thereby successfully minimizing the emergence of possible
position preferences.
The RF locations in this case were somewhat more eccentric than in the two
target case described above (4.6 degrees).
On visual trials the animal was rewarded only when a
direct saccade was made to the target whose contrast was held constant at 26%. The contrast and
size of the distracters were varied as indicated in Figure 8G and 8H. On electrical stimulation trials a

generated
stimulation

that will allow us to determine
and visual targets.

9. Does brief

electrical

equivalence

stimulation

produce

points between

a persistent

the effects of electrical

phosphene?

Here we present severa_ lines of evidence to deaf with the criticism that brief electrical
stimulation might create a persistent image which would thereby render one of our proposed
experiments
using the sequential presentation task questionable
(now Experiment 3). Here we
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present four lines of evidence that this is not the case: (1) Published studies had shown that in
humans the image created by electrical stimulation of Vl last about as long as the duration of the
stimulation suggesting that there is no persistence in the electrically elicited percept 6°. (2) If the image
persisted after brief electrical stimulation, a staircase of saccades would be produced, since that is
what is obtained with prolonged electrical stimulation (Figure 3). This never happens with brief, 50100ms of stimulation durations (based on tens of thousands of electrical stimulation trials in V1 ). (3)
We trained a monkey to select targets on the basis of their duration using the two target paradigm.
This is shown in Figure 7E and F. The data in Figure 7E show (a) that when two visual stimuli are
presented the monkey has a clear preference for the longer duration stimulus.
Figure 7F shows that
wnen visual targets of varied duration are paired with electrical stimulation of a constant duration
(80uA), the equivalence point is close to the point at which the visual target was of the same duration.
(4) Next, we trained a monkey to make sequential saccades to successively
presented targets or to a
single target followed by electrical stimulation (Experiment 3 in section D). The visual targets were
presented with varying duration and with varying temporal offsets. With the minimal temporal offset,
both visual targets terminated before the monkey could initiate a saccade.
Figure 9A on the left
shows the layout of the visual targets. The first visual target always appeared at position 1 and was
followed by one of four possible visual target locations, 2a-d. The relevant locations for which eyemovement data are shown are positions 2c and 2d. The eye movement records are shown only for
trials when the stimulus sequence was terminated before the animal initiated his saccades.
As can be
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shifts into the center of the receptive field. Figure 9C is the crucial task where, following the brief
appearance target 1, electrical stimulation is administered.
The data collected here show that when
electrical stimulation is terminated before any saccade is initiated, the second saccade shifts the
center of gaze to the location of the RF relative to the fixation spot. On the other hand, when the
e ectr ca st mu at on s administered
afterthe saccade has been made to the first target, the second
saccade terminates at the pos tion where the receptive field of the stimulated neurons is relative to the
first target. These find ngs lead to two conclusions:
(1) The electr ca y nduced image appears to
have no persistence
(if tl_ere were persistence, the sac'cade induced by the electrical stimulation using
the short sequence would land at the location of the RF relative to target 1 and not the original site of
the RF relative to the fixation spot) and (2) the finding, obtained by stimulating the upper layers of Vl,
supports the phosphene hypothesis.
The crucial question is what happens when the lower layers of
Vl are stimulated.
The motor command hypothesis would predict all electrically triggered saccades to
have the same vector as that elicited by stimulation in the absence of a visual target as in Figure 9B.
We have not yet performed this test.
On the basis of the evidence presented here we believe that the proposed studies are
considerably
less risky than it appeared in the previous application and is likely to yield significant
information about the role of areas V1 and V2 in target selection with saccadic eye movements.
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methods:

We have developed and tested five behavioral paradigms for the proposed work _1'_2. Notable
is the fact that the monkeys can readily be taught to perform on all of these tests. We presently have
four monkeys who can do all of these tasks. Monkeys typically run 2000-4000 trials a day which
means that reliable psychometric
functions can be generated after a single session. The following is
a description of each of these tasks. The rationale for using these tests is provided in the description
for the proposed experiments
in the next section (E). The behavioral tasks will be carried out in
conjunction with single-cell recordings, microstimulation,
and the administration
of pharmacological
agents.
a. Fixation task for receptive field (RF) mapping:
Monkeys are trained to maintain fixation on
a red fixation spot for 2-4 seconds at which time a red target appears in one of four locations.
The
monkey is rewarded with a drop of apple juice for making a saccadic eye movement to this target.
While maintaining fixation on the fixation spot a white bar is swept across that portion of the visual
field where the RF is located. On each trial a single sweep is made. The orientation and size of the
bar, its velocity and range of the motion can be systematically
varied. Using this procedure the RF
can be mapped with high accuracy.
Subsequent
to mapping, a small, stationary spot is flashed in the
RF wh e fixat on is maintained.
Accurate placement of th s spot n the RF results in a vigorous burst
of spikes in V1 and V2 cells under these conditions.
Further assessment
of RF organization
is
possible by varying the size, co_or, and shape of the flashed
considerable
experience with these procedure 77.

stationary

stimulus.

We have

b. Detection task: Following fixation of the central fixation spot, a single target is presented in
one of several (4 to 8) locations.
A saccade made to this target is rewarded with a drop of apple juice.
Threshold sensitivity can be established by generating psychometric
functions using stimuli of varied
PHS 398/2590 (Rev. 05/01)
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contrast•
The monitors we use are lineadzed s4. To minimize guessing and the emergence of position
habits we use several procedures: One of these is that monkeys are rewarded approximately
Y2 the
time for continuing to maintain fixation on the fixation spot for 400-700ms when no target is shown
(catch trials). This time value is 3-5 times longer than it takes to make a saccade to a target when it
does appear. Since making a saccade to a target, when presented, takes less time, monkeys prefer
to do so rather than to maintain fixation; however, they usually keep fixating the fixation spot when
there is no target shown or when they do not perceive one. A second variable is the duration of the
fixation spot, after the monkey has fixated it; this time is varied before the target appears (typically
between 200 and 250ms). This means the animal s not nc ned to anticipate target appearance.
Targets can be presented at various contrast levels, colors and shapes and can be made visible by
virtue of ether
ght increment or light decrement.
By systematically
varying target parameters
(contrast, shape, color, etc.) we can specify the RF organization
of single cells and how such
organization

might change when

c. Two target task:

recording

Following

in V1 while inactivating

fixation, two targets

V2 or vice versa.

appear that are presented

with various

temporal asynchronies
(as shown in Figure 6). The targets may be identical or they may differ in
contrast, size, shape or color. The probability with which one or the other target is chosen is plotted
as a function of the temporal asynchrony
between the targets and/or the difference in stimulus
parameters.
We have used this procedure repeatedly and can attest to the fact that it is a highly
reliable, consistent and sensitive method that can specify exactly the temporal changes involved in
information processing 51. Figure 7, as described in the Preliminary Studies section, shows examples
of data. This procedure, which we had used in a number of studies, is a variant of one used in
patients that examines the "extinction phenomenon,"
and hence has significant clinical implications 2.
As described in Experiment 6 below, the two target task will also be used to determine
whether and under what conditions single-cell activity is different when a saccadic eye movement
is not made to the target that is placed into the RF of the units under study.

is or

d. Discrimination
task: The discrimination
task uses the oddity paradigm in which several
stimuli are presented simultaneously,
one of which is different from the others. The procedure has
been described in Figure 6. The basic form of this paradigm is the following: After the animal fixates a
•
"is different
"
central fixation spot, several stimuli appear (4 to 8), one of whch
from t he 0 thers 46. The
animal is rewarded onlv when he makes a saccade to the odd stimulus which is the target.
Psychometric
functions can be generated by systematically
varying the difference between the target

stimuli

are identical.

As described in Experiment 6 below, the discrimination
task will also be used to determine
whether single-cell activity is different when a saccadic eye movement is or is not made to the target
that is placed into the RF of the units under study. This is accomplished
by collecting data under two
conditions in which the stimulus parameters for the target and the distracters are reversed.
For
example, the target could be a red disk and the 3 to 5 distracters could be green disks for one set and
the reverse, a green target and red distracters, for the other set. This way one can compare
responses given to the same stimulus when it is and is not the choice of the saccadic eye movement.
We had used this procedure successfully
in the past and at present have three monkeys that perform
this kind of reversal task with ease 51 52.
e. Memory guided saccades using two successive targets: Procedures similar to those
described above in c. wilt be used. The targets will be presented successively for short durations and
with a variable gap time between them. The duration of the two targets and the interval between them
will be varied. /_t the shortest durations the sequence will be terminated before the animal initiates his
first saccade.
Thus the eye movements under these conditions can be said to be memory guided, but
involve very short-term retention of target positions.
Unlike the two target task described in c., the
animals will be required to make two saccaaes, with the first one to the target that had flashed on first,
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and the second to the target that had appeared second. Juice reward will be given after completion of
the two successive saccades.
Once trained on this task the experiment will involve trials on which,
instead of the second visual stimulus, brief (50ms duration) electrical stimulation will be applied. This
paradigm will be used to determine whether the saccades elicited by electrical stimulation generate a
phosphene or a motor command.
The results of our preliminary
studies using this procedure were
described in the Preliminary Studies section and in Figure 9.
2. Eye-movement
recordinq: We use the soleral search coil method with a sampling
or 2ms. The accuracy of our system is better than 0.2 degrees.
3. Single-cell

rate of either 5

recordin_

a. Recordings from single sites in V1 and V2: Recordings will be made in Vl and V2 through
an implanted well that enables us to gain access to Vl and V2 neurons with receptive fields in the
lower visual field at 2 to 6 degrees of eccentricity.
Most recordings will be made 2 to 7 mm posterior
to the tunate su|cus where, by virtue of the posterior fold-back of the occipital cortex, V2 is located
right under Vl. Standard g ass-coated platinum/iridium
electrodes made in our laboratory will be
used. They are well suitect not only for recording but aiso for electrical stimulation.
The data we
gather are stored and analyzed using BrainWave Systems and specially developed analysis routines
with which we have extensive experience zs' 77. The electrodes we make can isolate single cells
reliably.
b. Recordings from two sites in VI and V2: In several of the proposed experiments
we will
record/stimulate
two sites at the same time in Vl and V2. With the aid of our NEI CORE Grant we
have constructed a special well through which two microelectrodes
can be lowered into the brain.
This system allows us to independently
advance and reposition the electrodes.
This procedure will
enable us to (1) record and stimulate in various combinations
two sites in Vl and V2 or one site in
each structure, (2) make repeated penetrations until the neurons at the tip of each electrode in Vl and
V2 have overlapping receptive field locations when this is the aim, and (3) use recording/injection
electrodes (see below) to infuse pharmacological
agents at desired sites.
5. Microstimulation:

Microstimulation

in Vl and V2 will be carried

out through

glass-coated

platinum-

iridium microelectrodes
which, prior to initiating stimulation, can be used to study the properties of
single cells at the tip of the electrode and to map the receptive field locations of the cells. Stimulation
will be carried out both singly and when two electrodes are inserted into Vl and V2 either at different
sites in each structure or at corresponding
RF sites in the two structures.
This procedure will be
described specifically in the proposed experiments
in the next section.
Electrical stimulation will be carried out using a range of currents (1 to 50,uA) and frequencies
(100-400Hz) and will always employ biphasic cathodal/anodal
stimulation with pulse widths of 0.2ms.
Current spread is an important consideration
for the proposed work as in some experiments we plan
to selectively confine electrical activation of neural tissue to the supra and infragranular
layers of Vl
and V2. Current delivered to neural tissue through a microelectrode
spreads according the square
root of the current divided by the square root of a constant 66. This constant can range from 300 to
3000 pA/mm2 for large pyramidal tract cells with an average of about 1000 pA/mm z' 64 The constant
reflects the excitability of a neural elements 1 mm away from the electrode tip: an element having a
constant of 1000 ,uA/mm 2 would require a 1000pA current to be activated 1 mm away 50% of the time.
The greater the current-distance
constant the less the conduction velocity of an axonal element 16 20
To estimate the spread of current in Vl, we use a current-distance
constant of 1000 ,uA/mm 2. This is
a conservative estimate given that the neuronal elements in primate V1 tend to be smaller and
therefore less excitable than those in other parts of cerebral cortex 33' 35.39.
indeed, the conduction
velocity distributions
of pyramidal tract neurons exiting V1 tend to be significantly
large pyramidal neurons _. Using the equation, r = (I/K) 1/2, where r is the distance
spread from the electrode
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to V1 activates

elements

within 0.17 mm from

the electrode tip. Thus currents at or below 30 pA can directly activate elements confined to a fraction
of the thickness of gray matter in Vl, which is about 2 mm 33, and within the width of an ocular
dominance column, which is about 0.5 mm 18'26. Cell counts have shown that Vl of macaque
monkeys contains about 120,000 neurons per mm 3 of cortical tissue 29' 36. Since currents of 30/IA
activate neurons w thin 0.17 mm from the electrode tip (calculated above), such currents should
activate from 14 to 2,500 neurons. This ca cu ation assumes a uniform cell dens ty across a I V1
layers. It appears therefore that the maximal
cytoarchitectural
boundaries of Vl.

effective

spread of the current

lies welt within the

Another central consideration
for some of the proposed studies is the latency with which
electrical stimulation of Vl and V2 can initiate a saccadic eye movement.
We had made a detailed
study of this and found that latencies decrease with increasing current. With currents of less than
30pA, the levels that will be used in most of the proposed experiments,
saccadic latencies produced
by electrical stimulation of Vl and V2 range between 80 and 150 ms, which is quite similar to the
latencies elicited by visual stimuli of varied contrast. At current _evels 10 times above threshold
saccadic latencies shorten to 45-55ms.
6. Pairinq microstimulation
with the presentation
of visual tarqets: To assess the effects of electrical
stimulation using the various behavioral tasks that involve paired targets, sequential targets and the
discrimination
task as described above, on some trials the visual stimulus that appears in the RF is
replaced by electrical stimulation.
To take into account the fact that visual stimuli activate neurons in
Vl with a delay of 25-30ms for targets having contrasts of 30-80%, we delay the onset of electrical
stimulation by this amount. This then means that the time course of visual signals and electrical
stimulation
is comparable. The duration of both the visual stimuli and the electrical stimulation will
range from 34 to 100ms. When brief durations are used this means that saccadic eye movements are
initiated after the cessation of visual and electrical stimulation.
7. Pharmacology:
For the experiments proposed it is essential that (1) small volumes and low
concentrations
of pharmacological
agents are used and (2) these agents are delivered to exact
locations in VI and V2. To accomplish this we have developed an injection/recording
electrode that
can meet these requirements and can go through the dura intact. This system consists of a standard
glass coated platinum/iridum
microelectode
that is attached to a 31 G hypodermic needle, with the tip
of the electrode within 1/amm of the needle opening.
Pharmacological
agents are injected using a
micrometer driven 5/JL Hamilton syringe connected to the injection/recording
electrode with fine
plastic tubing. We have used this system with considerable
success so far in more than 50 injections.
The effects of the injection are first monitored with neural recordings with the microelectrode.
We
then determine the behavioral effects of the injection. We have found, for example, that injection of
1.0pL of 0.5pg/uL muscimol in Vl affects approximately
a sphere of cortical tissue 2-3mm in diameter
representing a ¾ degree diameter area of the visual field at an eccentricity of 3 degrees from the
fovea. The pharmacological
agents we plan to use are the GABA agonist muscimol and the GABA
antagonist bicucuiline.
These agents will be infused into Vl or V2 and their effects will be examined
in the other, topographically
correspondiqg
structure using both single-cell recordings and
microstimulation.
8. Procedures

for placing

electrodes

into the supra and infragranular

layers of V1 and V2:

We have developed and used over a hundred times, a reliable procedure that allows us to
accurately specify the depth at which the tip of the electrode is located in V1 and V2 6& 70, 71,72.
We
have published a methods paper describing the procedure 68. After the electrode is advanced into the
brain as indicated by the emergence of neuronal activity, the electrode is withdrawn 2 mm and left to
settle for a 1 hr period. We have found that the electrode descends an average of 0.76 mm into
cortex over the next 60 minutes by virtue of the fact that initially a dimple is created that presses the
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brain down. After having waited an hour, the electrode is advanced again while a bar of light is swept
repeatedly across the visual field. After mapping the receptive field, the electrode is retracted again
until the unit activity of V1 is just barely detectable.
We define this location as the starting depth of the
cortical surface. We then proceed to study the supragranular
layers. After having done so, the
electrode is advanced further. Throughout, we examine the extent to which the cells can be
binocularly activated by occluding either eye. The highest degree of monoculafity
is in layer 4c. Once
below this, binocularity becomes much more pronounced.
This is a good indicator that the tip of the
electrode is now in the infragranular layers. We have used these procedures with considerable
success 68. A third line of evidence confirming the depth or recording/stimulation
is histological.
Once
experiments
on any given monkey near termination, a series of penetrations will be made during
which tissue is marked as described next.
9. Histological

procedures:

Two methods will be used to mark the location of our electrodes within the layers of V1 and
V2. First, a DC current of 10pA will be delivered for between 10 and 30 seconds to produce a
punctate lesion (i.e. less than 200pm in radius) at the electrode tip 6'63. Next, to induce marker lesions
for the long term, we will also pass current through a stainless-steel
electrode and process the tissue
using the Pefls' Prussian Blue method for staining iron deposit at the electrode tip 23.
10. Data collection

and analysis:

We have four independent
recording setups in the Schiller Lab, each computer controlled.
Two of the setups utilize a BrainWaves System (Data Waves Technology).
The set of data we will
collect in the proposed experiments
include the following:
(1) Single or multiple cell activity relative to
stimulus presentation and eye-movement
generation,
(2) Percent correct performance on the
behavioral tasks, (3) Saccadic latencies obtained with visual stimuli and electrical stimulation, and (4)
Direction and amplitude of the saccadic vectors generated.
We have several data analysis packages,
the details of which appear in our publications 7s'77

H) FEEDBACK THEORY:
To generate saccades to visual targets with the accuracy of which we are capable (less than
10% error), a well-defined sensory or motor topography
is needed. As noted in the Background
section, we hypothesize that area V1 is centrally involved in the generation of saccadic eye
movements to visual targets; the topography
and the nature of the projections from V1 allow for the
Visual

field

saccade

V2 etc

I

1

pattern selective feedback

Figure 10. Target selection model for
saccade generation through V1.
SC = superior colliculus
BS = brainstem
LGN = lateral geniculate nucleus

V1
match
SC
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accuracy realized in saccadic eye-movement
generation.
Further support for this hypothesis derives
from the fact that saccadic accuracy is largely retained after frontal and medial eye field lesions.
We
have developed a model, shown in Figure 10, according to which feedback circuits from higher visual
areas activate columns in V1 with certain figural attributes.
The region where this activation combines
with the retinal input having similar attributes can then generate a specific saccade.
There is
considerable
evidence documenting
the importance of feedback circuits to Vl, some of it from our
own laboratory 12' 40, 41, 75, 77

III) DESCRIPTION OF THE PROPOSED EXPERIMENTS:
Six experiments are described here. They are designed to assess the roles of V1 and V2 in
visual target selection with saccadic eye movements.
Experiments
1,2, and 3 examine the effects of
electrical stimulation in V1 and V2 on target selection with saccadic eye movements.
These
experiments
are designed to determine the extent to which stimulation of the supra and infragranular
layers of V1 and V2 produces a sensory impression or a motor command to move the eyes.
Experiments
4 and 5 are designed to determine the perceptual correlates of electrical stimulation of
the supra and infragranular layers of V1 and V2 using two behavioral paradigms, the two target task
and the discrimination
task. Experiment 6, the most technically demanding of the set, examines
interactions between V1 and V2 by recording and stimulating in one of these structures while the
other is infused with either muscimol to increase inhibition, or bicuculline to release the area from
inhibition.
Several of the experiments will be carried out concurrently and for the most part will use
the same animals after they have been trained on the behavioral tasks we plan to use. We believe
that this series of experiments can be completed in a period of five years.
1. The effects

of paired electrical

stimulation

within either

Vl or V2:

Rationale:
When two sites are electrically stimulated simultaneously
in the SC and/or the FEF, the
resultant saccade is a vector average of the saccades elicited independently
from either site; this
occurs regardless of the angular separation of the motor fields of the two sites relative to the fixation
spot and also occurs when one of sites stimulated is in the SC and the other in the FEF 38's6. By
contrast, when two visual stimuli are presented simultaneously,
vector averaged saccades seldom
occur when the angular separations in excess of 60 degrees (see Figure 5). These effects have been
well documented
in our laboratory s. Since we hypothesize that stimulation in the upper layers of V1
and V2 creates predominantly
a visual percept (a phosphene) and in the lower layers initiates a motor
command (which may or may not be associated with the perception of a phosphene),
we expect the
following:
In the supragranular
layers paired electrical stimulation will elicit saccadic vectors similar to
those obtained when two visual stimuli are presented in the RFs of the neurons at the tips of the
electrodes
(i.e. when the visual stimuli are separated by more than 50 angular degrees, vector
averaged saccades will be rare). By comparison,
when the infragranular are stimulated, electrically
evoked vector averaged saccades will occur routinely irrespective of the angular separation between
the RFs of the two sites.
Questions
posed:
1. When two sites within V1 or V2 are electrically stimulated at the same time, is
the elicited saccade a vector average of the saccades elicited singly from each site? 2. Is there a
difference in the effects obtained in V1 and in V2? 3. Is there a difference when the supragranular
or
the infragranular
layers are stimulated?
4. How are the saccadic vectors elicited by the paired
electrical stimulation different from those obtained when two identical visual targets are presented in
the RFs of the neurons?
5. How are the results obtained in V1 and V2 different from those obtained
in the FEF?
Hypothesis:
Stimulation at comparable
current levels in the supra and infragranular layers of V1 or
V2 has different effects: In the upper layers a phosphene is created whereas in the deeper layers, by
virtue of activating the cortico-tectal
cells, a motor command is generated.
Consequently
electrical
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stimulation in the upper layers should produce results similar to those obtained with visual targets
whereas stimulation in the infragranular
layers should produce vector averaged saccades at all
angular separations.
Procedures:

Two electrodes

will be lowered

into either V1 or V2, with one in each hemisphere.

This

will be accomplished
by either positioning two wells, one over each hemisphere, or, preferably, by
having one large well placed centrally to straddle both hemispheres.
After mapping out the receptive
fields of the neurons at the tip of the electrode, we will first assess the saccades generated when each
site is stimulated singly and then proceed to paired stimulation.
Electrical stimulation trials will be
interleaved with the presentation of one or two visual targets. The paired visual targets will be
presented with various temporal asynchronies
with the visual targets placed in the receptive fields of
the neurons as described in the Methods section. The relative amount of electrical current delivered
to each of the two sites will be systematically
varied. The last step in this study will be to compare the
effects one obtains with paired electrical stimulation of V1 and V2 with those obtained when the FEF
is stimulated.
Preliminary
work:
Shortly before submission of this application we carried out one experiment in
which we lowered electrodes into the left and right VI. We plotted the RFs, and then ran the animal
under the following conditions:
(1) single visual targets placed into the RFs, (2) paired visual targets
presented with various temporal asynchronies,
(3) electrical stimulation administered singly at each
site, (4) paired electrical stimulation administered
at a variety of currents. A sample of the data
obtained appear in the Preliminary
Studies section and in Figure 5D.
Significance:
If, as hypothesized,
paired electrical stimulation of the supragranular
layers of Vl and
V2 produces effects similar to those obtained with visual stimuli whereas in the infragranular
layers
produces vector averaged saccades, the argument that the supragranular
layers perform visual
analysis and the infragranular
layers generate motor commands will be strengthened.
Any other
outcome will also be important and informative.
2.

The effects of paired electrical

stimulation

between

Vl and V2:

Rationale:
This study is an extension of the previous one and addresses three questions.
saccadic vectors are elicited when electrical stimulation is administered
with one electrode

1. What
in V1 and

the other in V2 when the receptive fields of the neurons in the two areas are in different locations?
2.
What happens when the receptive fields of the neurons overlap? 3. How do the results obtained with
electrical stimulation compare to those obtained when visual targets are presented in the RFs? 4.
How does electrical stimulation of the supra and infragranular layers differ?
Hypotheses:
There are several possible alternatives as to how V1 and V2 could contribute to the
generation of visually guided saccadic eye movements:
(1) V2 could provide a feedback to V1 that is
excitatory or disinhibitory
(2) V2 could provide a feedback to V1 that is inhibitory, (3) both V1 and V2
could independently
send excitatory feed forward signals to the SC for saccade generation.
Comparing the effects of electrical stimulation between these two structures when the receptive fields
of the stimulated neurons do and do not have corresponding
visual field locations should provide an
answer to these alternatives.
If paired electrical stimulation of neurons with corresponding
RFs in V1
and V2 yield saccades at significantly
lower thresholds than when they are stimulated singly,
alternative 1 would be likely. On the other hand, if such paired stimulation were to raise threshold,
alternative 2 would be likely. If stimulation of non-corresponding
areas of V1 and V2 were to produce
vector averaged saccades alternative 3 would be favored.
Procedures:
The methods used will be similar to those described above for Experiment 1. Two
electrodes will be used, one in V1 and one in V2. The electrodes will be placed either in opposite
hemispheres
for stimulating neurons in V1 and V2 that have non-corresponding
RF locations, or will
be placed in the same hemisphere for stimulating neurons that have overlapping
RFs. First we map
out areas V1 and V2 with repeated penetrations
to establish their local topography and we will confirm
that electrical stimulation produces a saccade that shifts the fovea into the RF of the stimulated
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neurons.
We then proceed to the actual experiment in which we place electrodes into V1 and V2 so
as to have the receptive fields in either different or same locations (see also Experiment 4). We will
then electrically stimulate at the sites either singly or in combination,
and compare the vectors
obtained with those generated to visual targets placed into the receptive fields.
Significance:
This study, in concert with Experiments
1 and 6 described in this section should
succeed in establishing the nature of the interactions between V1 and V2 in generating saccadic
movements to visual targets.
3. The saccadic vectors elicited by two successive
followed by electrical stimulation:

eye

visual targets or by a single target

Rationale and questions posed: The aim of this set of experiments, inspired by the ingenious study
of Sparks and Mays 62, is to use another paradigm to determine whether electrical stimulation in the
supra and infragranular
layers of V1 and V2 elicits a phosphene or a motor command.
When two
visual targets are presented briefly and in rapid succession such that they are terminated before any
saccade can be initiated, animals can be trained to make two "memory guided" saccades in
accordance with the temporal order of the two stimuli. We have three animals already trained on this
task. The saccades are made to the appropriate locations of the targets in space as depicted in
Figure 9. The question posed is what will happen when, instead of the second visual target, electrical
stimulation is administered.
If such stimulation elicits a phosphene, the saccadic vectors should be
identical to those elicited by the two visual targets. However, if the electrical stimulation elicits a motor
command with a certain vector, the second saccade should have that vector. This experiment is
feasible because, as noted earlier, electrical stimulation in V1, when 1.5-2 times above threshold,
elicits eye movements with a latency of 80-150ms, and because we have tested the method in one
monkey as described in the Preliminary studies section.
Hypothesis:
We hypothesize that when the supragranular
layers of V1 and V2 are electrically
activated, the saccadic vectors should be identical to those obtained with two successive visual
targets (Figure5).
On the other hand, when the infragranular
layers are stimulated the saccadic vector
would be the same as the vector between the original fixation spot and the location of the receptive
field of the stimulated neurons thereby moving the eye not back to the original location of the RF but
to the location where the RF would be afterthe eye had moved to the first target (see Figure 9).
Method:
Monkeys are trained to make two successive saccades to two successively
presented
visual targets whose durations and intertarget intervals are varied in randomized presentations.
At
the shortest durations and intervals, the two targets are terminated before the animal initiates a
saccadic eye movement.
The second visual target is placed in the RF of the neurons to be electrically
stimulated.
On some trials, instead of the second visual stimulus, electrical stimulation is
administered,
typically set to start 20-30ms after the second target would have appeared, thereby
making the time of activation in V1 or V2 the same as that elicited by the second visual stimulus.
The
various conditions will be randomized and will include conditions in which a single visual target
appears, two successive visual targets appear with varied durations and intervals, and a first visual
target is followed by electrical stimulation.
Control conditions include electrical stimulation
administered
in the absence of any visual target and the presentation of the second visual target at
locations other than the RF of the neurons under study.
We had found that the mean saccadic latencies produced by the visual stimuli in our monkeys
is between 130 and 150ms. Therefore we can readily present two successive targets separated by a
brief interval before any saccade is initiated. For electrical stimulation we plan to use current levels
below 30pA, at which saccadic latencies are typically between 80-150ms.
We can set current levels
to remain within this range thereby making the experimental procedure fully feasible.
Prompted by
concerns of the Study Section, we had examined the questions as to whether electrical stimulation
produces a phosphene that lasts longer than stimulation duration and found, as described in the
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Background and Preliminary Studies section, that this is not the case. We therefore
this experiment should work as already indicated in our preliminary work.
Preliminary

work:

We have trained

monkeys

and collected

preliminary

are confident

that

data on this project as

described in the Preliminary Studies section and Figure 9. The data so far obtained by stimulation of
the upper layers shows that when saccades are initiated aftera visual stimulus and electrical
stimulation had been administered,
the second saccade has a vector that shifts the center of gaze to
the original location of the RF relative to the initial fixation point. On the other hand, when the
electrical stimulation is administered
after the saccade has been made to the first target, the saccade
elicited by the electrical stimulation is made to the RF location relative to that first target.
Significance:
This study will provide further insight into the question of whether saccades generated
by electrical stimulation of the upper layers of V1 are a product of a perceived phosphene and those
generated in the lower layers a product of motor commands.
4.

The perceptual

correlates

of electrical

stimulation

in Vl and V2 using the two target task:

Experiments
4 and 5 will be carried out concurrently.
For the sake of clarity, they are
presented separately.
The purpose of these experiments
is to determine what the equivalent visual
stimulus is to the impression created by electrical stimulation of areas V1 and V2.
Rationale:
Electrical stimulation in areas V1 and V2 can elicit saccadic eye movements either by
virtue of generating a phosphene or by generating a motor command.
By placing visually and
electrically triggered signals in competition with each other, we can determine their relative
effectiveness.
In this set of experiments the two target paradigm is used to derive the equivalence
point between electrical stimulation and a visual target. The choices a monkey makes when two
visual targets are presented with varied asynchronies,
contrasts, shapes, sizes and colors will be
compared with the choices he makes when instead of one of the targets the topographically
corresponding
area is electrically stimulated.
Questions posed:
1.
eye movement into the
presentation,
in another
systematically
varied?
between the supra and

How effective is electrical stimulation of V1 and V2 in generating a saccadic
RF of the stimulated neurons when such stimulation is paired with the
part of the visual field, of a visual stimulus whose composition
is
2. Are there differences between V1 and V2? 3. Are there differences
infragranular
layers?

Hypothesis:
We hypothesize that stimulation of the supragranular
layers of V1 and V2 creates
phosphenes
whereas stimulation of the infragranular layers generates predominantly
a motor
command that may or may not be associated with the creation of a phosphene.
The effectiveness
of
the phosphene produced in the supragranular
layers by electrical stimulation can be assessed by
placing it in competition with visual stimuli presented in another region of the visual field. We
hypothesize that such curves can be generated readily with stimulation of the supragranular
layers
since in this case the phosphene generated is compared with a visual stimulus.
However, stimulation
of the infragranular layers will result in saccades made into the RF of the stimulated neurons rather
than to any visual target.
Procedure:
Monkeys trained on the behavioral tasks described in the Research Design and
Methods section will be used. The experiment will be carried out in the following steps: 1. A
microelectrode
is lowered into the supragranular
and subsequently
into the infragranular
layers of V1
or V2 which are identified as already described.
2. The receptive field is mapped and thresholds for
eliciting saccadic eye movements with electrical stimulation are determined; stimulation at this stage
is administered on selected trials, typically for 80ms at 200Hz..
No visual stimulus is presented on
these trials (Figure 6). 3. A block of trials is run with the following conditions presented in randomized
order using equal probabilities
for each condition:
a. Single visual targets appear at the two preselected locations, one of them in the RF of the neurons at the tip of the electrode,
b. Two visual
targets appear at these locations simultaneously
or with varied temporal asynchronies
with no
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electrical stimulation applied (Figure 6); the contrast, size, color and shape of the targets is
systematically
varied, c. Electrical stimulation is paired with a singly appearing visual target placed in
the hemisphere
opposite to the location of the RF (as in Figure 6-4); the contrast, size, color and
shape of the visual stimulus is systematically
varied. Conditions b and c are intermingled
in a block of
trials. These manipulations
enable us to generate curves for the frequencies
with which the visual
stimulus and the electrically stimulated site are chosen thereby enabling us to specify the point of
equivalence
between the electrical stimulation and the visual target. To ensure temporal
synchronization,
both the electrical stimulation and the visual stimulus will have a duration of 80ms
and the electrical stimulation will be initiated 25-35ms after target onset to reflect the time it takes the
visual signal to reach V1 (see Research Design and Methods).
This procedure will provide us with an
estimate of the effectiveness
of the electrical stimulation in eliciting a saccade relative to the nature of
the visual stimuli used. As data are collected conditions are modified to assure that the overall
probability

of target choice with saccadic

eye movements

is similar for the two sites used.

Preliminary
work: We have now carried out a number of successful experiments
in two monkeys
using the procedures described.
The results we had obtained so far are discussed in the Preliminary
Studies section and Figure 7.
Significance:
This work will establish the relative importance of electrical stimulation
and infragranular
layers of V1 and V2 in comparison with actual visual stimuli.
5. The perceptual
task:

correlates

of electrical

stimulation

in the supra

M Vl and I/2 using the discrimination

Rationale:
A central task for the proposed work is to determine what kinds of visual percepts are
produced by stimulating the supra and infragranular layers for V1 and V2 in the monkey.
Experiment
4 using the two target task above is the initial step in this quest. In Experiment 5 we hope to define
more precisely the percept created by electrical stimulation and how it changes as a function of
current levels and stimulation frequency.
The behavioral task used to accomplish this is the
discrimination
task (also referred to as the oddities task) in which one target differs from a set of
distracters as described in Methods.
Previous work has established that phosphenes
generated by
stimulation of V1 are usually circular spots with indefinite borders and of a size that corresponds to the
average size of RFs in the stimulated region (see Background).
We plan to use a variety of stimuli
and systematically
vary the size, color, and contrast of the distracter stimuli while pairing them either
with a visual target that is different from the distracters or with electrical stimulation.
The stimuli may
be made visible either by virtue of light increment or light decrement.
When a point is reached at
which the monkey cannot make a discrimination
between the distracters and the percept induced by
electrical stimulation, we can assume that the percept created by the electrical stimulation is similar to
that created by the distracters.
Questions posed: 1. What kind of percepts are created by electrical stimulation of V1 and V2? 2.
What is the change in the percept as a function of stimulation frequency and current level (there is
increased frequency of neuronal firing with increasing contrast of a visual stimulus; therefore,
frequency of electrical stimulation may affect perceived contrast).
Hypothesis:
We expect that we can obtain a match between the electrically elicited percept and the
visual stimuli in the supragranular
layers but not in the infragranular
layers since in the latter we
believe electrical stimulation creates a motor command.
We also hypothesize that the size of the
electrically induced percept created in the supragranular
layers of V2 will be bigger than the size
created in V1 due to the RF size difference in these two areas.
Procedure:
Monkeys will be pre-trained on the discrimination
task as described in Research Design
and Methods and Figure 6, 5-6. In experimental sessions an electrode is lowered into the desired
area of V1 or V2. The receptive fields are mapped and electrical stimulation is administered
to
determine thresholds for eliciting saccadic eye movements.
We have several trained monkeys
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that can perform with high reliability on the oddities task. Four to eight stimuli appear, one of which is
different from the others. Electrical stimulation is administered with appropriate probabilities.
For
example if 8 locations and three target sizes are to be used in a set, there will be 24 conditions for
visual stimuli. The 25th condition will be when electrical stimulation is applied in concert with the
distracters as depicted in Figure 6-6. Thus electrical stimulation will be administered
once in 25 trials.
Since monkeys typically run 2000-4000 trials a day, even with such infrequent stimulation we can
obtain a good sample of data during each session.
Reducing the number of locations to 4 doubles to
yield.
Preliminary
work: We have now carried out numerous successful experiments
described.
The results we had obtained so far are discussed in the Preliminary
Figure 8, G and H.
Significance:
This work will establish the nature of the visual percept elicited
of the supragranular
layers of V1 and V2.

using the procedures
Studies section and

by electrical

stimulation

6. Interaction between Vl and V2 for visual analysis and saccade generation:
the effects of
infusing either muscimol or bicuculline into one of these structures on neuronal responses
and on saccades elicited by electrical stimulation
of the other:
Rationale and questions posed:
The aim of this set of experiments
is to determine how areas V1
and V2 interact in visual analysis and in eliciting visually guided saccadic eye movements.
We plan to
record and stimulate either V1 or V2 while the topographically
corresponding
area in the other
structure is either inactivated with muscimol or is released from inhibition with bicuculline.
A. Muscimol infusion:
We plan to determine which of the following possibilities
occurs when
muscimol is used: (1) Inactivation of V1 mostly eliminates single-cell responses to visual targets in
V2; this is a highly likely outcome and will indicate that our procedure works. (2) Inactivation of V2 will
alter neuronal responses in V1 as we had shown before; how this happens when studied in alert,
behaving monkeys may, however, be different from what we had found in the anesthetized
preparation,
although we do expect more dramatic effects in the infragranular
layers 41. (3) Electrical
stimulation of both V1 and V2 continue to generate saccadic eye movements when the other structure
is inactivated although possibly with some changes in saccadic accuracy, velocity, etc. (4) Electrical
stimulation of V2 after inactivation of V1 is ineffective in generating saccadic eye movements.
(5)
Electrical stimulation of V1 is ineffective when V2 is inactivated.
B. Bicuculline

infusion:

When bicuculline

is infused

into V1 or V2 while the other structure

is

stimulated with visual targets and with electrical stimulation the following are the main possibilities:
(1) Releasing V2 from inhibition results in more effective driving of neurons in Vl with visual targets.
(2) Releasing V1 from inhibition increases the responses of neurons in V2 and probably makes them
less selective for various stimulus parameters such as orientation and direction selectivity. To what
extent the basic attributes of RFs change when bicuculline is infused is an empirical question. (3)
Releasing V2 from inhibition results in more effective driving of saccadic eye movements by V1
electrical stimulation.
(4) Releasing V1 from inhibition results in more effective driving of saccadic eye
movements by V2 electrical stimulation.
Determining
of the feed-forward

which of these possibilities
occur will provide
and feed-back circuits between V1 and V2.

central information

about the nature

Hypotheses:
Our prime hypothesis is that feedback connections from V2 play a significant role in
modulating infragranular
cells in V1. We believe the V1 cortico-tectal
cells have to be released from
local inhibition by virtue of feedback signals from other visual areas, including V241' 73,74 We believe
this is the case because V1 has topography
sufficiently well-defined to generate saccades with the
accuracy of which primates are capable.
Yet, to generate a visually guided saccade under normal
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conditions necessitates choosing among numerous visual stimuli in the visual scene. To make this
choice, we believe feedback circuits are necessary that may operate in a manner described in the
Feedback theory section. In general, this study will specify how the visual responses of V1 cells in the
alert animal are modulated by V2 and how electrically induced saccade generation is altered when
either of these structures is inactivated and the other is stimulated.
Procedure:

We have constructed

a device that enables

us to lower two independently

controllable

electrodes into V1 and V2 through a well placed over occipital cortex. First, using our standard glass
coated platinum/iridium
electrodes, we map out areas V1 and V2 with repeated penetrations to
establish their local topography.
We then proceed to the actual experiment in which we lower two
electrodes into the brain, one of them a recording/injection
electrode.
For sake of clarity the
experimental
steps here are described for studying the effects of V2 inactivation with muscimol on
electrical stimulation of VI. Largely similar procedures will be used when bicuculline is infused and
when these agents are infused into V1 while stimulating V2. (1) While the animal maintains fixation
(see Methods) we map out the receptive fields of the neurons in V1 and in V2. This process is
repeated in the course of several penetrations until the receptive fields in Vl and V2 are
superimposed.
(2) We assess the responses of neurons in V1 by presenting visual stimuli of different
orientations,
colors and contrast. (3) We proceed to have the monkey make saccadic eye movements
to visual stimuli presented in the RF; this will establish the saccadic vector so generated as well as
saccadic latencies, velocities and accuracies.
(4) We use the two target and discrimination
tasks and
collect single-cell data that will allow us to determine how responses to visual stimuli presented in the
RF of the neurons differs when a saccade is made to the RF location versus when a saccade is not
made to that location as described in section D, c and d. (5) We inactivate V2 by injection muscimol
or other agents. (6) We determine how the neuronal responses to visual stimuli are altered in V1 by
repeating steps 2 and 3. (7) We repeat the procedure of the monkey making saccades to stimuli
presented in the RF and determine how V2 inactivation has altered this. (8) We electrically stimulate
V1 to determine how the effectiveness
of generating a saccade has been altered by the inactivation of
V2. We expect the pharmacological
agents to affect only the cells in the injected structure since the
two regions are separated by a much greater distance than the volume of tissue affected by the
injection as noted earlier. The experiment will be carried out in separate sessions with either V1 or V2
inactivated.
Depending on the number of trials necessary to obtain data and the length of time
involved, in some sessions we will concentrate
on assessing changes that occur in unit responses as
a result of inactivation and in others on assessing changes in electrically activated saccades.
Since
monkeys typically run 2 to 4 thousand trials a day, we believe that the eight steps outlined can be
realized in each session.
Preliminary
work: We have made many penetrations in V1 and V2 during which we have mapped
receptive fields and electrically stimulated to elicit saccadic eye movements _5. This work has
thoroughly familiarized us with the layout of V1 and V2 and established the feasibility of locating
corresponding
RF representations
in V1 and V2 within the implanted well. We have experience in this
kind of work as in earlier studies we had made RF alignments between the LGN and V1 $8. Based on
the numerous recordings we had made in V1 and V2 in alert monkeys 55, we know that the two regions
in V1 and V2 that align (typically in the lower visual field 3-6 degrees of eccentricity)
are several
millimeters apart, with V1 right under the dura and V2 in the second tier in the foldback region from
the lunate. Thus the inactivation of one area, typically is confined to a region of 2-4mm, should not
affect the other region, a claim that can be verified with the single-cell recordings during the
experiment.
Significance:
This study will provide new information
forward connections of areas V1 and V2 as assessed

about the nature of the feed-back and feedboth in relation to visual and oculomotor

processing.
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F. Timetable:
We have four trained animals that will allow us to start the proposed work right away. Two of
the trained animals we have will be used in Experiments
4 and 5 to examine the perceptual correlates
of electrical stimulation.
Subsequently
we plan to add two more animals in these experiments.
We
estimate this work will take 2 to 3 years. The other two animals will be used in concurrently
run
experiments
using the paired electrical stimulation procedure and the successive saccades
experiment (Experiments
1- 3); we believe this work will take 3-4 years. We plan then to turn to the
paired inactivation and stimulation studies as described under Experiment 4, which are admittedly the
most technically demanding; these studies will be carried out during the 4th and 5th years.
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Subjects

Animals

The animals to be used in this project are rhesus monkeys (Macaca mulatta). They are males,
approximately
3-7 years of age and weigh between 8-12kg. We plan to work with 14 monkeys during
the granting period. All animals undergo a headpost/eyecoil
implant surgery. In addition, animals will
be subject to a chamber implant surgery for single-cell recordings, microstimulation
and the
administration
of pharmacological
agents. All other use consists of various visual behavior tasks. A
complete description of how the animals will be used in the proposed studies can be found under
section D, subheading I, (Research Design and Methods, Methods) of this application.

We have used rhesus monkeys throughout our work. The prime purpose of our work is to determine
the workings of the primate visual and eye movement systems.
The use of monkeys is ideal for our
purposes as their visual and oculomotor systems are highly similar to those of man. The study of lower
species would not be suitable because their visual system differs significantly from that of man. Each
animal can serve in our experiments
for two or more years. We estimate purchasing two monkeys per
year for the proposed research. The total number of animals to be used in this study is 14.

We have a large animal holding facility at MIT that is approved by the NIH. We have outstanding
veterinary care at MIT with several veterinarians
available at all times. They continually monitor the
health and well being of the animals and supervise all surgical procedures.
All experimental work is
subject to review and approval by the MIT Committee on Animal Care (the name given to MIT's
IACUC).

All surgical procedures are carried out under sterile conditions overseen by our veterinarians.
Pain and
discomfort during surgical procedures are minimized by the use of appropriate surgical anesthesia.
The monkeys are anesthetized first with ketamine (10 mg/kg, IM) or Telazol (5 mg/kg, IM) and then with
pentobarbital
(Nembutal) (5-15 mg/kg, IV). Following a surgical procedure, analgesics are
administered
according to recommended
dosages. The veterinarians
at MIT provide buprenex (0.010.03 mg/kg, BID PRN, IM) to alleviate post-operative
pain. We also administer an antibiotic
(Amoxicillin,
10-20 mg/kg, once daily, IM or SC; Tribrissen, 30 mg/kg, once daily or divided twice daily,
IM; or Baytril, 5 mg/kg, once daily or divided twice daily, IM - the antibiotic that is given is determined
by the veterinarian) for five to seven days following the surgery to prevent infection.
Animals perform a variety of behavioral tasks; they do so only when they are comfortable
and welldisposed.
We go to great lengths to ensure they are content. This includes an enrichment program,
implemented
by the MIT Division of Comparative
Medicine, and daily fruit snacks to supplement their
regular diet. Additionally, when not currently working with a researcher, the monkeys enjoy larger
cages with swings, toys and small buckets of water. Our animals work well and, as best we can judge,
enjoy their daily visits to the laboratory.

Euthanasia is accomplished
with an excess dose of pentobarbital
(Nembutal).
We believe this method
is humane.
The procedures are consistent with the recommendations
of the Panel on Euthanasia of
the American Veterinary Medical Association
and comply with current NIH guidelines.
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APPENDIX

MATERIALS

P.H. Schiller and E.J. Tehovnik.
Look and See: How the brain moves your eye about.
In: Vision: From Neurons to Cognition (eds. C. Casanova and M. Ptito). (2001) Progress
in Brain Resesarch, 134, 127-142.
E.J. Tehovnik, W.M. Slocum and P.H. Schiller, Differential effects of laminar stimulation
of V1 on target selection by macaque monkeys. (2002) European Journal of
Neuroscience,
16, 751-760.
E.J. Tehovnik, W.M. Slocum and P.H. Schiller Saccadic eye movements evoked by
microstimulation
of striate cortex. (2003) European Journal of Neuroscience,
17,870878.
E.J. Tehovnik, W.M. SIocum,
Effects of stimulation polarity.

Microstimulation
of macaque V1 disrupts target selection:
(2003) Experimental
Brain Research, 148, 233-237.

E.J. Tehovnik, W.M. Slocum, Using ocular dominance to locate the visual input layers of
V1 in behaving monkeys. (2003) Joumal of Neuroscience
Methods, 125, 121-128.
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