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

The aim of the proposed research is to determine how three cortical areas in the primate contribute to the
generation of visually guided saccadic eye movements: the frontal eye fields, the medial eye fields and the
lateral intraparietal sulcus. The experiments we propose are designed to assess: (1) How the signals from
the cortex reach the brainstem oculomotor centers, (2) how excitatory and inhibitory circuits in these three
areas mediate eye-movement control, and (3) the extent to which the three areas are also involved in
eye/hand coordination.
Three sets of experiments are planned: Experiment 1 will determine whether in the intact animal saccadic
eye-movement generation is achieved through two parallel channels, the anterior and the posterior, as we
had hypothesized in our earlier long-term lesion studies. To determine whether these two pathways are
functional in the intact animal, the effects of electrical stimulation of the frontal eye fields and medial eye
fields will be studied using short-term unilateral and bilateral reversible inactivation of the superior colliculus.
Experiment 2 will assess the role excitatory and inhibitory neuronal circuits play in the frontal eye fields, the
medial eye fields and the lateral intraparietal sulcus in eye movement control. To accomplish this, the
generation of eye movements will be studied in a series of behavioral tasks when these areas are infused
with briefly acting agonists and antagonists of glutamate and GABA. Experiment 3 will determine the extent
to which these three areas contribute to eye/hand coordination in addition to saccadic eye-movement
generation. Performance on eye/hand coordination tasks will be assessed before, during and after local
infusions of reversible blocking agents.
The results obtained from the proposed experiments should have significant implications for the treatment of
eye-movement disorders. If in the intact organism the anterior and posterior streams, as had been proposed
in our earlier work, are indeed functional, as to be determined in the first set of experiments in this series,
more effective treatment routines can be devised than if all cortical commands to move the eyes traverse
through the superior colliculus.
PERFORMANCE SITE(S) (organization, city, state)

Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

KEY PERSONNEL. See instructions. Use continuation pages as neededto provide the required information in the format shown below.
Start with Principal Investigator. List all other key personnel in alphabetical order, last name first.
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BUDGET JUSTIFICATION PAGE
MODULAR RESEARCH GRANT APPLICATION
Initial Budget Period
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for which he is responsible. --- -------- -- has written dozens of excellent programs for stimulus presentation in
behavioral experiments, for data acquisi ion and data analysis for eye movements and for neuronal responses,
He has programmed our Brain Wave Sy stems to allow for segregating signals obtained from multiple
electrodes. Presently, he is in the midst of updating our systems that will allo-- -- - - - ------se out the PDP11/73s. 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 rhesus monkeys using several
different behavioral paradigms, some of which are described in this application. -- - ------ - --------------- - - - --------------- ---- - ----------- - - --------- --- - -------- - - ----- - -- --- -- -- --------------4. Graduate Student: We have training grants to support graduate students for three years. After this time,
their support must come from the adviser in whose laboratory each student works. I expect to have one fourth
or fifth year student in th- --- - for whom am seeking support. The graduate student, who has yet to be
determined, will devote ------- of his research time to project #2 described in the Research Design and
Methods section under Experiments. This research, to be carried out on trained rhesus monkeys, will assess
what the effects are of inactivating areas FEF, the MEF and LIP on the generation of visually guided saccadic
eye movements and hand/eye coordination , and will determine the role excitatory and inhibitory circuits play in
the FEF, the MEF and LIP in carrying oi}t these tasks.
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1 R01 EY08502-11
Schiller (PI)
01/01/1991 -08/31/2004
NIH/NEI
$150,000
The Neural Control of Visually Guided Eye Movements
The major goals of this project are to investigate the functions of various brain areas in target selection and eye-movement
generation in the rhesus monkey and in the human subject.
1 R01 EY014884-01A1
Schiller (PI)
04/01/2004-03/31/2009
NIH/NEI
$225,000
The Role of Areas V1 and V2 in Target Selection with Visually Guided Eye Movements
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. In addition, 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.
Completed Research Support
5 R01 EY00676-32
Schiller (PI)
05/01/1979 - 04/30/2004
NIH/NEI
$192,675
Parallel Information Processing of the Visual System
The specific aims of this research project are to investigate the functions of the visual system in the rhesus monkey. 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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RESOURCES
FACILITIES: Specify the facilities to be used for the Conduct of the proposed research. Indicate the performance sites and describe capacities,
pertinent capabilities, relative proximity, and extent of Availability to the project. Under "Other," identify support services such as machine shop,
electronics shop, and specify the extent to which they will be available to the project. Use continuation pages if necessary.
Laboratory:

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 acilities, one a histology lab, and one a general work area for data analysis,
programming, and equipment repair. We ha^/e four independent, fully equipped 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.

Clinical:

Animal:

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

Computer:

Our computing equipment includes six POP 11/73 machines, 12 IBM PCs and two DataWave systems. We have several
graphics systems that include several TIGA and Number Nine boards. We have one Temponet Computer System
currently under development.

Office:

We have four offices.

Other:

Funded by a CORE Grant on which Peter S chiller is 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 qumberous 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 coaler and a laser s ystem for removing insulation from electrode tips.
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Research Plan:
A. Specific Aims:
The proposed research has three aims: (1) To determine what the relative roles are of the frontal
eye fields (FEF) and the superior colliculi (SC) in the generation of visually guided saccadic eye movements,
(2) to determine how excitatory glutamatergic and inhibitory GABAergic neural circuits in the FEF, the medial
eye fields (MEF) and in the lateral intraparietal sulcus (LIP) contribute to the generation of visually guided
saccadic eye movements and (3) to ascertain the extent to which these three areas are involved in eye/hand
coordination.
AIM 1: Based on work carried out in my laboratory with the support of this grant, we had proposed
that in the primate cortex two major streams originate for visually guided saccadic eye-movement control,
the anterior and the posterior60. The posterior stream from occipital and parietal cortices reaches the
brainstem through the superior colliculus (SC) whereas the anterior stream from the frontal eye fields (FEF)
and medial eye fields (MEF) has direct access to the brainstem oculomotor centers. Our hypothesis is
based on two central findings: (1) after SC lesions electrical stimulation can no longer elicit saccades from
posterior cortex but continues to do so from the FEF and the MEF50, (2) after paired bilateral ablations of the
SC and FEF, but not after bilateral ablation of each area alone, monkeys can no longer move their eyes53.
Our research furthermore suggested that the two streams contribute to different aspects of eye-movement
control60'61'62. The posterior stream through the SC appears to be essential for the generation of express
saccades whereas the anterior system appears to play an important role in target selection with saccadic
eye movements and in the execution sequences of eye movements.
Recently it has been proposed by Hanes and Wurtz that the direct access to the brainstem from the
frontal lobe does not exist in normal, intact monkeys but emerges after SC lesion by virtue of some form of
rewiring20. They reported that thresholds for electrically triggered saccadic eye movements from the FEF
were raised after unilateral inactivation of the SC. Acute unilateral SC inactivation, however, creates a
pronounced hemispheric imbalance that results in major deficits for eye movements generated toward the
visual field contralateral to the affected SC and also produces circling behavior. This imbalance may be the
source of the increased thresholds rather than the proposed lack of direct connections from the FEF to the
brainstem oculomotor centers in normal animals. The imbalance created by unilateral infusions can be
eliminated by inactivating the SC bilaterally. This is what we plan to do in the proposed Experiment 1. If
electrical stimulation of the FEF after bilateral SC inactivation would continue to be effective in eliciting
saccadic eye movements, the inference we had made that the FEF has effective direct connections with the
brainstem oculomotor centers would be supported.
AIM 2: In recent work we had examined the role GABAergic inhibitory circuits play in V1, the FEF
and LIP in eye-movement control63. We had shown that local infusion of the GABAA antagonist bicuculline
into FEF facilitates saccade generation to visual targets presented in the receptive/motor fields of the
infused neurons and produces irrepressible saccades, whereas infusion of the GABAA agonist muscimol
interferes with saccade generation. By contrast, infusion of these agents into LIP had little effect suggesting
that in this structure GABAA type inhibitory circuits do not play a prominent role in eye-movement generation.
The effects of GABA agonists and antagonists on eye-movement generation have not been studied in the
MEF. The effects of glutamate agonists and antagonists have not been examined in any of the three
structures systematically. Therefore in Experiment 2 we propose to study the roles of both excitatory and
inhibitory circuits in FEF, MEF and LIP on eye-movement control by examining the effects of infusing
agonists and antagonists of glutamate and GABA.
AIM 3: Studies have shown that the MEF is involved both in both eye and limb control8'9'73. To what
extent the FEF and LIP might be involved in both eye and limb control has not yet been determined,
although it is commonly assumed that these areas are predominantly oculomotor in function. The purpose
of Experiment 3 is to reversibly inactivate these areas with pharmacological agents while animals perform a
set of tasks devised to test eye/hand coordination.
We believe that if we are to gain an understanding of how the brain controls eye movements and
eye/hand coordination, it is most instructive to study and compare several areas. Doing so is likely to clarify
their function much more clearly than when the research is limited to the study of just a single area.
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B. Background and Significance:
We explore the visual scene by making repeated saccadic eye movements at the rate of about three
saccades per second, resulting in more than 150,000 saccades a day60. In order to generate an accurate
saccadic eye movement to a target, each shift in gaze requires a decision about what target to select next
and a computation of the spatial location of this target for the generation of an accurate saccadic eye
movement to it. Numerous brain areas contribute to the generation of visually guided saccadic eye
8|74 76 77 79
movements1l5'6'11"15l17'19l22|23|25l26'31l32l34'36l38'40'45'47"49'54"56>
' ' '
Research carried out in my laboratory suggests that two major streams originate in the cortex for the
generation of visually guided saccadic eye movements; we refer to these as the anterior and posterior
streams. The anterior stream has direct access to the brainstem oculomotor centers whereas the posterior
stream passes through the superior colliculus (SC). The following lines of evidence gave rise to the twostreams hypothesis: (1) The frontal (FEF) and the medial (MEF) eye fields have direct anatomical
connections with the brainstem oculomotor centers that bypass the SC whereas there are no such direct
connections from occipital cortex24'33. (2) After ablation of the SC, electrical stimulation of areas V1, V2 and
LIP no longer elicits saccadic eye movements whereas electrical stimulation of the FEF and MEF continues
to be effective in doing so27'29'5"'70. (3) Paired ablation of the SC and FEF eliminates visually guided
saccadic eye movements53; further support for this comes from work by Keating et al. who had shown that
individual cooling of the FEF or the SC produces relatively mild deficits whereas paired cooling of these
structures devastates the ability to generate visually guided saccadic eye movements28. (4) Saccades
induced electrically from the FEF and the MEF can be generated at latencies as short as 15 to 25 ms,
whereas the minimal latency for saccade induction from V1 is 45-50 ms 28'41'42.5°.69-7°.75
In a recent study by Hanes and Wurtz20 it has been proposed that all information for eye-movement
generation that originates in the cortex passes through the SC in the intact monkey. They argued that the
two-streams we had identified emerged only after the SC lesion by virtue of the creation of new connections.
They discounted the findings of Keating et al. using paired cooling of the FEF and the SC claiming the study
was flawed due to topographic misalignment between the sites cooled in the SC and FEF. However, Hanes
and Wurtz did not present any direct evidence to support the idea that new circuits are created over time
after SC ablation. Furthermore, it appears that inactivation of the SC raised thresholds for eliciting saccadic
eye movements from the FEF with electrical stimulation rather than eliminating them. Rather than
unaffected regions of the SC subserving this effect, as they suggest, it is just as likely that the direct pathway
from the FEF to the brainstem is responsible. The rise in threshold is not surprising for two reasons: (1) the
two streams have to interact if coordinated, accurate eye movements are to be generated, and (2) unilateral
inactivation of the SC creates a severe bias between the hemispheres57. The bias so created is striking
when one SC is infused with lidocaine or muscimol and also for several days after a unilateral lesion of the
SC: the animal's eyes are severely deviated toward the lesion side and when free in his cage, the monkey
engages in circling behavior. By contrast, when the SC is removed bilaterally, as we had observed in our
earlier experiments, the monkey does not exhibit the persistent circling behavior and does not have his eyes
deviated.
The first goal of the proposed research (Experiment 1) is to critically examine whether the two
streams we had proposed exist in the intact, normal animal. Our plan is to study the effectiveness with
which saccadic eye movements can be elicited with electrical stimulation of the FEF and the MEF when the
SC is inactivated either unilaterally or bilaterally. If under the condition of balanced bilateral collicular
inactivation saccades can be evoked from the FEF and MEF at thresholds comparable or just above to
those obtained in the intact animal, the existence of an effective direct pathway to the brainstem oculomotor
centers from these regions would be supported. By contrast, if inactivation of the SC were to abolish
electrically evoked saccades from the FEF and MEF, the hypothesis proposed by Hanes and Wurtz would
be supported.
The second goal of the proposed research (Experiment 2) is to determine the role the FEF, MEF
and LIP play in eye-movement control and what their principles of operation are. We will put special
emphasis on determining the role excitatory and inhibitory neurotransmitters play in the process.
In the neocortex two major neurotransmitter systems have been identified. One of these is
GABAergic and inhibitory, and the other system is glutamatergic and excitatory95'118. GABA is found in the
cortical interneurons which are non-pyramidal95'100' , and glutamate is found in the cortico-cortical and
thalamocortical fibers which tend to be pyramidal85'86'88'118. Research has established that there are three
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types of GABA receptors, GABAA, GABAB and GABAC, and two major types of glutamate receptors, NMDA
sensitive and non-NMDA sensitive82'83'95'100'118.
The upper layers of cortex (I to IV) contain most of the GABAergic neurons95'99 and the lower, output
layers of cortex (i.e. laminae V and VI) have the highest concentration of glutamatergic neurons83'85'88.
GABAergic and glutamatergic neurons are almost completely segregated within the cortex81'85. The input
fibers to cortex are subjected to signal alteration via the GABAergic inhibitory system and the output fibers of
cortex tend to be excitatory and relay signals mainly via glutamate 85 ' 88 ' 95 ' 104 '.
We have recently found that the GABAergic fibers within different cortical areas differentially mediate
target selection in monkeys63. So far we have studied three cortical areas systematically: V1, FEF, and LIP.
We used two agents to manipulate GABAA type circuits: (1) muscimol, mainly a GABAA agonist, suppresses
the responsivity of cortical cells, whereas (2) bicuculline, a GABAA antagonist, increases the responsivity of
cortical cells. Both agents had similar interference effects on target selection when injected into V1.
Monkeys always selected targets located outside the receptive field of the injected neurons following
infusion of either agent into V1. Additionally, infusion of either agent produced similar deficits in visual
discrimination of features including contrast, color, and shape. Thus GABAA circuits in V1 mediate visual
analysis as previously suggested . By contrast, when muscimol or bicuculline was injected into the FEF or
LIP, the outcome was strikingly different from that observed for V1. Muscimol infusion into the FEF
interfered with the selection of targets in the receptive/motor field of the injected neurons, whereas infusion
of bicuculline facilitated the selection of these targets. These results are similar to the ones reported by
Hikosaka and Wurtz21 for another oculomotor area, the superior colliculus (SC). Finally, infusion of either
agent into LIP failed to disrupt target selection. At high dosages, however, muscimol had a mild effect. This
is consistent with the finding of Wardak et al79. What these results show is that GABAergic agents can be
used in different cortical areas to determine the role of GABAergic circuits in visual behavior.
Over the past decade Dudkin and colleagues have been looking at the effects of infusing
glutamatergic (NMDA) agents into the cerebral cortex of monkeys to study visual learning. They found that
infusion of the glutamate agonist, NMDA, into the V1 improved the memory and visual recognition of colored
stimuli91. Infusion of the glutamatergic antagonists, APV, into V1 or into the temporal or prefrontal cortex
disrupted performance on a memory and visual recognition task while NMDA infusion into these areas
improved performance86'91'93. It is believed that the disruptive effects of APV are related to the neuronal
desynchronization caused by its infusion92.
Glutamatergic circuits in both the FEF and prefrontal cortex are activated while monkeys execute
visual tasks. Kodama et al.107 found that glutamate levels were increased in the frontal eye fields and
prefrontal cortex when monkeys performed a visually-guided reaching task. No such increases occurred for
the premotor cortex. A major source of glutamatergic input to the frontal eye fields and prefrontal cortex
comes via the dorsomedial thalamus98.
The foregoing indicates that there are two major neurotransmitter systems in the neocortex:
GABAergic and glutamatergic. The GABAA circuit subserves visual analysis in V1, the execution of
saccadic eye movements in the FEF and appears to subserve neither function in LIP63. This conclusion is
based on manipulation of the GABAA receptor system. The remaining GABAergic receptor systems, GABAB
and GABAc, have yet to be studied in this regard. The role of GABA in the MEF remains largely unexplored.
Much less is known about the role of glutamate in visual analysis and in the execution of saccadic eye
movements. To study this system thoroughly, one needs to investigate the effects of the two major
glutamatergic receptor systems: NMDA-sensitive and non-NMDA sensitive (e.g. sensitive to AMPA).
Although there is order to the way the GABAergic and glutamatergic neurotransmitter systems are organized
in the cortex, the most expedient way to develop an understanding of how these systems mediate
visuomptor responses is to infuse a broad range of agents into the brain that differentially affect the various
neurotransmitter systems while animals are engaged in a variety of visuomotor behaviors. This is what we
plan to do in our investigation of the FEF, MEF and LIP.
Regarding the operational characteristics of the three areas we plan to study, there is extensive
evidence showing that the FEF and LIP carry a vector code; different regions of this structure code different
trajectories of movements41'44'52'69. By contrast, our work suggests that the prime code in the MEF is a place
code69'70'72'73. Various regions within the MEF code different terminal orbital positions suggesting that what
is coded is a goal. Other studies, however, have suggested that the MEF also carries a vector code44. We
believe this observation was the result of the application of short-duration bursts of electrical stimulation
which has led to the generation of foreshortened saccades73. A similar situation has been observed in motor
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cortex: Short-duration stimulus bursts primarily produce twitches that had been taken to indicate that
neurons in motor cortex code specific muscles; by contrast, longer duration bursts of electrical stimulation of
motor cortex produce movements that take limbs to a final terminal position irrespective of the starting
position, thereby indicating that movement is specified in terms of goals18.
In our earlier work we had made significant progress in delineating the differences among the
various structures involved in saccadic eye-movement control60. This work has shown that (a) SC lesions
that block the posterior system eliminate the generation of express saccades, increase the latency of regular
saccades, cause a decrease in spontaneous saccadic eye movements, and a decrease in saccadic velocity
and accuracy; (b) FEF lesions produce long-term deficits in target selection and in the execution of
sequences of saccadic eye movements and have only a short-term effect on saccadic latencies; (c) MEF
lesions do not produce long-term deficits on any of the tests; (d) LIP lesions have an effect on memory
guided saccades but produce only mild deficits in the execution of regular visually guided saccades34. Most
of the tasks proposed in this application have not been studied after LIP lesions or inactivation.
Several studies have examined the role various cortical areas play in the selection of visual targets
with saccadic eye movements5'7'14'16'17'22'23'26'36'38'40'47-49'62'63'6574'77'79. The structures implicated in this
process include V1, V2, V4, MT, LIP, FEF and MEF62. We have studied the effects of electrical stimulation
on target selection in areas V1, V2, LIP, the FEF and the MEF62. We used a paradigm in which two targets
were presented with varied asynchronies. One of the targets was placed into the receptive field of the
neurons to be stimulated and the other in the opposite visual field. This work has shown that at
subthreshold levels, stimulation of the upper layers of V1 and V2, and some regions of LIP produces an
interference, whereas stimulation in the lower layers of V1 and V2, the FEF, the MEF and some regions of
LIP, facilitates this process. In LIP and the MEF stimulation at some sites can also prolong fixation time.
This occurs in those regions of LIP that contain "fixation" cells, and in the MEF when the fixation spot is
placed into the terminal zone of the stimulated neurons.
The prime purpose of Experiment 2 proposed in this application is to determine the role
glutaminergic excitatory and GABAergic inhibitory neuretransmitter systems play in target selection with
saccadic eye movements in the FEF, the MEF and LIP. To accomplish this, GABA and glutamate agonists
and antagonists will be infused into these areas as described in the Methods section and in the description
of Experiment 2. We will assess the performance of monkeys on a battery of saccadic eye movement tests
when one of these three areas is infused with various agonists and antagonists of glutamate and GABA. In
these tests the crucial target is centered in the receptive/motor field of the neuron. In each case we plan first
to apply lidocaine to inactivate a region. Doing so will establish what deficits arise when both excitatory and
inhibitory circuits are inactivated in each of these areas.
The third goal of the proposed research (Experiment 3) will be to determine the extent to which the
FEF, MEF and LIP contribute to combined eye and limb movements. Interaction with the visual environment
requires the integrated action between eye and limb movements. Work carried out in the MEF and in
various subregions of the parietal lobe, strongly implicates these areas in computations leading to
coordinated eye and hand movements1-4'6'9'16'1^32^'41-42'44'45'52'56'66'67'69'73'76'79. An earlier finding of ours is
central in this regard: neurons in the MEF respond to both eye and hand movements. This finding is
described in the Progress Report. In contrast with the MEF, the FEF and LIP are believed to be involved
predominantly in eye-movement control73'135. To assess coordinated eye and limb movements we have
developed two tasks as described in the Methods section, one of which we have already used in a study.
We will assess performance using these two tasks before, during and after reversible inactivation of these
areas.
The three proposed lines of research will answer the following questions: (1) Do the FEF and MEF
have effective direct connections with the brainstem oculomotor centers in the intact animal? (2) What are
the roles of excitatory and inhibitory neurotransmitter systems in eye-movement generation in the FEF, MEF
and LIP? (3) To what extent do these areas contribute to both eye and limb movements?
In numerous previous studies we had made it a point to study several areas concurrently. Doing so
can provide a much clearer understanding of the function of each area. We believe we can accomplish this
in the proposed work by directly comparing the FEF, MEF and LIP under similar experimental conditions.
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C. Progress report:
Although the previous granting period had been administratively reduced from 5 to 3 years, we have
made considerable progress in the research we had proposed. This section provides a description of this
work, the publications that have resulted, and the general contributions we have made in the field.
1. Description of the research:
a. The effects of frontal and medial eve field lesions on visually guided eye movements: We have
published several papers on the effects of various cortical lesions on the generation of visually guided eye
movements. We are continuing this work in both intact monkeys and animals with frontal or medial eye field
(FEF, MEF) lesions. The work examines how express saccades are generated, how targets are selected
with saccadic eye movements and how sequences of eye movements are produced. We have identified
several long-lasting deficits after FEF lesions. Figure 1 shows results obtained from a monkey at various
times after a left FEF and right MEF lesion on the paired target task we had used in which two targets
appear with various temporal asynchronies with one in the intact and the other in the affected hemifield as
depicted in the inset. Before the lesion the animal made equal probability choices to the left and right
targets when they appeared at the same time. Two weeks after the LFEF lesion the target in the affected
hemisphere had to be presented 116ms before the target in the intact hemisphere to obtain equal probability
choice. Even four years later a significant deficit remains. By contrast after a unilateral MEF lesion the
monkey shows recovery within 16 weeks. Another long-term deficit we had found after FEF lesions was on
the execution of sequences of eye movements. Figure 2 shows an example of saccadic eye movements
made to two sequentially appearing targets presented at 4 sets of locations, with two sets appearing in the
intact and two in the affected hemifields. While long duration sequences (217ms) showed little deficit, there
was a major deficit evident with short duration sequences in which the two targets were terminated before
the eye movements were initiated (117ms). These data were collected sixty weeks after the FEF lesion.
Our findings are described in detail in the three enclosed publications.
b. The effects of cortical electrical stimulation on target selection with saccadic eve movements:
The effects of subthreshold electrical stimulation was examined in six cortical areas: V1, V2, V4, LIP, FEF
and MEF. 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 it produced facilitation in the infragranular layers. In LIP subthreshold
stimulation yielded three effects: at some sites we obtained facilitation, at others interference, and at sites
where neurons discharged during fixation stimulation prolonged fixation time. In the FEF we always
obtained facilitation. In the MEF we obtained facilitation when the target was in the terminal zone of the
stimulated neurons and obtained prolonged fixation times when the fixation spot was placed into the terminal
zone. These findings provide new insights about the manner in which the brain goes about selecting visual
targets with saccadic eye movements. This work has resulted in three published papers that are enclosed.
c. Detailed study of the effects of electrical stimulation in V1 on saccadic eye movements:
Experiments were performed to assess the excitability of neural elements activated while inducing saccadic
eye movements electrically from different layers of V1. The minimum current thresholds for the evocation of
saccadic eye movements were observed when stimulating the deep layers of V1. The shortest saccadic
latencies were also observed at these depths. The chronaxies of the elements mediating saccadic eye
movements where shortest in deep V1. These results indicate that the excitability properties of superficial
and deep V1 are distinct for the generation of saccadic eye movements. A paper on this work is enclosed.
d. Temporal factors in target selection with saccadic eye movements: In preparation for the work
proposed in this grant application, we carried out a study in which we assessed how monkeys select visual
targets with saccadic eye movements and what the time course is for saccade execution using single
targets, paired targets presented with varied temporal asynchronies, and targets that differed from each
other in contrast and size. Quantitative data were collected demonstrating how the probability of target
choice is affected by these variables. This work has been published. A copy of the paper is enclosed.
e. The effects of pharmacological agents on target selection and the generation of saccadic eve
movements: Work carried out in my lab assessed the role of inhibitory circuits in areas V1, LIP and the FEF
in target selection with saccadic eye movements and in making visual discriminations. We locally infused
neurotransmitter agonists (muscimol, mainly a GABAA agonist) and bicuculline (a GABAA antagonist). Since
electrical stimulation can produce either interference or facilitation in V1, depending on the subregion
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Figure 1: The effect of unilateral FEF and MEF lesions on target selection using the paired target task
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Figure 2: Saccadic eye movements made to two sequential targets sixty weeks after a
unilateral left FEF lesion. Four pairs of locations were used with two sequence duations.
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stimulated (see above), it is possible that these effects are due to the activation of either inhibitory or
disinhibitory circuits. The basic findings on the paired target task are shown in Figures 3 and 4. Figure 3
shows performance on the paired target task before and at various times after muscimol and bicuculline
infusion. Figure 4 shows the effects of these infusions on visual discrimination. Our results show that in V1
both bicuculline and muscimol interfered with target selection and with visual analysis; in the FEF bicuculline
greatly facilitated saccade execution and muscimol inhibited it. In LIP the doses of bicuculline we used had
no effect and muscimol was effective only when the doses were much higher than those we used in the FEF
and V1. Since electrical stimulation in LIP in the same animal was highly effective at current levels
comparable to those used in other structures (b above), we proposed that GABAA type inhibitory circuits in
LIP play a less central role in target selection with saccadic eye movements than in the FEF and V1; thus in
LIP excitatory signals play a more prominent role in eye-movement generation. A paper on this work has
been published and is enclosed.
f. How eve movements modulate the visual receptive fields of V4 neurons: A study was carried out
by Tolias, Moore, Smirnakis, Tehovnik, Siapas and the PI showing that in area V4 the organization of
receptive fields undergoes changes when eye movements are generated. The work has been published77.
q. Analysis of express saccade generation: We have carried out several experiments in an effort to
determine the neural mechanisms responsible for the generation of express saccades. From this effort we
have reaped several interesting and unexpected findings. We have published two research papers on this
work and have two presently under review.
h. The role of area MEF in eve and limb movements: In attempting to determine whether the MEF
is involved both in eye and limb control, we trained animals using a push-button task consisting of 25 units
(see Figure 5) in which after central fixation the animals had to reach and press a button without looking at it
when it turned red, make an eye movement to a button without reaching when it turned green, and to both
look and reach when the button turned yellow. Many units in the MEF responded to both independent arm
movements and eye movements --------- --------- - ----ggest that this ar- a plays a role in both looking and
reaching. This study was part of------- -------- - -------- -in my laboratory- The last series of proposed
experiments in this application address the question of what role single cells in the MEF, FEF and LIP play
in hand-eye coordination.
/. The functional connections of the anterior and posterior streams: Collaborative work with Nikos
Logothetis has just begun that will examine the neural structures activated by electrical stimulation of the
FEF and V1. The prime purpose of this work is to determine the extent to which the FEF connects directly
with the brainstem oculomotor centers. Work we had carried out in collaboration with Logothetis and Tolias
so far shows that electrical stimulation in V1 using currents as high as 1.5mA produces only a punctate fMRI
signal confined to the gray matter. Areas beyond V1 that have been activated by the stimulation include V2,
V3, and MT. This work has been presented at the SFN meeting, 200378 and additional work is to be
presented in 2004.
/'. Target selection in healthy volunteers and in patients with various brain injuries: In collaboration
with Suzanne Corkin and neurologists at the Mass General Hospital we are in the process of collecting data
from human subjects using the asynchronous two target paradigm. This work is based on the findings we
had made in monkeys assessing target selection59'6 .
A description of most of the above work also appears on my website with figures:
http://web.mit.edu/bcs/schillerlab
2. Published papers since 1998:
P.H. Schiller and I. Chou, The effects of frontal eye field and dorsomedial frontal cortex lesions on visually guided eye
movements. (1998) Nat. NeuroscL, 1, 248-253.
T. Moore, A.S. Tolias and P.H. Schiller, Visual representations during saccadic eye movements. (1998) Proc. Natl.
Acad. Sci., USA, 95, 8981-8984.
E.J. Tehovnik, W.M. Slocum, A.S. Tolias and P.H. Schiller, Saccades induced electrically from dorsomedial frontal
cortex: evidence for a head-centered representation. (1998) Brain Res., 795, 287-291.
I. Chou, M. Sommer and P.H. Schiller. Express averaging saccades in monkey. (1999) Vision Res., 39, 4200-4216.
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Figure 3: The effects of muscimol and bicuculline infusion into V1, the FEF and LIP on the paired target task.
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Figure 6: Rotating reeds

Figure 5: Push-button panel
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I. Chou and P.M. Schiller, 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) (1999) Behav. Brain Sci., 22, 661-721.
T. Moore, Shape representations and visual guidance of saccadic eye movements. (1999) Science, 285,1914-1917.
M.A. Sommer and E.J.Tehovnik. Reversible inactivation of macaque dorsomedial frontal cortex: effects on saccades
and fixations. (1999) Exp. Brain Res., 124, 429-446.
E.J. Tehovnik, W.M. Slocum, P.M. Schille Behavioural conditions affecting saccadic eye movements elicited
electrically from the frontal lobes of prima es. (1999) Eur. J. Neurosci., 11,2431-2443.
P.H. Schiller and I. Chou. The effects of interior arcuate and dorsomedial frontal cortex lesions on visually guided eye
movements: 1. Single and sequential ta gets. (2000) Vision Res., 40, 1609-1626.
P.H. Schiller and I. Chou. The effects of interior arcuate and dorsomedial frontal cortex lesions on visually guided eye
movements: 2. Paired and multiple targ ts. (2000) Vision Res., 40, 1626-1638.
E.J. Tehovnik, W.M. Slocum. Effects of aining on saccadic eye movements elicited electrically from the dorsomedial
frontal cortex of primates. (2000) Brain 'es.,877, 101-106.
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 Res. Brain Res. Rev., 32, 413-448
A.S. Tolias, T. Moore, S.M. Smirnakis, E . Tehovnik, A.G. Siapas and P.H. Schiller. Eye movements modulate visual
receptive fields of V4 neurons. (2001) Nsuron, 29, 757-767.
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. Ptit ) (2001) Prog. Brain Res., 134, 2001, pp. 127-142.
E.J. Tehovnik, W.M Slocum and P.H. Sc Her. Differential effects of laminar stimulation of V1 on target selection by
macaque monkeys. (2002) Eur. J. Neurosci., 16, 751-760.
A. Cao and P.H. Schiller. Behavioral ass ssment of motion parallax and stereopsis as depth cues in rhesus monkeys,
(2002) Vision Res., 42, 1953-1961.
E.J. Tehovnik, W.M. Slocum. Microstimu ation of macaque V1 disrupts target selection: Effects of stimulation polarity.
(2003) Exp. Brain. Res., 148, 233-237.
E.J. Tehovnik, W.M. Slocum and P.H. Schiller. Saccadic eye movements evoked by microstimulation of striate cortex.
(2003) Eur. J. Neurosci., 17, 870-878.
A. Cao and P.H. Schiller. Neural respon les to relative speed in the primary visual cortex of rhesus monkeys. (2003)
Vis. Neurosci., 20, 77-84.
E.J. Tehovnik, W.M. Slocum and C.E. Cs rvey. Behavioral state affects saccadic eye movements evoked by
microstimulation of striate cortex. (2003) Eur. J. Neurosci., 18, 969-979.
E.J. Tehovnik and W.M. Slocum. Using cular dominance to locate the visual input layers of V1 in behaving monkeys.
(2003) J. Neurosci. Methods, 125, 121-128.
P.H. Schiller and E.J. Tehovnik. Cortical nhibitory circuits in eye-movement generation. (2003) Eur. J. Neurosci., 18,
3127-3133.
P.H. Schiller and J. Kendall. Temporal h ctors in target selection with saccadic eye movements (2004) Exp. Brain
Res., 154, 154-159.
P.H. Schiller, J. Haushofer, G. Kendall, h ow do target predictability and precueing affect the production of express
saccades in monkeys? (2004) Eur. J. Ne rose/., 19, 1963-1968.
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3. Abstracts since 1998:
E.J. Tehovnik, W.M. Slocum and P.H. Schiller. Behavioural conditions affect saccadic eye movements elicited
electrically from the dorsomedial frontal cortex and frontal eye fields (1998) Abstr. - Soc. Neurosci., 24, 451.21
W.M. Slocum, A.S. Tolias, E.J. Tehovnik and P.H. Schiller. Saccades induced electrically from the dorsomedial frontal
cortex: evidence for a head-centered representation (1998) Abstr. - Soc. Neurosci., 24, 451.20
P.H. Schiller. How selective cortical lesions affect stimulus selection (1999) Third Annual Vision Research Conference,
Pre-attentive mechanisms in vision.
P.H. Schiller and E.J. Tehovnik. The role of cortical areas in target selection with saccadic eye movements (2000),
Abstr. - Soc. Neurosci., 404.7.
P.H. Schiller and E.J. Tehovnik. Look and see: How the brain moves your eyes about. Vision Sciences Society
Meeting, May, 2001.
P.H. Schiller. Look and See: How the brain attends, makes choices, and directs the eyes. Symposium at the Society
for Neuroscience Meeting, November, 2001.
P.H. Schiller. How the brain selects objects and commands movement. Symposium for the American Association for
the Advancement of Science, February, 2002.
P.H. Schiller and E.J. Tehovnik. The role of cortical inhibitory circuits in target selection with saccadic eye movements.
Vision Sciences Society Meeting, May, 2002.
E.J. Tehovnik and P.H. Schiller. Electrical properties of elements mediating saccadic eye movements within macaque
V1: excitability differences between layers. Vision Sciences Society Meeting, May, 2002.
J. Haushofer, P.H. Schiller, G. Kendall, W.M. Slocum and A. Tolias. Express saccades: The conditions under which
they are realized and the brain structures involved. Vision Sciences Society Meeting, May, 2002.
P.H. Schiller, Look and See: How the brain selects visual targets and generates eye movements to them. Rodin
Conference, September 2002.
E.J. Tehovnik, W.M. Slocum and P.H. Schiller. Microstimulation of V1 input laminae disrupts the selection and
detection of visual targets in macaques. (2002) Abstr. - Soc. Neurosci., 55.4.
P.H. Schiller and E.J. Tehovnik. The role of cortical inhibitory circuits in visual perception and target selection with eye
movements. (2002) Abstr. - Soc. Neurosci., 622.6.
P.H. Schiller, C.Carvey, J. Kendall and W.M. Slocum. What the presentation of two visual targets with varied contrasts,
sizes and temporal asynchronies tells us about the process of target selection in humans and monkeys. Vision
Sciences Society Meeting, May, 2003.
P.H. Schiller. See, Look and Reach: How the brain does it - the selection of visual targets with saccadic eye
movements. Symposium at the IBRO World Congress of Neuroscience, July, 2003.
A.S. Tolias, M. Augath, J. Pauls, A. Oeltermann, E.J. Tehovnik, P.H. Schiller and N.K. Logothetis. Simultaneous
electrical microstimulation and fMRI in macaque. (2003) Abstr. - Soc. Neurosci. 69.20.
E.J.Tehovnik, W.M. Slocum, C.E. Carvey and P.H. Schiller. Behavioral state affects saccadic eye movements evoked
by microstimulation of area V1. (2003) Abstr. - Soc. Neurosci., 180.2.
P.H. Schiller, Neural mechanisms of Hermann Grid illusion. Demonstration session for the Vision Sciences Society
Meeting, May, 2004.
E.J. Tehovnik, W.M. Slocum and P.H. Schiller. Microstimulation of V1 delays the execution of visually guided
saccades. (2004) Abstr. - Soc. Neurosci.
Y. Zhang and P.H. Schiller. Behavioral assessment of depth perception based on motion parallax in the non-human
primate. (2004) Abstr. - Soc. Neurosci.
V.S. Weiner, Y. Zhang and P.H. Schiller. Interactive visual processing of stereopsis and motion parallax. (2004) Abstr.
- Soc. Neurosci.

4. Papers under review:
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5. Dissertations:
Since 1998 three students have obtained their PhDs in my laboratory, who are the 22nd, 23rd and 24th PhD students
from my lab:
- -- ---- - -------- ----- - ----- --- -- ----------------------- - -------- - - - ---------------- -------- ------- - -- ----------- ----------- - --------- --------- ----------- - ------ - -- ---- ---------- - ------- - ----- -------------- --- - ------ ----- - ------------- - -- ---------- ----------

6. General contributions to the field:

1. II 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 J. Maunsell, J. Schall, M. 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 July 2003 IBRO World Congress meeting entitled Look, See and Reach:
How the Brain Does It. The participants were 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, and at the Max Planck Institute in Tuebingen,
Germany.
4. I had written several book and encyclopedia chapters. I have had particularly extensive requests for the
first chapter in John Richard's book Cognitive Neuroscience of Attention, entitled The Neural Control of
Visually Guided Eye Movements.
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.M. Schiller74. Eye fields in the frontal lobes
of primates (2000). Brain Res. Rev., 32, 413-448.).
6. Three students had gotten their PhDs in my laboratory (l-Han Chou, Andreas Tolias, An Cao) 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 and with neurologists at Mass
General to study target selection in patients with frontal, parietal and temporal lobe deficits.
8. I have a collaborative arrangement on another grant 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 is being
carried out in the Logothetis laboratory in Tuebingen, Germany which has two magnets available for this
research.
10. We have put together an extensive website (http://web.mit.edu/bcs/schillerlab) with 130 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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D. Research Design and Methods:
1. Behavioral methods:
We have developed and tested eight behavioral paradigms for the proposed work8"9'53'59"62'80. We
presently have four monkeys that are familiar with and perform well on the first six tasks described below
and one monkey who in addition has learned to perform the eye/hand coordination task. Monkeys typically
run 2000-4000 trials a day; therefore reliable psychometric functions can readily be generated even in a
single session. The following is a description of each of these tasks. The rationale for using the tests is
provided in the description for the proposed experiments beginning on page 34. 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, stimuli can be moved across the visual field to locate receptive fields. On each trial a single sweep
is made. The orientation, size and shape of the stimulus can be varied as can the velocity and amplitude.
We have considerable experience with this procedure58'62'80.
b. Detection task: Following fixation on 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 is established by generating psychometric functions using stimuli of varied contrast.
The monitors we use are linearized58. To minimize guessing and the emergence of position habits we use
several procedures: One of these is that monkeys are rewarded approximately Vz 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 takes less time, monkeys prefer to do so rather than to maintain fixation; however, they usually
maintain fixation on the fixation spot when there is no target shown or when they do not perceive one. A
second variable is the duration of fixation spot presentation, after the monkey has acquired it; this time is
varied before the target appears (typically between 200 and 250ms). This means the animal is not inclined
to anticipate target appearance. Targets can be presented at various contrast levels, colors and shapes and
can be made visible by virtue of either light increment or light decrement. By placing the fixation spot and
the target in different locations it is possible to determine, using the local inactivation procedures described
below, whether specific sites in the FEF, MEF and LIP code saccadic vectors or orbital positions73.
c. Memory-guided task: Monkeys are trained to fixate a spot of light on a monitor for 300 ms after
which a visual target is flashed on for 200 ms. When the fixation spot terminates after 1000ms, the monkey
is required to generate a saccade within 500ms to the remembered location of the visual target. During
training on this task the target window is progressively reduced in size to enforce saccadic accuracy.
Several of the target locations will be placed into the receptive fields of the cells under study. The
experiment is performed in complete darkness. We have used this paradigm successfully in previous
investigations™3'129'132.
d. Sequential targets: Instead of presenting single targets, two targets are presented in sequence
with target duration and intertarget presentation times systematically varied. To be rewarded, the animal
must make an appropriate sequence of saccades corresponding to the target locations presented. Our
previous work has established that subsequent to FEF lesions, but not to MEF lesions, a prolonged deficit
arises in making appropriate sequential eye movements59.
e. Discrimination task: The discrimination task uses the oddity paradigm in which several stimuli are
presented, one of which is different from the others. The basic form of this paradigm is the following: After
the animal fixates a central fixation spot, several stimuli appear (4 to 8), one of which is different from the
others64. The animal is rewarded only when he makes a saccade to the odd target. Psychometric functions
can be generated by systematically varying the difference between the target and the other stimuli (the
distracters). The degree of difference in luminance, hue, saturation and shape that is necessary for
discrimination can readily be determined. Catch trials are included when all stimuli are identical.
f. Paired target task: Following fixation, two targets are presented with various temporal
asynchronies. The targets may be identical or they may differ in contrast or size. The monkey is rewarded
for selecting either target. The probability with which one or the other target is chosen is plotted as a
D
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function of the temporal asynchrony between the targets and/or the contrast or size difference between the
targets. We have used this procedure extensively and can attest to the fact that it is a highly reliable,
consistent and sensitive method capable of exactly specifying the temporal changes involved in information
processing59'61"62. This procedure is a variant of one used in patients that examines the "extinction
phenomenon," and hence has significant clinical implications .
gf. Interaction between saccadic eye movements and pursuit eye movements: Under everyday
conditions saccadic and pursuit eye movements often occur conjointly '35>37'39. When a saccade is made to
a moving object, for example, the direction and velocity of the movement is factored into the saccadic vector
to be generated. A pursuit signal is also generated so that, once acquired for foveal viewing, the moving
object can be retained within the fovea. We have previously tested such interactions and we plan to do so in
the proposed work as well61. We can move either the fixation spot or the target in various directions and
velocities. Eye-movement records are collected to assess how well movement information is integrated into
the saccade generated and how well subsequent pursuit movement is executed. Data of this sort appear in
Schiller and Chou, 2000, Figs 14-1761.
h. Eye/hand coordination tests: We have developed two devices to study eye/hand coordination,
the first of which has been used in our previous research:
(i) The first device is a push-button panel that we have used in a project examining the properties of
single cells in the MEF. Use of this panel has enabled us to divorce eye and limb movements. Figure 5
provides a photo of this panel. The 5 by 5 array of pushbuttons covers 56 degrees of visual angle and has
an inter-button distance of 14 degrees. Each button measures 38 mm in diameter; the area that lights up in
the center of each button measures 12 mm in diameter and contains LEDs that can light up red, green,
yellow, or flickering red/green. This is a flexible system in which the following can be adjusted and varied:
1. the inter-button distance, which can be adjusted from 4cm to 6cm using different retaining panels; 2. the
position of the push-button panel relative to the animal that can be varied in three dimensions; 3. the size of
the push-button area the animal can effectively press that can be varied by the placement of cover panels in
front of the push-button panel that have various size circular cutouts for each push button, the smallest
opening of which accepts just one finger; 4. the head relative to the panel can be fixed in any position using
an adjustable head-restraining device. The use of this panel allows us to assess the role of various brain
areas in the control of eye and limb movements. This device and the results we had obtained in the MEF
appears in l-Han Chou's dissertation9.
(ii) The second device we call the rotating reeds panel: The purpose of this system is to study
eye/hand coordination in more detail. One central hypothesis we wish to test is that the MEF plays an
important role in eye/hand coordination, The design of this system is based on procedures we had used
some years back in which we had examined the effects of FEF and SC lesions using an "apple board53".
This consisted of a 3/8 in thick plexiglass sheet into which 1.2 by 2.5cm slots had been cut with the slots
having different orientations that required monkeys to rotate their hand and fingers appropriately to
successfully extract the apple pieces that had been wedged into the slots. Our new apparatus is a variant of
this. Figure 6 shows what these units look like (see page 24). Two are shown in different orientations. The
board placed in front of the animal has several units of these rotatable reeds. As can be seen in the figure,
each unit has a slot in its center, 1.2 by 3.5cm in size. In the middle of the slot are two reeds which when
lightly squeezed together results in the delivery of a drop of apple juice. Each unit can be rotated to vary the
orientation of the slot thereby forcing the animal to orient his hand and fingers appropriately. The level of
difficulty level is manipulated by having the reeds retracted into the slot by various amounts. The more
retracted, the more carefully must the animal adjust his fingers to successfully squeeze the reeds together.
We believe this is a rather natural task for monkeys who use their fingers to extract food objects from tight
places and who groom each other, removing small, undesirable items from the fur in the process.
Each unit contains red/green LEDs (not visible in the figure) that allow us to light the slots up in
different colors. Each trial begins when a fixation LED lights up in the center of the panel. The animal then
has to fixate it and press a lever on the chair mounted in front of him (as in the case of the push-button panel
described above). When he does so, one of the reed units lights up indicating it as the target. When the
light is yellow, the animal must both look at the target and reach out to squeeze the two reeds together. This
system shares several similarities with the push-button system but enables us to assess eye/hand
coordination at a much finer level. Varying the difficulty by extending or retracting the reeds in the slot
enables us to generate psychometric functions before and after lesions or tissue inactivation and to examine
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changes in neuronal activity as a function of task difficulty level. Many trials can be run with short intertrial
intervals.
2. Eye-movement recordings: We use the scleral search coil method with a sampling rate of either
5 or 2ms. The accuracy of our system is better than 0.2 degrees.
3. Head restraint: To restrain the animal's head we implant a head post. We have two kinds of
restrainers. The first simply fixes the head in one position. The second one, when released, allows the
animal to rotate his head. The extent and rate of rotation is recorded.
4. Limb movement measurement: To obtain accurate kinematic information for various
components of the arm movements we plan to use predominantly the Liberty system made by Polhemus.
Polhemus is a pioneer in 3D position/orientation measurement technology and represents the state-of-theart system for studying limb motor control. As configured, it has 4 sensors available, each containing 3
miniature orthagonal coils, that provide accurate information of position and movement velocity in space. A
single transmitter is used in this system which operates in the 12KHz range. Eye-movement records can be
obtained concurrently unimpeded since this system operates at 40780KHz. The receivers are attached to
the arm at 3 points, the back of the wrist, near the elbow and at the shoulder, conveying most of the
essential information about the position and velocity of multijoint arm movements. The small sensors are
attached to the arm using close-fitting leather cuffs. The fourth sensor can be used to measure head
movements if and when this becomes desirable. Liberty comes with a software package that can represent
the data in a 3D virtual reality display. In our department Emilio Bizzi has such a unit that we have tested. It
is an astounding system which, with some additional programming, can be readily be integrated into our
existing system to provide accurate information about eye, arm and unit activity. Our data collection routines
allow us to sample eye and arm movements at the rate of SOOHz. To obtain accurate measures of muscle
activation, in some experiments we may also add EMG recordings of major arm muscles. The exact
procedures to be used will depend on our initial findings.
5. Single-cell recordings: (a) Glass-coated platinum/iridium electrodes made in our laboratory will
be used. In experiments involving infusion of pharmacological agents these electrodes will be attached to a
hypodermic tube as described below in #9. (b) For subcortical recordings paired with infusion of
pharmacological agents, glass pipettes will be used that have an electrolytically sharpened wire inside as
described in earlier publications
'57.
6. Subcortical recording/stimulation/infusion: For recording and infusions into the SC a ball-socket
device will be used57. This device is adjustable for accurate positioning of the electrode to various locations
within the SC. The glass pipette with a fine wire inside enables us to record and to inject the
pharmacological agents as we had done in previous work51'57.
7. Cortical recording/stimulation/infusion: The electrodes we use for cortical
recording/stimulation/infusion as described below, can be lowered into the brain either singly or in pairs.
Paired lowering is accomplished either by placing the two electrodes in two separate wells, or by placing
them within one well with individual control for each. The latter method will be used when we lower two
electrodes into the left and right MEF which can best be reached by implanting the well centered on the
midline.
;

8. Microstimulation: Microstimulation 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 out their receptive field locations. Our electrical stimulation procedures are
described in several publications including a review article on the topic71. Electrical stimulation will be
carried out using a range of currents (1-50//A) and frequencies (100-400Hz) and will always employ biphasic
cathodal/anodal stimulation with pulse widths of 0.2ms. For the generation of saccadic eye movements we
have most commonly used burst durations of 80-120ms at 200Hz.
We have done extensive work to determine how localized the electrical stimulation effects are in the
brain and have published several papers on this issue71'74'75. Our work has established, for example, that
when a 100ms train of electrical stimulation is delivered to V1 during active fixation, the execution of a
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saccade to a target positioned in the receptive field of stimulated neurons is delayed134. Since this delay
effect is spatially localized it can be used to determine effective current spread in V1. The maximum
increase in saccadic delay due to stimulation occurs when the target is positioned at the center of the
receptive field of the stimulated neurons. The magnitude of this delay drops off systematically as the
distance between the target and receptive-field center is increased. The magnitude of the delay effect
increases with current. For currents of 25, 50, and 100 ji/A, the amount of visual field affected is 0.31, 0.39,
and 0.58 degrees of visual angle, respectively. At a 4-degree eccentricity, 0.5 degrees of visual field span
roughly two ocular dominance columns110, representing 800/vm of V1 tissue 1 0 9 ' 1 1 0 . Therefore, 25, 50,
and 100//A delivered in a 100ms train affect V1 tissue within 248, 312, and 464/ym from the electrode tip.
This is the first behavioral estimate of effective current spread in cortical tissue. These estimates are
comparable to those obtained using single pulses delivered to pyramidal fibers71.
Microstimulation can be used effectively to determine whether the region stimulated in the FEF, MEF
and LIP carries a vector code or a place code. This is accomplished by placing the fixation spot the monkey
looks at prior to administering electrical stimulation at different locations on the screen. If at all sites the
same vector saccade is elicited, we shall assume that the region activated carries a vector code. If, on the
other hand, the saccade elicited electrically goes to the same spatial location from all fixation sites, we
assume that the region carries a place code. An additional test is to use prolonged trains of stimulation.
Under such conditions a staircase of similar vector saccades is elicited in regions that code vectors and a
single saccade is elicited followed by maintained fixation in the terminal zone in regions that code for orbital
location.
9. Pharmacology: (a) For infusion of pharmacological agents into the FEF, the MEF and LIP it is
important (1) to deliver small volumes at low concentrations and (2) that the agents be delivered to exact
locations. To accomplish this we have developed an infusion/recording/stimulation electrode that can meet
these requirements and can make it through the dura intact. This system consists of a standard glass
coated platinum/iridum microelectode that is attached to a 31G hypodermic needle, with the tip of the
electrode within Vz mm of the needle opening. The system allows us to record and to electrically stimulate
through the microelectrode and to infuse pharmacological agents through the hypodermic needle portion.
Pharmacological agents are injected using a 5//L Hamilton syringe driven with a micrometer which is
connected to the infusion/recording electrode with fine plastic tubing. We have used this system with
considerable success so far in more than 50 infusions. The effects of the infusion are first monitored via the
neural recordings with the microelectrode. We then determine the behavioral effects of the infusion. We
had found, for example, that infusion of 1.0//L of 0.5/vg/uL muscimol in V1 affects approximately a 2-3mm
diameter mass of cortical tissue representing 3/4 of a degree of the visual field at an eccentricity of 3
degrees from the fovea. These results have been published63. Additional description is available on my
website (http://web.mit.edu/bcs/schillerlab). (b) For selective infusions into the SC, a glass pipette will be
used that has an electrolytically sharpened wire placed inside for single-cell recordings. The
pharmacological agents are delivered through the pipette as described in our previous publications using
this procedure51.
The pharmacological agents we plan to use are the following: (a) lidocaine, for general, reversible
inactivation, (b) the GABA agonists muscimol and baclofen, and the GABA antagonists bicuculline and
picrotoxin, CGP-35348, 54626, 64214, (c) the glutamate agonists NMDA, AMPA, quisqualate and kianate
and the glutamate antagonists APV and CNXQ These agents have been discussed in the Background and
Significance section. The following is an outline of these agents:
GABA receptors: GABAA, GABAB> GABAC
Agonists and antagonists for GABAa: Muscimol (GABAA agonist); Bicuculline (GABAAantagonist);
Picrotoxin (GABAA antagonist).
Agonists and antagonists for GABAg: (R)-Baclofen (GABAB agonist); CGP-35348,54626,64213 (GABAB
antagonist).
Agonists and antagonists for GABAn: Muscimol (GABAc partial agonist); Picrotoxin (GABAc antagonist).
Glutamate receptors: (1) NMDA: N-methyl-D-aspartate (2) AMPA/kainate: a-amino-3-hydroxy-5-methyl-4isoxozole propionic acid/kainate.
Agonists and antagonists for NMDA receptors: NMDA (agonist); APV (glutamatergic antagonist for NMDA
receptors): D-2-amino-5-phosphonovaleric acid.
Agonists and antagonist for AMPA/kainate-sensitive receptors (also called non-NMDA receptors): AMPA
(glutamatergic agonist for AMPA/kainate-sensitive receptors); Quisqualate (gulatmatergic agonist for
D
PHS 398/2590 (Rev. 05/01)
Page 31
Number pages consecutively at the bottom throughout the application. Do not use suffixes such as 3a, 3b.

Continuation Format Page

Principal Investigator/Program Director (Last, first, middle):

SchillGT, Peter H.

AMPA/kainate-sensitive receptors); Kainate (glutamatergic agonist for AMPA/kainate-sensitive receptors);
CNXQ (glutamatergic antagonist for AMPA/kainate-sensitive receptors): 6-cyano-7-nitroquinoxaline- 2,3,dione.
Table 1 provides a summary outline of the pharmacological agents we plan to study in the FEF, MEF
and LIP. Those check marked had already been studied. The starred agents represent those we plan to
examine first.
FEF
*

General tissue inactivator
* GABAA agonist
GABAB agonist
* GABAA antagonist
GABAB antagonists

GABAA c antagonist
*
*
*

*

Glutamate, NMDA receptor agonist
Glutamate, NMDA receptor antagonist
Glutamate, non-NMDA receptor agonist
Glutamate, non-NMDA receptor agonist
Glutamate, non-NMDA receptor agonist
Glutamate, non-NMDA receptor antagonist

lidocaine
muscimol
baclofen
bicuculline

MEF

LIP

i/

i/

,/

i/

CGP-35348
CGP-54626
CGP-64213
picrotoxin
NMDA
APV
AM PA
Quisqualate
Kainate
CNXQ

10. Assessment of the balance obtained for bilateral infusion of muscimol into the superior
colliculus: In the first experiment described below, the plan is to compare the effectiveness with which a
saccadic eye movement can be elicited by FEF stimulation when the SC is inactivated either unilaterally or
bilaterally. Our hypothesis is that after balanced bilateral inactivation, when there is no evident circling
behavior or eye deviation, as we had noted years ago when we made bilateral lesions of the SC, electrical
stimulation of the FEF will elicit saccadic eye movements effectively, thereby supporting the idea that the
FEF has functional direct connections with the brainstem oculomotor centers in the normal animal. To carry
out this experiment successfully, we need to determine that the muscimol infusions, when made bilaterally,
have similar effects. To ascertain this we plan to use four tests: (1) Obtain eye-movement records that
should show that the eye is not consistently deviated to either the left or right and that the average eye
movements are straight ahead as in the normal case. (2) Free the head post holder to allow head turning
and determine whether the animal has a disposition to orient excessively toward either side. (3) Obtain
saccadic latencies for single targets appearing in the left and right hemifields. Similar latencies for left and
right saccades will be indicative of a balanced inactivation. (4) Assess the disposition of the animal to
select the left or right target in the two-target task as described in the Progress Report, a, and in Figure 1. If
the inactivation is balanced, the equal probability choice of the left and right targets should be similar to that
obtained from the animal under intact conditions. The degree of imbalance can be quantified with this
method by determining how much of a temporal offset between the targets is required to obtain equal
probability choice.
77. Criteria for identifying the FEF, MEF. and LIP: In identifying and characterizing areas FEF, MEF
and LIP we rely on two prime methods during each experiment: Single cell recordings and electrical
microstimulation. Subsequent to the experiments we identify these areas histologically.
The FEF, MEF, and LIP contain neurons with distinct oculomotor properties as revealed by singlecell recording and by microstimulation. In the FEF the cells respond vigorously when a saccadic eye
movement is made into the cells' motor field. The saccades generated are constant vector type, meaning
that the saccadic vector generated is the same irrespective of the initial position of the eye in orbit within the
range of ocular motility. The FEF is mainly confined to area 8A which can be verified histologically. The
MEF (also called the supplementary eye field) contains cells that discharge during the generation of
saccadic eye movements that terminate in a particular region of craniotopic space, the termination zone108.
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Also when electrical stimulation is delivered to the cells the eyes terminate in the termination zone69.
Currents below 100 ^A are sufficient to identify the MEF as long as stimulation is delivered outside of active
fixation133. Finally, according Carl Olson (see Tremblay et al, 2000136' Fig. 2) the MEF is located along
medial border of area 6 between the genu and the tip of the superior limb of the arcuate sulcus. With
marker lesions, one can ascertain that one is indeed within this region and not in the SMA, for example,
which is located caudal to the MEF. There continues to be a dispute as to whether the Pre-SMA is a distinct
area, located medial to the MEF (see review by Tehovnik et al. 200073). It may be noted that the criterion
used by Carl Olson to identify the MEF had been established by us previously (Tehovnik131 cf. Tremblay et
al136, Fig. 2 caption).
The identification of area LIP is based on several criteria. In some regions of LIP neurons discharge
vigorously during active fixation63'116. Electrical stimulation at these sites dramatically increases fixation
time63. In other regions receptive fields can be identified and cells discharge with saccadic eye movements.
Saccade-related activity is also evident when monkeys are asked to generate memory-guided eye
movements137; many of these cells discharge vigorously during the memory period. Electrical stimulation in
these regions of LIP typically produces fixed vector saccadic eye movements at low current levels63'135.
These criteria yield a reliable determination of the location and extent of LIP.
An issue of some concern is to assure that our studies are confined to area LIP, excluding areas
such as VIP and MIP. Regarding VIP, it is well established that electrical stimulation of this region does not
elicit fixed-vector saccades but instead evokes saccadic eye movements that termination within a given
location of craniotopic space, using a spatial code135. To test that we are in LIP and not in VIP, monkeys
will be required to fixate targets located in different locations of craniotopic space and thereafter electrical
stimulation will be delivered to the parietal area under study. The evocation of fixed-vectors, will be used in
addition to other criteria to guarantee that we are working in LIP and not in VIP. As for MIP, stimulations
here do not evoke saccade eye movements135.
It is also important to determine the extent to which the neurons from which we record have tactile,
hand-related responses. Such responses are most common in the MIP and AIP111'121'127. Here neurons
also discharge during limb movements. We had found that delivering light air puffs to the hand and arm is
most effective in eliciting unit responses from MIP. We had found that following infusion of muscimol into
this region animals had difficulty using the contralateral hand for grasping.
Based on the various methods in this section we believe that we are capable of identifying the FEF,
MEF and LIP.
12. Estimation of the size of the area affected by infusions: One of the prime strengths of our
approach is that we first establish the exact motor responses the neurons mediate using unit recording and
electrical stimulation. We then proceed to elicit the same response by placing visual targets at the
appropriate locations and determine the effects of the infusion of various pharmacological agents. This
enables us to effectively use small drug doses that are well below toxic levels. We can examine responses
before, during and after drug action. We can vary concentrations and volume levels systematically. To
determine the volume of tissue affected by drug infusion, we elicit different vector saccades by
systematically placing the visual target on the screen at various locations relative to the receptive/motor field
of the neurons inactivated. The range over which saccades with various vectors are affected by the infusion
in the FEF and LIP, and their size of the terminal zone affected can provide us an estimate of the area of
tissue inactivated. In previous work we have examined the extent of drug spread in area V1 that has
provided quite accurate estimates because of the well-known topography of this area as described in section
#9 above63'134.
13. Histological procedures: Two methods will be used to mark the location of our electrodes in the
FEF, MEF and LIP. First, a DC current of 10//A will be delivered for between 10 and 30 seconds to produce
a punctate lesion (i.e. less than 200//m in radius) at the electrode tip. To induce marker lesions for the long
term we will also pass current through a stainless-steel electrode and process the tissue using the Perls'
Prussian Blue method for staining iron-deposit at the electrode tip. Such markings will be made after
completing all the experiments to be conducted on each monkey.
14. 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
0
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the behavioral tasks; (3) Saccadic latencies obtained with visual stimuli and electrical stimulation; (4)
Direction and amplitude of the saccadic vectors generated. We have several data analysis packages the
details of which appear in several of our publications.
The Experiments:
Experiment 1: Assessing the two streams hypothesis using electrical stimulation in FEFand
MEF before and after reversible unilateral and bilateral inactivation of the SC:
Rationale: Initial work in our laboratory has demonstrated that after removal of the SC electrical stimulation
of posterior cortex no longer elicits saccadic eye movements, but electrical stimulation of frontal cortex
continues to do so. This and several other findings, as noted in the Background section, has lead to the
hypothesis that visually guided saccadic eye movements are controlled by two major streams, the anterior
and the posterior^7"29' 1 | 7 °. An alternative hypothesis was advanced recently according to which all visually
guided saccadic eye movements generated by cortical signals gain access to the brainstem oculomotor
centers only through the SC in the intact monkey; this hypothesis suggests that effective, direct connections
from the frontal cortex to the brainstem oculomotor centers become established by virtue of new
connections that emerge after SC lesions thereby giving rise to our finding that FEF and MEF stimulation
continues to elicit saccades after collicular removal. This alternative claim was based on the finding that
immediately following unilateral pharmacological inactivation of the SC, electrical stimulation at low currents
no longer elicits saccades from the FEF. Our position is that (1) acute inactivation of the SC raises
activation thresholds in the FEF but does not eliminate them, (2) the effect is exacerbated when such
inactivation is unilateral as it creates a dramatic imbalance between the left and right colliculi and interferes
with the normal functional interconnections between them resulting in extreme deviation of the eyes toward
the side of the lesion and in vigorous circling behavior when the animal is not restrained, (3) no evidence
was presented demonstrating the emergence of new functional connections from the FEF to the brainstem.
Due especially to point #2, one important test is to electrically stimulate the FEF to evoke saccadic eye
movements after bilateral inactivation of the SC which, as our previous lesion studies have shown, does not
produce extreme eye deviations and circling.
Questions and hypotheses: The central question is whether there are indeed two functional streams for
generating saccadic eye movements or whether all cortical signals in the intact animal course through the
SC. This is the question we hope to answer in this first set of experiments. Our hypothesis is that in the
intact animal there are two major streams for saccadic eye-movement control, the anterior and the posterior.
The posterior stream gains access to the brainstem oculomotor centers through the SC whereas the anterior
stream has direct access to these centers. We would therefore expect that after bilateral inactivation of the
SC, thresholds for generating saccadic eye movements by electrical stimulation of the FEF should result
only in mild increases in stimulation threshold as compared with unilateral inactivation that shows significant
threshold increases. We furthermore expect that after bilateral inactivation the monkey should be able to
make saccadic eye movements to visual targets appearing in the left and right hemifields.
Procedures: As described in the methods section, we plan to electrically stimulate the FEF to elicit
saccadic eye movements in both the intact monkey and when the SC is inactivated either unilaterally or
bilaterally. To accomplish this, a cortical well will be placed either over the FEF and two adjustable
ball/socket devices will be implanted to reach the SC. Glass pipettes, as described in the Methods section,
will be used that will enable us to record unit activity and to inject pharmacological agents.
As Hanes and Wurtz, we will use lidocaine to inactivate the SC20' . Thresholds for eliciting saccadic eye
movements will be assessed before, during and after the lidocaine infusions whose effects will be monitored
by single-cell recordings and by the animal's behavior.
The effects of lidocaine infusion will be studied under two conditions: unilateral infusion and bilateral
infusion. In view of the issues raised, the crucial test will be to compare what happens with electrical
stimulation of the FEF under unilateral and under bilateral SC inactivation conditions. To carry this out
properly it is important to have balanced inactivation under bilateral inactivation conditions. We plan to use
four behavioral tests to assess the degree of balance as described in the Methods section as follows: (a)
Examine the degree of average eye deviation (b) Examine the degree of head shift (c) Assess the latencies
with which monkeys make saccadic eye movements to targets presented in the left and right hemifields, and
(d) Determine the extent to which there is a bias in target selection on the paired target task. Balanced
inactivation should not produce extreme eye deviation, major orientation shifts of the head, or major latency
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differences to targets appearing in the left and right hemifields; nor should not induce major shifts in the
equal probability point for target selection on the paired target task.
In later phases of the research we plan also to assess the effects of unilateral and bilateral SC
inactivation on electrically elicited saccades from the MEF, since our lesion studies have shown that after
SC lesions we continued to elicit saccades by stimulating this structure. If after bilateral inactivation of the
SC we continue to elicit saccades when the MEF is stimulated, it would support the idea that this structure
has effective brainstem connections in the intact animal.
The tests for saccadic latencies and target selection (c and d above) after SC inactivation have a
dual purpose. The first is, as just noted, to assess the degree to which paired lidocaine infusions produce
balanced inactivation of the SCs. The second is to provide a comparison in performance on the paired
target task with conditions when instead of the SC, cortical structures are inactivated as described below in
Experiment 2.
Significance: This work will determine the extent to which unilateral and bilateral SC inactivation raises the
threshold of eliciting saccadic eye movements by electrical stimulation of the FEF and MEF. Continued
saccade generation after SC inactivation will establish that there are indeed two processing streams for
saccade generation in the intact monkey and that the anterior stream has direct access to the brainstem
oculomotor centers. This assessment has some clinical relevance as different treatment strategies for eyemovement disorders due to brain infarcts would have to be implemented depending on whether one or two
streams access the brainstem oculomotor centers.
Experiment 2: The effects of infusing pharmacological agents into the FEF, MEF and LIP on the
generation of visually guided saccadic eye movements:
Rationale: The purpose of Experiment 2 is to assess the roles excitatory and inhibitory neurotransmitter
circuits in the FEF, MEF and LIP play in saccadic eye-movement control. To do so the agents described in
the pharmacology section in Research Design and Methods will be used. Only a limited number of agents
have been examined in these structures in previous studies. As a control lidocaine will be infused in these
areas that silences both excitatory and inhibitory circuits.
Questions and hypotheses: Here we provide a detailed outline of the basic facts on which the proposed
work is based and the hypotheses we intend to test. However the results come out, they will provide us with
significant new facts about the manner in which various kinds of excitatory and inhibitory neural circuits
control visually guided saccadic eye movements. The three areas to be studied are discussed separately
below:
1. The frontal eve fields:
a. The basic facts on which the proposed work and the hypotheses are based:
(1) The FEF carries a vector code.
(2) After an FEF lesion there is a major deficit in target selection that lasts for more
than four years.
(3) After an FEF lesion there is an increase in saccadic latencies that recovers over
time.
(4) Electrical stimulation of the FEF elicits constant vector saccades at low currents.
(5) Muscimol (predominantly a GABAA agonist) injected into the FEF produces a deficit in
target selection and increases saccadic latencies.
(6) Bicuculline (GABAA antagonist) injected into the FEF facilitates target selection and
decreases saccadic latencies.
b. The hypothesized effects of lidocaine infusion: Effects similar to those observed shortly after
FEF lesions will be obtained: a major deficit will be seen in target selection and there will be increased
saccadic latencies.
c. The hypothesized effects of GABAB agonists: The effect of the GABAA agonist muscimol is
pronounced; GABAe circuits may play a less prominent role in the FEF. Hence it is probable that GABAB
agonists will be less effective.
d. The hypothesized effects of GABAB antagonists: The effect of the GABAA antagonist
bicuculline is pronounced; GABAB antagonists will probably not be particularly effective.
D
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e. The hypothesized effects of NMDA and non-NMDA agonists: By virtue of increased
excitatory activity induced by one or both of these types of agents it is likely that saccade generation will be
facilitated with concomitant decrease in saccadic latencies.
f. The hypothesized effects of NMDA and non-NMDA antagonists: As a result of the decreased
activity in excitatory circuits, one or both of these types of agents will be likely to produce interference in
saccade generation and an increase saccadic latencies.
2. The medial eve fields:
a. The basic facts on which the proposed work and the hypotheses are based:
(1) The MEF carries predominantly a place code.
(2) Lesions of this area produce relatively short-term deficits in saccade generation.
(3) Electrical stimulation here elicits saccades that shift the eye to a fixed orbital position.
(4) When the fixation spot is placed into the terminal zone of the stimulated neurons,
electrical stimulation prolongs fixation time.
(5) The pharmacological agents we wish to study have for the most part not been used
in the MEF.
b. The hypothesized effects oflidocaine infusion: As happens shortly after a lesion of the MEF,
deficits will occur in the selection of targets placed into the terminal zone of the neurons infused.
c. The hypothesized effects of GABA agonists: A deficit will arise in saccade generation to
targets placed into the terminal zone of the cells infused. The extent to which GABAA, GABAB and GABAc
are involved is an empirical question.
d. The hypothesized effect^ of GABA antagonists: Saccade execution into the terminal zone
from any other location will be facilitated. When the fixation spot is placed into the terminal zone, fixation
time will be prolonged. The extent to which GABAA,, GABAB and GABAe are involved is an empirical
question.
e. The hypothesized effects of NMDA and non-NMDA agonists: One or both of these types of
agents will facilitate saccade execution into the terminal zone of the affected neurons. When the fixation
spot is placed into the terminal zone, fixation time will be prolonged. Fixation time will not be prolonged
when the fixation spot is placed at sites outside the terminal zone of the affected neurons.
f. The hypothesized effects of NMDA and non-NMDA antagonists: One of both of these types
of agents will produce deficits in saccade generation to targets placed into the terminal zone of the cells
infused. When the fixation spot is placed into the terminal zone, fixation time will be foreshortened.
3. The lateral intraoarietal sulcus:
a. The basic facts on which the proposed work and the hypotheses are based:
(1) This is a complex area with several subdivisions. Notable among these are:
(a) Saccade generating sites where electrical stimulation elicits constant vector
saccades and (b) Sites where neurons discharge vigorously while the animal
maintains active fixation irrespective of the orbital position of the eye.
(2) Infusion of the GABAA agonist muscimol has little effect in small doses.
(3) Infusion of GABAA antagonists bicuculline has little effect in small doses.
(4) Infusion of GABAe and GABAC agonists and antagonists has not been studied
(5) Infusion of NMDA and non-NMDA glutamatergic agents has not been studied
b. The hypothesized effects of lidocaine infusion: (1) At saccade generating sites a deficit will
be seen in generating saccades with vectors coded by that site. (2) At sites where neurons discharge while
fixation is maintained, fixation time will be foreshortened irrespective of where the fixation spot is placed.
Deficits will be especially notable on the memory-guided saccade task.
c. The hypothesized effects of GABAB and GABAc agonists: It is conceivable that in LIP
GABAB and/or GABAc play a more prominent role than does GABAA. If so: (1) At saccade generating
sites there will be a facilitation in saccade generation for saccadic vectors represented at that site. (2) At
sites where neurons discharge while fixation is maintained, fixation time will be prolonged.
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d. The hypothesized effects of GABAB and GABAC antagonists: In a similar vein, GABAB
and/or GABAC may cause saccade facilitation at saccade sites and prolonged fixation at sites where
neurons discharge while fixation is maintained.
e. The hypothesized effects ofNMDA and non-NMDA agonists: By virtue of increased
excitatory activity, one or both of these types of agents will facilitate saccade generation at saccade sites
and prolong fixation time at sites where neurons discharge while fixation is maintained.
f. The hypothesized effects of NMDA and non-NMDA antagonists: By virtue of decreased
excitatory activity, one of both of these types of agents will interfere with saccade generation at saccade
sites and will shorten fixation times at sites where neurons discharge while fixation is maintained.
Procedures: The animals will first be trained on the behavioral tasks described in the Research Design and
Methods section. They will then have wells implanted over one of the three areas in each animal, the FEF,
MEF or LIP. In subsequent experimental sessions each area will be mapped out with repeated single cell
recordings and microstimulation. We plan then to proceed to the infusion stage of the experiment.
Recording/stimulation/infusion electrodes, as described in Methods, will be lowered into each area to be
examined. The areas will be identified as described in the Research Design and Methods Sectioon, #11.
The receptive/motor field of the cells at the tip of the electrode assembly will be mapped out with recording
and electrical stimulation. We will then proceed to test each animal on the behavioral tasks described in the
Research Design and Methods section: the detection task, the sequential target task, the discrimination
task, the paired target task, and the pursuit task (b, c, d, e and fin Research Design and Methods). The
visual stimuli will appear at several locations, one of which elicits a saccadic vector that is represented by
the neurons to be infused. Saccades made to other locations serve as controls. The number of tests to be
used in each session will be limited and will be tailored to the number of trials each animal can perform in
each session (usually 2000-4000). The behavioral tests will be administered before the infusion, after the
infusion subsequent to verifying the effects of the infusion with single cell recordings, and after recovery.
Behavioral performance will be tested once again on the day after the infusion for the same sites63. The
testing of each area will first be done with the sodium channel blocker lidocaine that inactivates both
excitatory and inhibitory circuits. Subsequently GABAergic and glutamatergic agonists and antagonists will
be applied. Some of the before, during and after drug infusion testing will be completed in a single session
and some will require multiple sessions, as in the case of muscimol infusions that can have an effect that
lasts several hours. All three areas will be examined with lidocaine infusion and with infusion of glutamate
agonists and antagonists. The agents to be used are shown in Table 1 in Research Design and Methods.
As we had done in the past, in some experimental sessions we plan to assess the area affected by infusions
as a function of doses delivered. This will be accomplished by systematically placing the target in various
locations relative to the center of the receptive/motor field of the affected neurons.
Significance: This set of experiments should establish what role various types of excitatory glutamatergic
and inhibitory GABAergic circuits play in the FEF, the MEF, and LIP in target selection with saccadic eye
movements and in the execution of sequences of saccadic eye movements.
Experiment 3: The role of the MEF, FEF and LIP in coordinated eye and limb movements:
Rationale: In our previous work, as described in the Progress Report, we have found that the MEF
mediates hand-eye coordination. Evidence for this comes from several sources. First, the regions of the
MEF that contain cells that are modulated during the execution of eye movments overlap with those that are
modulated during the execution of forelimb movements131. Second, when monkeys generate saccadic eye
movements to visual targets, or when monkeys reach to visual targets in the absence of any eye
movements, many cells within the MEF respond similarly under both conditions8'113. Finally, the eye and
forelimb fields in the MEF of primates are highly overlapped as revealed by fMRI studies73. Unlike the MEF,
the FEF and the LIP are believed to contain neurons that mediate oculomotor and not skeletomotor
responses73'135.
The central aim of Experiment 3 is to assess the contributions of MEF, FEF, and LIP to eye/hand
coordination. To study this we have developed two tests as described in the Methods. The first test will
have monkeys reach to visual targets either accompanied with saccadic eye movements or not
accompanied with saccadic eye movements. The trajectory and speed of the forelimb movements will be
measured under both conditions. Both left and right forelimbs will be studied. The second test will have
monkeys grasping visual objects presented at different orientations. The posture of the forelimbs
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immediately before and during the grasping movement will be monitored and the latency to initiate a
successful grasping response will be measured.
During the initial phases of this experiment we plan to infuse the sodium-channel blocker lidocaine
that inactivates both excitatory and inhibitory circuits, to determine whether and how the animal's ability to
perform these tasks is affected when reaching movements are made into the receptive/motor field of the
injected cells. This will be carried out in all three areas, the FEF, MEF and LIP. The subsequent application
of agonists and antagonists of glutamate and GABA will be limited to the area(s) that show deficits in
eye/hand coordination with lidocaine infusions.
If, as expected, we should get a reaching deficit following inactivation of the MEF, we will investigate
whether changes in fixation position or head-body orientation affect the spatial location of the reaching
deficit. We know that unlike the FEF and LIP, the MEF contains a spatial code for the generation of
saccadic eye movements such that the cells here code for a particular location in head-centered but not
body- centered space69'72'108'113. If this is true, then changes in fixation location should not affect the spatial
location of the reaching deficit, but changes in the orientation of the head with respect to the body should.
Questions and hypotheses: Our hypothesis is that the MEF and not the FEF or LIP, plays a significant
role in hand-eye coordination. Therefore, inactivation of MEF but not FEF or LIP should produce significant
deficits on the hand-eye coordination tasks when the visual target is located in the receptive/motor field of
the injected cells. Also if inactivation of the MEF produces a reaching deficit and if the MEF, in fact, contains
a head-centered code for the representation of visual targets, then changes in the orientation of the head
with respect to the body should change the location of the reaching deficit. The role excitatory and inhibitory
circuits play in eye/hand coordination is an empirical question.
Procedures: Initially we plan to assess eye and limb control by local infusion of lidocaine, starting with area
MEF and then progressing to the FEF and to LIP. For all experiment, the receptive/motor field of the cells
under study will be determined so that tests can be performed in and outside of the affected field. The
performance of an animal will be tested before, during, and after an infusion of agent. Two tasks will be
employed. On the first task monkeys will be trained on the push-button panel to execute one of 3
responses. After acquiring the fixation spot, the spot will change to one of three colors and one target will be
illuminated on the panel. If the spot turns green, the monkey is required to generate an eye movement to
the target to obtain a juice reward. If the spot turns red, the monkey is required to remain fixated and make
a limb movement to the illuminated target and to press the target button in order to get a juice reward.
Finally, if the spot turns yellow, the monkey is required to generate a coordinated eye and limb movement to
the illuminated target and to depress the target button in order to get a juice reward. The accuracy, latency,
and trajectory of the eye and limb movements will be measured. We have successfully trained two animals
on this task. The second task uses rotating reeds. When the fixation spot turns yellow, the monkey is to
generate an eye and limb movement toward the reed stimulus and squeeze together the stimulus using fine
finger manipulation in order to get a juice reward. Across trials the orientation of the reed stimulus will be
varied. This assures integrated eye/hand movements. Again the accuracy, latency, and trajectory of the
eye and forelimb movements will be assessed.
If infusions of an agent into the MEF produce a deficit in visually-guided reaching then we will
change the position of fixation and change the orientation of the head with respect to the body to determine
whether the spatial location of the deficit is affected by these manipulations. Fixation location will be varied
by having the monkey fixate targets in different location of craniotopic space while reaching movements are
made. The orientation of the head with respect to the body will be altered by fixing the head in different
positions with respect to the body. Reaching movements will be made for different head orientations, as the
monkey fixated a head-centered visual target.
The location of the infusions, based on recording, electrical stimulation, and histology will be
especially important for area LIP as other nearby areas such a MIP and AIP also mediate limb movements.
LIP is located in the posterior portion of the lateral intraparietal sulcus and infusions of LIP could spread to
MIP, for example. Making small infusions, therefore, is central to confining the spread of our agents.
Significance: This study will determine the extent to which areas MEF, FEF, and LIP contribute to
coordinated eye and limb movements in visual space.
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TIME TABLE:
We plan to begin with Experiment 1 which we estimate will take one to two years to complete. We plan to
run Experiment 2 concurrently. This experiment will continue to be conducted during the entire duration of
the grant support. Experiment 3 will be initiated after Experiment 1 has been completed.
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E. Human Subjects Research:

Not applicable.

F. Vertebrate Animals:
1.
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 (Research Design and
Methods) of this application.
2.
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.
3.
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).
4.
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 (0.01-0.03 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 well-disposed. 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.
5.
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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