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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
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Adaptation of the amplitude of saccadic eye movements is necessary so that saccadic accuracy can
be maintained throughout life despite the changes caused by development, injury and aging. The
long-term objective of this grant is to study the mechanism and site(s) of saccadic amplitude
adaptation in non-human primates. We will address this issue in several ways. First, we will
estimate the level of the saccadic system at which adaptation takes place by determining whether
behavioral adaptation of reactive (more simple) saccades transfers to higher-order (more
"cognitive") saccades. Amplitude adaptation will be produced by requiring monkeys to track a
stepping target that is jumped forward or backward during a targeting saccade, so that the
adaptation mechanism is deceived into thinking that the saccade is in error. Over ~1000 such
deceptions, monkeys gradually reduce this error by adjusting saccade amplitude. If adaptation of a
reactive saccade does not transfer to a higher-order saccade, they must have different sites for
saccadic plasticity. Second, we will record from the oculomotor cerebellar vermis during
behavioral adaptation and assess the associated changes in simple spike and climbing fiber activity
in Purkinje cells. We expect changes in neuronal firing that will indicate how the saccadic error
delivered by the climbing fibers shapes the simple spike firing of Purkinje cells. Third, during
behavioral adaptation we also will examine the change in activity of cells in the caudal fastigial
nucleus (CFN), which receives direct inhibition from the vermal Purkinje cells and, in turn, projects
directly to the premotor brain stem generator of saccadic eye movements. We expect that changes
in firing of CFN cells will be appropriate to effect downstream structures to alter saccade
amplitude. Because of the remarkable similarities of simian and human saccadic behavior, the
results of these experiments should have considerable relevance in the diagnosis, treatment and
rehabilitation of human patients with chronic saccadic disorders.
PERFORMANCE SITE(S) (organization, city, state)

----------- - -- -------------- ---------- -------- - ---------- - ------- Seattle, Washington
KEY PERSONNEL. See instructions. Use continuation pages as needed to provide the required information in the format shown below.
Start with Principal Investigator. List all other key personnel in alphabetical order, last name first.
Name
Organization
Role on Project

Fuchs, Albert F.
----- --- - ----------------- -- --------

University of Washington
University of Washington
University of Washington
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PERSONNEL
The principal investigator, Albert Fuchs, will perform and guide the proposed experiments in
collaboration with Drs. Ling and Soetedjo. The P.I. has done research in the oculomotor system for 38 years
and has extensive experience with all of the techniques used in these experiments.
--- - ---- - will be responsible for the CFN recordings during head-free gaze shifts (Specific Aim #3). As
can be seen from his Biographical Sketch, he has considerable experience in recording from the primate
brainstem during head-free gaze shifts. In addition, he has participated in studies involving the amplitude
adaptation of gaze shifts. Recently, he has collaborated with------- - -------- - and me on studies of the CFN. In
PHS 398 (Rev. 5/95)
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addition,--- ---- - is facile with computer simulations and has implemented many of the saccade generator
models, allowing us to compare the actual unit discharge patterns and behavioral deficits produced by
pharmacological inactivations with those produced in various models.
---------- - ----------- - - ---------- - - -------------- ------ -- - - --- - ---- ---- - -------- --- - ------ - - - ----- - --- - ----- -- - ------------ - --- - -------- --- - --- - ------ --- - ---- --------- - - - -- - -- -------------- --- - ---- ---------- - -------- - -- - --------------- -------- - ---------- - ------ - -- -- ----- ---- - ------------ ---- --- - ---- -- - -- ---- - -------- ---- - -- ---------- - ------ --------- - --- ---- - ------ - -- ------- -- - ---------- --- ----------- -- -------------- --- - ------- - - - -- - -- ---------- - ---- the borrowed CED software and Matlab (for example, see Figs. 2, 7 and 8) and will help (along with ----------- see below) to facilitate our conversion to the new experimental platform.
------- ------ --- - ------------- - ----------- - -- --- - ------- performs several indispensable functions. First, he
maintains our behavioral control/digitizing computers. Second, he writes computer programs for behavioral
control and data analysis. He has written all of our "basic" programs for the analysis of saccades, smooth
pursuit, the VOR and optokinetic nystagmus and the associated unit activity. As various investigators use those
programs, they request changes in the analysis capabilities on an almost daily basis. Having ----- at the ready
allows us to take rapid advantage of unique opportunities that arise in daily experiments. ----- - extensive
experience in the development of software for our current MAC-based system will be invaluable as we
implement the required conversion to the CED-based platform. Third, he designs and builds specialty
equipment for the lab with minimal delay. For example, he helped design and did most of the construction of
the LED array that we currently use to elicit head-free gaze shifts. --- ----- has been absolutely crucial to the
successful operation of our lab.
------- - ---------- --- - --------- - ------------ - ----- ------- is responsible for all aspects of the animal
experiments. First, she participates in every animal surgery. Second, she trains the monkeys in various saccade
tasks. Over the last several years, she has developed a solid intuitive feel for how to shape a monkey's
behavior. She is intimately familiar with all the behavioral and analysis programs and frequently requests
changes that improve the experiment. Third, she prepares animals for experiments by placing them in the
experimental setup and setting the microelectrode location. Fourth, she constructs all of the recording
microelectrodes, which we prefer to manufacture in house. Fifth, she participates in experiments involving the
injection of small amounts of pharmacological agents or neuronal tracers, a technique she helped to develop.
Sixth, she orders and maintains all of the laboratory supplies on a computer data base. Finally, ------- - is
assuming a more active role in the experiments themselves; for example, she helped gather the preliminary
behavioral data for Specific Aim #4.
EQUIPMENT
For several reasons, we must abandon our current VCR tape and Mac-based system in favor of a CEDbased system. In particular, the CED system is designed for the on-line analysis that is crucial for monitoring
saccade amplitude changes and associated unit activity in our adaptation experiments (see Preliminary Studies).
The system consists of a Cambridge Electronic Design Limited (CED) Powerl401, 16-bit high performance
PHS 398 (Rev. 5/95)
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laboratory interface (32Mbyte 233MHz) system including 2 meter screened data cable with PCI host interface
card ($7881), CED Spike2 for windows software (WS55; $1900), airfreight & insurance ($165), tax ($875.25)
and required Dell 8300 with DVD burner to handle increasingly large digitized files/17" flat panel display
($1800). Cost first setup: $12,621.25. We will need to install this system on 2 experimental setups so we can
run experiments in parallel. Because the license for the second copy of CED SPIKE2 is only $670, the cost of a
second setup: $11,391.25. We request an additional PC to analyze our data away from the experimental setups.
The analysis machine would be a Dell Workstation 360: Pentium 4, 3.2 GHz, 2 GB SDRAM, 250 GB drive,
17" flat panel display, DVD+RW 4x drive, Microsoft Windows XP Professional.
SUPPLIES
ANIMAL COSTS. We plan to have about 2 or 3 projects associated with the several specific aims going on
simultaneously (see TIMETABLE). There will be two monkeys at different stages in each project (one in the
experiment and a second being trained) for a estimated total of about 5 animals. Because of changes in ----------------- policy, we cannot recover the cost of animals that are unsuitable for the experiment (e.g., unhealthy or
intractable); therefore, we must budget a 6th animal as a hedge against animal failure.
MONKEY PER DIEM. Our animals will be housed at---- ---------- -------- - ---------- - -------- - where the per
diem for 2004-2005 is projected to be ~$10/day or about -- - ---- ------- - -- ---- - ----- ----------6 adolescent Rhesus monkeys @ $5500/monkey
$33,000
Animal per diem, 365 days @ $ 10/day x 6 monkeys
$21,900
ELECTRONIC, MECHANICAL AND CHEMICAL SUPPLIES. The funds requested here represent the typical
yearly costs (estimated over the last grant period) for a variety of items, including the materials necessary for
the fabrication of microelectrodes, chemicals like muscimol for the reversible inactivations of several saccadic
loci, optical discs, titanium screws for head implants ($10/screw x 30 screws/animal x6 animals), etc.
GENERAL LAB SUPPLIES. These include the behavioral reward (applesauce, protein powder supplement
etc), swabs, hydrogen peroxide, alcohol etc for the daily maintenance of recording chambers, needles and
syringes, etc.
TRAVEL
The apparently high cost for travel, which reflects the average over the last several years, is due to our
somewhat remote location from most meeting sites.
OTHER EXPENSES
Many of the expenses requested below are for services provided by--- - ---------- ---------- ------------------- which are not offered more cheaply by any other local organization. The rates quoted below are
approximate as they are not guaranteed even through the next grant period, i.e., through April 2004. However,
past experience indicates that the prices will surely not go down!
SURGICAL COSTS. All our surgeries are done in--- - ---------- -------- - ---------- - -------- -- where a typical
surgery including anesthesia, basic surgical supplies and a surgical technician averages $382. Each of the six
animals requires two surgeries, the first for the eye coil and head stabilization devices and a second for the
recording chamber. Therefore, the total requested surgical support is $4584.
PHS 398 {Rev. 5/95)
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HISTOLOGY. Our histology for electrode track reconstruction is done in -- - -------- - --------- - which
charges a $7.25 fee for each slide. We usually require -100 slides. In addition,--- - -------- - -------- --charges
$198 for perfusions, which includes moving and anesthetizing the animal, preparing the perfusate, use of the
necropsy room, etc. Therefore, the total cost per animal is $923. We anticipate experimenting on each animal
for at least 1 1/2 years so that histology will be required from an average of ~2 monkeys/year: $1846.
PUBLICATION COSTS. We request the funds necessary to publish 2 papers/year of 16 pages/paper at
$60/page with a $50 submission fee and 100 reprints ($325) in J. Neurophysiology. Each manuscript then costs
$1,335.
MACHINE/ELECTRONICS SHOP SERVICES. Over the years, we have required the service of our machine or
electronics shop about 2 hours/week. These shops repair and maintain electronic equipment and manufacture
the specialty items that are necessary for the experiments, e.g., recording cylinders. Their hourly rate is $26 so
the total yearly cost for 50 weeks is $2,600.
VETERINARY CARE. We request these funds to cover veterinary consultations, medications and
treatments; -- - -------- - -------- - now charges for every veterinary service including sedation ($15), I.V. injection
($26), wound dressing after minor cage-related accidents ($42), minor surgeries not related to the experiments
etc. For 6 monkeys, these costs can amount to $200/month.
MISCELLANEOUS. This category covers long-distance phone, photocopy, postage, photographic services,
poster printing and other similar costs.
YEARS 2-5
In year #2, we request a 50" plasma screen in order to produce target locations at a higher resolution
(0.06° horizontal and 0.07° vertical) than is possible with our fixed LED array (1° spacing). This capability will
allow us to produce fixed-size adapting target jumps relative to the saccade to determine the relation of unit
activity with position error. Furthermore, the large screen will allow the presentation of targets anywhere
between ±42°horizontally and ±27° vertically of straight-ahead. Our current LED array allows targets to appear
only on the horizontal and vertical axes and along axes at 45 - 225° and 135 - 315°. This capability will add
flexibility to our head-free experiments.
NEC PlasmaSync 50MP2 $8489.55, airfreight + insurance, $200, tax ($764.68)= $9454.23
In years 2-5, we request salary support for----------- - ----------- who will be coming off his postdoctoral
fellowship.
In years 2-5, we will continue to require support for monkey purchase and per diem, other supplies,
meeting costs and other expenses. These various costs are incremented by 3% per year.

PHS 398 (Rev. 5/95)
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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 laboratory, which is in--- - ----------- -------- - -------- consists of -1000 sq. ft. of open
space that is divided by equipment into 3 experi------- -------- -- - ---------- ---- - ---- - ----------------- - 2
analysis stations. Also, a 200 sq. ft. lab in the --------- -------------- -- ------------- - --- ------------ - - is
equipped for acute experiments and anatomical and histological procedures.
Clinical:

Not applicable

Animal:
--- - ---------- -------- - ------- - is completely equipped to acquire, house and treat nonhuman primates. It is headed by four Clinical Veterinarians and staffed by several Animal Scientists
and a Surgical Technician. This facility surpasses the standards set in DREW Publication #NIH 8523, in ILAR recommendations, and in AAALAC accreditation standards.
Computer:
Each of the 3 experimental setups is equipped with a Macintosh G3 computer with A/D
and D/A interfaces. Each computer has access via ------- - --- - --------- - -------- - network to laser
printers/optical drives and other computers in the lab. In addition, there is a Macintosh G4 in my
office for data analysis, graphics and word processing.
office:
--- - ---- ---- - --- ----- --------- - -------- - (shared 100 sq. ft.) and ------- ----- --- - --- --- ----- -------- -- - --- - --------- - -------- ---- ------ --- - -- - - office (shared 150 sq. ft.) i- --- - -------------- - -------------- -- ------------- - --- ------------- ---- --------- - has an office (100 sq. ft.) in--- - -------- - -------other
--- - -------- - ------- - provides a secretary. It also provides a variety of other amenities
on a fee for service basis. These include a histological laboratory with a full-time histologist
experienced in brain processing, a mechanical and electrical shop with a full-time design engineer
and an experienced machinist and electronics technician, an editor, an illustrator, a surgical service
with a dedicated surgical technician, a necropsy service and veterinary services with several support
staff as detailed above (see Animal). This latter service sees to the complete daily care of the animals,
including their dietary and medical needs.
--- - -------- - -------- --also provides research space for other systems neurobiologists and that
collegial interaction not only is scientifically stimulating but also provides the opportunity to share
technical advances and to obtain critical, constructive advice.
AJOR EQUIPMENT: List the most important equipment items already available forthis project, noting the location and pertinent capabilities of each.

There are 3 neurophysiological setups, which are completely equipped for 2-D, and in one case, 3-D,
measurement of eye movement (electromagnetic search coils, CNC Engineering), unit recording
(amplifiers, spike discriminators etc.), electrical stimulation, injection of chemicals (a portable WPI
pressure injection system) and behavioral control. One of the setups also has a servo-controlled, 2axis vestibular stimulator with an optokinetic drum. At each setup, we can store unit and eye/head
movement data on video tape via a PCM recorder and retrieve those signals for later off-line analysis.
The digitized data can be analyzed at two analysis stat----- ------- - --- - ---------- - ----- - -------- ----------- - computers and APS optical drives. In our lab in -- - ------- - -------------- -- ------------- - --------------- we have a Zeiss compound microscope with a drawing tube and camera and plotting
hardware and software for histological reconstructions.
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a. Specific Aims.
Early models describing the premotor control of saccadic eye movements nicely simulated
realistic saccadic behavior by utilizing local neuronal elements in the brainstem, which were driven
by signals from the superior colliculus (SC). More recently, experiments from several labs have
established that, without the oculomotor cerebellum, the brainstem and SC alone produce woefully
dysmetric saccades. Not only is the accuracy of individual movements impaired from one saccade to
the next but so too is the ability to produce longer term, enduring adaptation of saccade trajectories to
ameliorate naturally occurring or experimentally induced saccadic errors. It is the object of this
application to examine the loci and mechanisms of these long-term adaptations of saccade amplitude
in the monkey with 4 experimental approaches.
Aim 1. To record from the oculomotor vermis during saccadic amplitude adaptation
produced by behaviorally-induced errors in saccadic accuracy. During this saccadic motor learning,
we will focus on the interval between the initial dysmetric saccade and the subsequent corrective
saccade when there is an error in eye position. Our preliminary data show that the probability of the
complex spike (CS) discharge of Purkinje cells (P-cells) in vermal lobules VI and VII is altered during
this error interval. We propose several behavioral paradigms to reveal the exact nature of the relation
between CS discharge and saccadic eye position error.
Aim 2. To'evaluate whether changes in the simple spike (SS) activity of P-cells are appropriate
to contribute to saccadic amplitude adaptation. Our preliminary data indicate that virtually all
identified P-cells in the oculomotor vermis discharge phasically, either a burst or pause in firing, with
saccades in several directions. This aim will examine that activity in two ways. First, we will
document how the strength and timing of the saccade-related activity changes with saccade metrics
during normal head-fixed gaze shifts. Then, we will record SS activity during behaviorally-induced
saccade adaptation to determine whether there are changes in discharge, e.g., firing rate and timing,
that could contribute to the adapted changes in saccade size. Such changes could provide later or
earlier inhibition of P-cell target neurons in the caudal fastigial nucleus (CFN) to control saccade
duration and hence amplitude.
Aim 3. To determine the role of the oculomotor cerebellum in the production and adaptation
of head-free gaze shifts. Our preliminary data indicate that the discharge patterns associated with a
gaze shift are the same whether or not the gaze shift is executed with the help of a head movement.
Therefore, we will exploit the larger range of metrics of head-free gaze shifts and the greater
amplitude changes produced when they are adapted to reveal changes in CFN firing patterns
produced during adaptation of gaze shifts.
Aim 4. To use two behavioral paradigms to determine where amplitude adaptation takes
place in the saccadic circuitry of monkeys. First, we will examine the transfer of adaptation of higherorder saccades (memory-guided, delayed and scanning saccades) to reactive saccades (targeting,
express) and vice versa to determine whether there is behavioral evidence for distributed sites of
adaptation according to the type of saccade. Second, we will determine whether adaptation occurs
where saccades still are encoded as vectors or after they have been decomposed into the component
signals appropriate to drive the eye muscles. Taken together, the results of these studies will reveal
whether there are sites of saccadic amplitude adaptation other than those currently believed to exist
only downstream of the SC.
Saccades are arguably the most well documented voluntary precision movement.
Furthermore, more is known about their neuronal substrate than about that of any somatic
movement. Because of this knowledge, we can ask specific questions about the mechanisms that the
cerebellum and other saccadic structures use to maintain saccadic accuracy despite the changing
conditions brought about by growth, injury and aging. Studies like those proposed here will
establish that the cerebellum is an important "repair shop" for precision voluntary movements and
not just a structure involved in the adjustment of the gain of involuntary behaviors such as the blink
reflex and vestibulo-ocular reflex (Raymond et al. 1996). Because of the remarkable similarities of
simian and human saccadic behavior, the results of these experiments will have relevance in the
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diagnosis, treatment and rehabilitation of saccadic disorders in human patients.
b. Background and Significance.
Saccadic eye movements serve to shift the direction of gaze rapidly from one object of interest
to another. Within the normal oculomotor operating range, ~±20° from the primary direction of gaze,
saccades are quite accurate and very reproducible or stereotyped, allowing them to be characterized
by "main sequence" functions that relate the velocity and duration of a saccade to its amplitude
(Bahill et al. 1975; Becker 1989). An imaginative brains tern model suggested by David Robinson in
1975 nicely captured these saccade characteristics. In his model, a local feedback circuit that
compared a desired saccadic eye movement signal provided by the superior colliculus (SC) with a
local estimate of the actual, ongoing eye position, controlled the accuracy of saccades. With no other
inputs to this modeled brainstem saccade generator, saccades landed accurately on target and their
trajectories had the requisite main sequence characteristics. Furthermore, the model nicely simulated
certain pathological conditions such as the slowed, but accurate, saccades of patients with spinocerebellar atrophy (Zee et al. 1976) and the interrupted but accurate saccades produced by
intrasaccadic microstimulation of the pontihe inhibitory ornnipauser neurons (OPNs, Keller et al.
1996).
However, by the early 1980s, studies from several labs clearly demonstrated that the
cerebellum also was a crucial element in the generation of accurate saccades. Damage to the midline
oculomotor cerebellum, which includes vermis lobules VI and VII and the caudal fastigial nucleus
(CFN) to which it projects (Yamada & Noda 1987), caused saccades to become very dysmetric (Vilis &
Hore 1981; Ritchie 1976; Optican & Robinson 1980). Moreover, the dysmetric saccades were much
more variable than normal. The results of unilateral inactivation of the CFN, which causes
contraversive saccades to become hypometric.and ipsiversive saccades to be hypermetric (Robinson
et al. 1993; Iwamoto & Yoshida 2002; Goffart et al. 2003), suggested that the oculomotor cerebellum
helps accelerate contraversive saccades and decelerate ipsiversive ones. The timing of single unit
discharge patterns in the CFN supported this suggestion. Although the majority of CFN neurons
discharged a burst of spikes for saccades in all directions, the burst tended to begin before
contraversive saccades and after ipsiversive ones (Ohtsuka & Noda 1991; Fuchs et al. 1993). The
timing of the bursts would be appropriate to provide an acceleratory boost to the brainstem burst
generator for contraversive saccades and a brake through antagonist extraocular muscles to
decelerate ipsiversive saccades (Fuchs et al. 1993). Indeed, when simulated CFN discharge patterns
are used to control the feedback in a variant of the Robinson (1975) model, the simulated saccades
exhibit the dysmetria produced by lesions of the midline cerebellum (Dean et al. 1994). Finally,
stimulation of the CFN produces saccadic eye movements after very short latencies (Noda et al. 1988,
their Fig. 5) and the CFN projects directly to brainstem areas that contain neurons of the saccadic
burst generator (Scudder & McGee 2000). Taken together, these various studies converge on the
notion that the CFN is involved in the short-term control of saccade accuracy.
The primate cerebellum also has been implicated in the long-term maintenance of saccade
accuracy. Such a mechanism must exist because saccades remain normetric throughout life despite
changes brought about by growth, injury and aging (Warabi et al. 1984; Munoz et al. 1998). Patients
with lesions of the oculomotor vermis (Waespe & Miiller-Meisser 1996), the midline cerebellar nuclei
(Straube et al. 1995) or the medullary inputs to the oculomotor cerebellum (Waespe & Baumgartner
1992) exhibit chronic saccadic dysmetria, suggesting that the establishment and maintenance of
normal, accurate saccades require a functioning cerebellum. Indeed, during behaviorally induced
saccade adaptation, PET imaging shows selective activation of the oculomotor cerebellar vermis
(Desmurget et al. 1998,2000). Involvement of the cerebellum in saccadic plasticity is not surprising
because its role in the plasticity of other motor responses, both voluntary (Martin et al. 1996) and
reflexive, e. g., the vestibuloocular and blink reflexes (Raymond et al. 1996) is well documented.
In order to evaluate the role of the cerebellum and possibly other structures in saccade
adaptation and to identify possible site(s) of saccadic plasticity, it is necessary to create conditions
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that engage the adaptation mechanism. In addition to that produced by naturally occurring lesions,
adaptation has been induced by two more controllable conditions. In the first, weakening the
muscles of one eye is used to produce saccadic hypometria. When the weakened eye is allowed to
view the visual scene monocularly, its saccadic amplitudes gradually increase to near normal, and a
hypermetria develops in the covered good eye (Optican & Robinson 1980; Scudder et al. 1998). In the
second paradigm, saccadic dysmetria is produced behaviorally. In a typical experiment, the target is
displaced surreptitiously during a saccade (when vision is poor) so a saccade that was in fact accurate
appears to have been too large or too small (McLaughlin 1967). Over the course of many such
deceptions, the average size of the saccade is adjusted so that the eye eventually (after ~100 trials in
humans and ~1000 in monkeys) lands near the displaced target location (e.g., Deubel 1987; Deubel et
al. 1986; McLaughlin 1967; Straube et al. 1997). The time course of this behavioral adaptation seems
much faster (in the order of an hour) than that produced by the weakened-muscle paradigm (at least
a day). However, this discrepancy disappears if the muscle-weakened animals are made to track the
same adapting target stimuli that the behaviorally adapted animals track (Scudder et al. 1998).
Behavioral adaptation involves a true neuronal plasticity because much of it survives after an
adapted animal has been placed in the dark for 20 hours (Straube et al. 1997). Finally, behavioral
saccade adaptation is not the result of a remapping of the target location in visual space. This was
established because adaptation of horizontal saccades does not transfer to saccades made to the same
horizontal target steps presented in other parts of the visual field that had not experienced the
adapting target step (Wallman & Fuchs 1998). Therefore, amplitude adaptation appears to occur
largely at the motor end of the saccadic system.
Studies using both these paradigms have implicated the oculomotor cerebellum in saccade
adaptation. First, surgical removal of the midline cerebellum, including both the oculomotor vermis
and theCFN, abolishes the saccadic amplitude adaptation that occurs in response to muscle
weakening (Optican & Robinson 1980). If the CFN alone is compromised by bilateral
pharmacological inactivation, the resulting hypermetric saccades show no amplitude reduction over
the same number of trials that would have produced substantial adaptation in a normal monkey
(Robinson et al. 2002). Second, if CFN activity is recorded while either paradigm produces amplitude
adaptation, the timing and/or magnitude of acceleratory or deceleratory bursts of spikes in CFN
neurons change in such a way that they could be bringing about the changes in saccade amplitude
(Scudder 2002; Scudder & McGee 2003; Inaba et al. 2003). However, in all of these studies, the
changes in burst timing accompanying adaptation were rather difficult to assess because adaptation
produced rather small changes in saccade amplitude and duration. In Specific Aim #3, we propose to
examine changes in the discharge patterns of CFN neurons during paradigms, which, we will show
in the Preliminary Studies, produce.much larger changes in saccade amplitude and duration, thereby
allowing a more convincing demonstration of neuronal changes associated with saccade adaptation.
The site of saccade adaptation is not at the CFN, however, because after animals with
pharmacological inactivation of both CFNs recover in the dark, where they receive no addition error
information, a residual amplitude reduction is revealed (Robinson et al. 2002; see Preliminary
Studies). These data suggest that adaptation had indeed occurred elsewhere but could not be
expressed through the inactivated CFNs. A logical upstream site for saccadic plasticity is the
oculomotor vermis. After aspiration of the oculomotor vermis, monkeys have either an extreme
(Barash et al. 1999) or modest (Takagi et al. 1998) inability to undergo rapid behavioral saccadic
amplitude adaptation. These findings, coupled with the somewhat contradictory studies showing
that adaptation occurs downstream of the SC (Edelman & Goldberg 2002; Frens & van Opstal 1997;
Melis & van Gisbergen 1996 and others; see Hopp & Fuchs 2004 for a critical discussion), are
consistent with the suggestion that the site of neuronal plasticity lies in the oculomotor vermis.
A popular model for cerebellar motor plasticity, which has received some support as an
explanation of adaptation in certain reflex behaviors (Raymond et al. 1996), uses an error signal
provided by climbing fiber inputs to Purkinje cells (P-cells) to modify transmission of simple spike
(SS) information (Marr 1969; Albus 1971; Ito 1972). We plan to test this model in Specific Aim #1 by
recording the complex spike (CS) activity of P-cells in the oculomotor vermis while a monkey is
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undergoing behavioral saccadic amplitude adaptation. We expect a change in CS activity while eye
position is in error, i.e., during the interval between the dysmetric primary and subsequent corrective
saccades. .Such changes would resemble those produced in analogous experiments on other motor
systems (Gilbert & Thach 1977). In Specific Aim #2, we will ask whether adaptation also alters SS
discharge patterns and whether those changes could be appropriate to shape CFN discharge, which,
in turn, would influence the brainstem saccade generator to alter saccade amplitude.
Thus far, studies on the site and mechanisms of saccadic amplitude adaptation have been
examined only for targeting saccades to a jumping target. In humans, several lines of evidence
suggest that the different types of saccades are served by different neuronal areas (Pierrot-Deseilligny
et al. 1995; Leigh & Kennard 2004) and that the loci for adaptation of different saccade types may be
distributed throughout the saccadic system (Deubel 1995,1999; Fujita et al. 2002; Erkelens &
Hulleman 1993). Saccades have been categorized according to the target conditions that elicit them
and their latencies following an instruction to move. Targeting saccades are elicited by presenting an
eccentric target at the same time that the fixated target is extinguished and instructing the subject to
look at the new target as soon as it appears. They have relatively short latencies (-180 ms; Smit et al.
1987) and therefore are thought to involve only a modest amount of cortical processing. Saccades
with even faster latencies (~100-135 ms in humans, Fischer et al. 1993; 70-110 ms in monkeys, Fischer
& Boch 1983) are elicited if the fixation target is extinguished shortly before illumination of a new
target. Because of their extremely short latencies, these express saccades are thought to undergo the
least, if any, cortical processing. We place these "simpler" express and targeting saccades in a reactive
saccade category (Deubel 1995). In contrast, memory-guided saccades, which are made to the
remembered location of a briefly presented target after an instructed delay, have latencies closer to
250 ms. Other difficult saccades that involve additional steps in their generation include delayed
saccades (those made after an imposed delay to targets already present) and scanning saccades (those
made sequentially between already present stationary targets). These latter three more difficult
saccade types we categorize as higher-order because they presumably require extensive cortical
processing.
In humans, recent evidence suggests that amplitude adaptation tends to generalize or transfer
well between saccade types within either the reactive or higher-order categories, but only poorly
between saccade types that are in different categories (see Hopp & Fuchs 2004 for review). For
example, complete transfer occurs from targeting to express saccades and vice versa (Hopp & Fuchs
2002). Also, there is >75% transfer from scanning to delayed and memory-guided saccades.
However, generalization is not consistent within the higher order category because adaptation of
memory-guided saccades does not transfer to scanning and delayed saccades (Deubel 1995,1999;
Fujita et al. 2002). In general, there often is partial transfer from the various higher-order saccades to
targeting saccades and vice versa. Despite some caveats, we nevertheless think that partial transfer
between certain types of human saccades has been demonstrated. If selective or partial transfer does
exist, it implies that adaptation occurs at multiple sites in the saccadic system (Deubel 1995,1999).
Unfortunately, clinical studies with one or two exceptions (MacAskill et al. 2002) have tested deficits
in the adaptation only of targeting saccades so the structures and pathways involved in the plasticity
of other saccade types are currently unknown.
In contrast to humans, little is known about adaptation transfer between different saccade
types in the monkey. Robust transfer does occur from targeting saccades to express, memory-guided,
delayed, and scanning saccades as well as to the catch-up saccades made during smooth pursuit
(Fuchs et al. 1996), but transfer between other saccade types has not been studied. In Specific Aim #4,
we will investigate the possibility of multiple sites of adaptation in the monkey by examining the
behavioral transfer between saccade types in the reactive and higher-order categories and among
saccade types within the same category. These data are crucial if we are to use the monkey as a
model to investigate the neuronal mechanisms of saccadic plasticity that likely are operational in
humans.
cl. Preliminary Studies
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AIM #1 COMPLEX SPIKE DISCHARGE IN THE OCULOMOTOR VERMIS DURING SACCADE PLASTICITY
In this last grant period, we demonstrated that adaptation occurs upstream of the CFN. We
had previously shown that targeting saccades become hypermetric in both horizontal directions after
bilateral pharmacological inactivation of the CFNs (Robinson et al. 1993). After such monkeys had
made the number of targeting saccades that would have produced behavioral adaptation of
dysmetric saccades in a normal animal, there was no reduction in dysmetria. These data were
consistent with our original suggestion that the CFNs were required for saccadic amplitude
adaptation (Robinson et al. 2000). However, in this grant period, we found that when animals with
bilateral CFN inactivation are allowed to recover from the injections in the dark, where there is no
signal that their targeting saccades are in error to promote recovery, a residual saccadic hypometria
emerges (Robinson & Fuchs 2001; Robinson et al. 2002). The hypometria is most pronounced for
large saccades, which were the ones that occurred most often in these hypermetric monkeys. We
could not determine whether the adaptation was as large as it would have been if the CFNs had been
functioning normally. However, these data indicate that some and perhaps all of the saccadic
amplitude adaptation must occur upstream of the CFN.
Most authors (Frens & van Opstal 1997; Edelman and Goldberg 2002) suggest that the site of
adaptation of targeting saccades is downstream of the SC. However, the available
electrophysiolqgical evidence is contradictory. Unit activity recorded from SC burst neurons during
adaptation apparently continues to be related to the size of the target step rather than the size of the
adapted saccade. These data lead to the conclusion that adaptation of targeting saccades occurs
downstream of the SC (Frens & van Opstal 1997; Fitzgibbon et al. 1986). In contrast, saccades elicited
by electrical stimulation of the SC are unaffected by adaptation of targeting saccades, suggesting that
adaptation occurs upstream of the SC (Goldberg et al. 1993). Reasoning that the high currents used in
the latter experiments may not have elicited saccades by "natural mechanisms", Edelman and
Goldberg (2002) deliberately employed lower stimulation currents and found some adaptation of
stimulated saccades after adaptation. However, their results are perplexing because the amount of
transfer from the adapted to the electrically-evoked saccades, even for low currents, showed a
considerable range (from -22-100%). Furthermore, even at high currents (>30jttA), there was
substantial transfer at some SC sites (Edelman & Goldberg 2002). Nevertheless, taken together, these
studies seem most consistent with the suggestion that the location of the site of adaptation of
targeting saccades is downstream of the SC although this conclusion is hardly secure.
If adaptation does occur upstream of the CFN yet downstream of the SC, there appears to be
two loci where it might occur. The SC projects strongly to the oculomotor cerebellum through the
nucleus reticularis tegmenti pontis (NRTP). Studies are underway in our lab to determine whether
the saccade-related burst of NRTP neurons (Crandall & Keller 1985) changes during adaptation
(Takeichi, Kaneko & Fuchs 2004). The NRTP, in turn, projects heavily to the oculomotor vermis
(Yamada & Noda 1987; Thielert & Their 1993), where P-cells show phasic changes in firing, both
bursts and pauses, whose timing depends on saccade direction (Ohtsuka & Noda 1995; our Fig. 3
below). The vermis is particularly attractive as a possible site of adaptation for 3 reasons. First, it
already is known to participate in the adaptation of reflex behaviors such as the VOR and the blink
reflex. Second, there is a testable hypothesis of motor learning in the cerebellar cortex based on the
shaping of simple spike discharge patterns by an error signal delivered over the climbing fiber
pathway (Marr 1969; Albus 1971; Ito 1972). Third, the putative neuronal substrates of various forms
of adaptation, e.g., LTD and LTP, have been demonstrated at a remarkable number of synapses in the
cerebellar cortex and nuclei (see Hansel et al. 2001 for review).
To determine whether the oculomotor vermis may be involved in saccade adaptation, we have
begun recording from saccade-related P-cells, which are identified by the presence of complex spikes
(CSs), during both amplitude reduction and increase paradigms. For all 20 P-cells recorded thus far,
we were able to find an adaptation condition for horizontal saccades that caused an increase in the
probability of CS firing. Fig. 1 shows the CS activity of a representative P-cell in such a condition.
During saccade trials 400 to 1100 when the amplitude of leftward saccades was reduced by an
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intrasaccadic target backstep (Fig. 1, top and middle panels), there was a marked increase in the
frequency of CSs (•) over that before (trials 1-100, •) adaptation. Moreover, the increase occurred in
the interval that began -50 ins after the primary saccade landed (vertical line) and ended when the
corrective saccade was launched, i.e., during the time when eye position was in error (top panel).
The increase in CS activity occurred for errors in one direction only. Fig. 2 shows data from all
the adaptation conditions obtained for leftward saccades for the neuron illustrated in Fig. 1. The
occurrence of CSs (each •) associated with control saccades to 15° steps are shown in trials 1-100. At
trial.100, leftward saccades triggered a target jump of 5° forward. By trial 400, adaptation had
produced a modest amplitude increase as reflected in the decrease of leftward error from 5.5 to 4.0°
(blue data in Fig. 2B). The probability of CS occurrence dropped to zero during the interval when eye
position was in error (red curve in Fig. 26), From trial 400 to 1100, every leftward saccade triggered a
backward target step, which eventually caused the rightward saccadic error to decrease from 5 to
2.5°. During these trials, the probability of CS occurrence between the primary and corrective
saccade jumped from zero to ~ 40% (same data as that in Fig. 1). From trial 1.100 to 1420, leftward
saccades again triggered a forward target step and CS probability was again driven rapidly to zero.
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Figure 1 Change in CS activity of a representative P-ceII during saccadic amplitude reduction. Top panel,
sample target and eye movements early and late in an amplitude reduction experiment to 15° target steps.
Middle panel, occurrence of CSs during each pre-adaptation trial (saccades 1-100) and during the amplitude
reduction paradigm (saccades 400-1100). Bottom panel, histograms of the probability of CS occurrence on any
saccade trial determined every 50 ms before and d u r i n g adaptation. All data are aligned on the end of the
primary saccade.

These data indicate that CS firing is enhanced by rightward errors during amplitude decreases
of leftward saccades, whereas it is decreased by leftward errors during amplitude increases of
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rightward saccades. When the same rightward errors are associated with amplitude increases of
rightward saccades (not shown), CS firing probability again increased but by a lessor amount.
Similar data were obtained for the other 19 neurons. The activating error direction could be either
leftward or rightward. These findings suggest that CS discharge of P-cells in the oculomotor vermis
reports the presence and sign of an eye position error. However, errors that lead to backward
adaptation are more effective at driving CSs than the same errors leading td forward adaptation.
Although the firing probability of CSs reports the sign of eye position error, our preliminary
data suggests it does not report its magnitude. To compare CS firing probability with saccadic error
quantitatively, we have performed running averages over a 50-saccade window at 50 ms intervals
throughout a trial. For the neuron illustrated in Fig. 28, backward adaptation (trials 400-1100)
produced a smooth monotonic decrease in saccadic error over the adaptation period. Over the same
period, average CS firing probability was inversely correlated with eye position error (r= -0.75) in
the interval when eye position was in error (between vertical lines). Across our entire population of
20 neurons, CS firing probability showed no consistent correlation with eye position error. In this
application, we propose several experiments to test the possible relation of CS firing probability with
eye position error more directly.
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Figure 2 Effect of .saccadic error on CS firing probability. A, Time of CS occurrence associated with all
leftward target steps for the P-cell in Fig. 1. Trials 1-100, control saccades to 15° target steps. Trials 100-400,
target stepped 5° forward with each leftward saccade. Trials 400-1100, target stepped 5° backward with each
leftward saccade. Trials 1100-1400, target stepped 5° forward with each leftward saccade. Averaged running
probability of CS occurrence in 50 ms bins every 50 saccades is shown by colorized scale along ordinate.
Vertical lines demarcate interval of increased CS occurrence. B, running averages of saccadic error and CS
firing probability over a 50-saccade window at 50 ms intervals for the data within the vertical lines in A.

AIM #2 SIMPLE SPIKE DISCHARGE IN THE OCULOMOTOR VERMIS DURING SACCADE PLASTICITY.
Because.every P-cell in the oculomotor vermis exhibited changes in CS activity with
adaptation, we have begun to ask whether there are concomitant changes in SS activity. Our
previous studies on the CFN, the recipient of vermal P-cell inhibition, revealed that the burst of CFN
discharge was timed with the end of all ipsiversive saccades. Because the duration of a saccade
increases with its amplitude, we proposed that the late burst could help terminate the saccade and
thus change its amplitude (Fuchs et al. 1993). Indeed, saccade-related activity of CFN neurons does
PHS 398/2590 (Rev. 05/01)
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exhibit changes in timing (and other discharge properties) that would be appropriate for the smaller
adapted saccades produced by the amplitude decrease paradigm (Scudder and McGee 2003; Inaba et
al. 2003).
We have started by examining the changes in SS activity associated with the adaptations used
to produce the CS changes described above. In those experiments, saccade amplitude typically
changed by only -3°. This amplitude change amounted to a change of saccade duration of only ~5
ms, an amount too small to reveal convincing changes in firing patterns. However, we have been
able to demonstrate that vermal P-cells exhibit clear differences in SS activity for normal saccades if
their amplitudes are sufficiently different.
Before adaptation, we always determined the direction selectivity of SS activity of every
identified P-cell for targeting saccades made in 8 directions every 45° from 0° (rightward) through
360°. All of our units with a CSs exhibited either a burst (65%) or a pause (35%) of SSs associated
with saccades in several directions. Examples of representative histograms associated with saccades
to 15° target steps in different directions for the two types of P-cell are shown in Fig. 3.
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Figure 3 Simple spike activity for saccades in different directions and different horizontal sizes. A, histograms
of a pausing P-cell associated with 15° saccades in 8 directions (see center inset). In the horizontal direction,
rasters and histograms for 5 and 15° saccades are included. 8, Rasters and histograms of a bursting cell for 5
and 15° horizontal saccades. All histograms are aligned on saccade onset. Both cell types show clear changes
in phasic activity with saccade amplitude.

In general, most of our P-cells displayed phasic changes of activity for saccades in all 8
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directions tested (Fig. 3/4) so we have adapted and tested only horizontal saccades in these
preliminary experiments (see Research Design and Methods for rationale). Like the neurons
illustrated in Fig. 3, some P-cells changed their SS discharge patterns for horizontal saccades of
different sizes, here 5 and'15°. The pause in firing of the u n i t in Fig. 3A appeared longer and possibly
deeper for 15° than 5° rightward saccades. The peak burst of the unit in Fig. 36 occurred later and
possibly reached higher rates for 15° than 5° saccades in both horizontal directions. Data like that in
Fig. 3 show that at least some P-cells exhibit differences in firing that reflect alterations in saccade
size. Although Othsuka & Noda 1995 report P-cells with similar behavior, the unidentified P-cells of
Thier et al. (2000) display firing patterns that more resemble those of mossy fiber afferents from
pontine saccadic burst neurons. Our preliminary data indicate that if adaptation paradigms produce
sufficient amplitude changes, a concomitant change in SS activity will be clearly demonstrable. We
propose such paradigms below (Research Design and Methods).
AIM #3 CEREBELLAR NEURONAL CORRELATES OF ADAPTATION OF HEAD-FREE SACCADES
Our previous experiments with the head fixed led us to conclude that the CFN provides
signals that help shape the discharge of brainstem burst neurons to produce saccades of different v
sizes (Fuchs et al. 1993; Robinson et al. 1993). Because the oculomotor vermis receives a substantial
input from the SC, whose neurons encode desired gaze amplitude when the head is free to turn, it is
likely that the oculomotor cerebellum also has a role in the control of "head-free" gaze shifts.
Three preliminary findings suggest that the timing of bursts of CFN neurons show a similar
relation to gaze movement whether the gaze shift is accomplished with the help of a head movement
or not. First, we compared 30 to 40° gaze shifts made with and without a head movement. All
aspects of the accompanying burst, including the timing relative to the end of the gaze shift and peak
burst rate were indistinguishable in the two conditions. Second, quantitative analyses of the relations
between burst parameters and the metrics of eye, head and gaze movement always revealed
significantly better correlations with gaze or eye movement than head movement. The modest
correlations of. burst parameters with head movement that did occur could be accounted for by the
strong correlation between gaze and head movement amplitude (Phillips et al. 1995; Freedman &
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Figure 4 Families of ipsiversive and contraversive head-free gaze shifts of assorted sizes and their associated
discharge patterns displayed as rasters. The rasters, ordered from top to bottom according to increasing gaze
duration, are aligned either on the start (left columns) or end (right columns) of the gaze shift.
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Sparks 1997). Finally, the bursts of CFN neurons were always synchronized with the end of the gaze
shift not the end of the head movement, which occurs much later. For the representative CFN neuron
in Fig. 4, the rasters, which are ordered according to increasing gaze duration, exhibit a smoothly
increasing delay in burst timing relative to gaze onset as gaze shifts end later and later. However,
when all rasters are aligned on the end of the gaze shift, it is clear that the ends of the bursts are best
aligned on the ends of both contraversive and ipsiversive gaze saccades. Therefore, the CFN appears
to help terminate all gaze shifts, whether they have a head component or not.
Because our preliminary data indicate that CFN neurons, and therefore probably other
neurons of the oculomotor cerebellum, participate in the same way for ALL gaze shifts, we can use
the advantageous properties of head-free gaze shifts to investigate the neuronal substrate of saccade
plasticity. First, head-free gaze shifts exhibit a large (10-fold) range of saccadic durations (Fig. 4).
Second, because the amplitude reduction paradigm produces the same percentage decrease with the
head fixed or free (Phillips et al. 1997), adaptation of the larger head-free gaze shifts produces greater
absolute changes in amplitude and therefore duration. For example, Fig. 5 shows a 24% amplitude
adaptation of gaze shifts to 80° target steps that reduced saccadic size by -19° and saccade duration
by an average of 60 ms! In this application, we will take advantage of these large changes in the
amplitude and duration of adapted gaze shifts to facilitate the detection of any concomitant change in
the timing and magnitude of the CFN burst.
Figure 5 Behavioral adaptation of
rightward head-free gaze shifts to 80°
target displacements. We show 10
superimposed saccades of similar
amplitudes before and after adaptation.
A net 24% amplitude reduction was
produced by backward target jumps that
were increased gradually during
adaptation from -25 to -40% of the target
displacement.

60ms
AIM #4 SITES OF SACCADIC AMPLITUDE ADAPTATION IN MONKEYS
As mentioned in Background and Significance, our experiments (Hopp 2004) and those of
others suggest that saccadic amplitude adaptation in humans may occur at different sites depending
on the type of saccade. It is desirable to know whether sites of saccade adaptation also are
distributed in the monkey because only in the monkey can we investigate adaptation's neuronal
mechanisms. In a previous study, we have shown that adaptation of targeting saccades in the
monkey transfers robustly to express saccades and also to a variety of higher-order saccades,
including memory-guided, delayed and scanning saccades (Fuchs et al. 1996). We have now begun
to examine transfer among the other saccade types. Using techniques that have been successful in
humans (Hopp 2004; Research Design and Methods), we have adapted memory-guided, express and
delayed saccades in one monkey. Fig. 6 shows the transfer of an amplitude reduction adaptation of
memory-guided saccades to express saccades. Despite a robust decrease in the amplitude of
memory-guided saccades (Fig. 6, right) there was little transfer to saccades with express latencies
(Fig. 6, left; saccades from 80-120 ms) elicited by the "gap" paradigm. In contrast, like our previous
study, adaptation of express saccades transferred robustly to memory-guided saccades (not shown).
These data suggest that memory-guided saccades in the monkey are adapted at a locus that is not
shared by express saccades, but the site of adaptation for express saccades IS shared by memoryguided saccades. In this application we propose to examine the reciprocal transfer of adaptation
between all types of saccades in order to infer which saccadic subsystems share loci of adaptation.
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Figure 6 Transfer of adapted
memory-guided saccades to express
saccades in a monkey. The gain
(eye/target amplitude) of memoryguided saccades to 12° leftward
target steps, starting at pseudorandom horizontal locations, was
adaptively reduced by 24% (see pre
and post gain means ± SDs. The rest
of the data are,from saccades elicited
by the gap paradigm (fixation spot
extinguished 170 ms before the
peripheral target was turned on).
This paradigm produced saccades
with latencies ranging from ~0 to
250 ms with many in the express
saccade range (80-120 ms). Express
saccades showed a much smaller
gain reduction (4%) than did the
adapted memory-guided saccades.
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The level(s) in the saccadic system at which adaptation occurs will be revealed further by
testing whether saccade adaptation occurs when saccades are still encoded as vectors or after they
have been dissociated into components appropriate to drive the horizontal and vertical rectus
muscles. Fig. 7 illustrates one of our preliminary experiments to address this issue. We first caused a
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saccades. We adapted oblique
saccades to 16° target steps directed
along an axis 15° clockwise of
upward. During adaptation, the
target was jumped backwards by
increasing amounts from 20 to 40% of
target amplitude. Data points
represent the horizontal and vertical
components of individual saccades
with different starting positions along
either the 15° clockwise or horizontal
axis. The target was extinguished as
the saccade was launched to preserve
the amplitude reduction produced by
adaptation.
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behavioral gain reduction of 16° saccades along a direction rotated 15° clockwise of vertical. This
manipulation produced a 22.7% decrease in the horizontal component of the adapted oblique
saccade. However, pure rightward horizontal saccades elicited by a target step equal to the
horizontal component of the oblique target step showed a modest, non-significant amplitude
reduction of 2.7% (data along abscissa). These preliminary data indicate that adaptation of an oblique
saccade does not require adaptation of the saccades that constitute each of its individual components.
Therefore, amplitude adaptation of targeting saccades does not occur at a site, such as the brainstem
burst generator, where the saccadic command has already been parsed into its orthogonal
components. Rather, adaptation occurs at a site where the saccadic commands are still in vector
coordinates. In this application, we plan to expand these preliminary observations with additional
experiments. Results from this experiment and the proposed adaptation transfer experiments will
allow us to suggest sites at which adaptation of the various types of saccade might occur.
c2. Progress Report: Sept. 1999- June 2004.
For the previous support period, we proposed 7 Specific Aims, which have resulted in 11
publications. Three of the 7 aims concerned the role of the NRTP in saccade adaptation.
Unexpectedly, pharmacological inactivatio'n of the NRTP caused complete elimination of horizontal
saccades (these results are the first described below) so it was impossible to pursue experiments on
the role of the NRTP in saccade adaptation. Instead, the literature search for our recent review article
(Hopp & Fuchs 2004) made us aware of the evidence for distributed sites of saccade adaptation in the
human, so we began the series of behavioral experiments described above to demonstrate whether
sites of adaptation also are distributed in the monkey. In Preliminary Studies (above), we have
described our progress on two other previous Specific Aims: to examine vermal P-cell activity during
adaptation and to examine CFN activity during gaze shifts in the head-free monkey. The remaining
two Specific Aims were to study the nature of the signal provided by the SC for ordinary saccades and
for those altered by adaptation. The two published experiments concerning these aims are discussed
second in the Progress Report. Then, we describe completed studies that are relevant to the current
application. These include experiments on the brainstem control of saccadic eye movements with the
head free to turn, and on the characteristics of behavioral saccadic amplitude adaptation in primates.
Finally, because of space limitations, we will not describe our 8 additional published experiments and
3 reviews on other oculomotor issues supported by this grant. However, those papers are cited in the
publication list.
EFFECT OF NRTP INACTIVATION ON THE G E N E R A T I O N OF TARGETING SACCADES

The nucleus reticularis tegmenti pontis (NRTP) constitutes the major link from the superior
colliculus (SC) to the oculomotor cerebellum but apparently provides little direct input to the
brainstem saccadic burst generator. Based on these anatomical observations, we expected that
inactivation of NRTP would cause dysmetrias like those produced by disabling the oculomotor
cerebellum but would have relatively modest effects on saccade metrics. We made 7 injections in
both the central part and the wings of NRTPs of 2 monkeys. The NRTP first was identified by its
characteristic bursting activity with saccadic eye movements (all units had movement fields) and then
small (sometimes multiple) injections of muscimol (75-500 nl, 2(ig/^il) were placed at the depth of
most intense bursting. Every injection experiment eventually produced the same qualitative deficits.
First, after ~3 to as long as 30 min following different injections, ipsiversive saccades became slower
and then gradually smaller. Within -10 min of the first sign of hypometria, the gain of ipsiversive
saccades to 10° target steps had dropped to -0.25. At this time, the gain of contraversive 10° saccades
exhibited only a modest reduction to 0.75-1.0 in different experiments. Contraversive saccades
showed modest, if any, slowing. At this same time after the injection, 10° vertical saccades exhibited
no consistent deficits. Eventually, ipsiversive eye movements could be made only in association with
a vertical saccade. These unexpected results indicate that the NRTP provides a necessary signal for
the generation of ipsiversive saccades and not just a modulatory influence via the cerebellum
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(Kaneko and Fuchs 2004).
SC CONTROL OF HEAD-FIXED SACCADES

In this study we asked whether the SC was part of a feedback circuit for the control of
saccades. To reveal possible feedback from the brainstem, we injected muscimol into the brainstem
region containing the omnidirectional pause neurons (OPNs) while recording the activity of SC
saccade-related burst neurons (SRBNs), which discharge best for an optimal vector (Sparks et al.
1976). The injections caused an increase in saccade duration of from 25 to 190% and a decrease in
mean peak velocity of 21 to 70% with little change in the amplitude of the optimal vector. All eleven
SRBNs showed a robust increase in burst duration with saccade duration and 5 of 11 also exhibited a
decrease in firing rate as saccade velocity decreased. On average across all neurons, the number of
spikes in the burst was constant. These data show that the SC receives feedback from downstream
saccade-related units about ongoing saccades (Soetedjo et al. 2002a). However, the changes in SC
discharge suggest that such feedback is not involved with motor error. Instead, it appears to regulate
the duration of the burst of SRBNs so that the desired-amplitude signal emanating from the SC
continues throughout the saccade (Stanford et al. 1996).
Based on experiments on the cat, Munoz et al. 1991 proposed that a saccade is initiated by a
local hill of activity at the caudal SC site appropriate for that saccade. As the saccade evolves and the
remaining distance to the target, i.e., the motor error, decreases, the hill moves rostrally across
successive SC sites that are responsible for saccades of ever-smaller amplitudes. When the hill
reaches the "fixation zone" in the rostral SC, the saccade is terminated.
In a second set of experiments, we tested this hypothesis directly in the monkey. In the
monkey, the moving mound is supposed to be mediated by build-up neurons (BUNs), which have a
prelude of activity that culminates in a burst associated with the saccade. During a large saccade, the
moving hill scenario predicts that the burst of a BUN in the rostral SC will be delayed until the motor
error remaining in the evolving saccade is equal to the saccade amplitude for which the BUN
discharges best, i.e., its optimal vector. Therefore, a plot of the lead of the burst relative to the time of
the "optimal" motor error as a function of the time of occurrence of the optimal motor error should
have a slope of zero. A slope of -1.0 indicates there is no moving hill. For our 20 BUNs, burst timing
was assessed either as the lead to the onset, peak or center of the burst. The average slopes using
these three measures were -1.09, -0.79 and -0.58, respectively (Soetedjo et al. 2002b). For individual
neurons, the slopes always were significantly different from zero. Although the slopes of two of the
measures fell between zero and -1, a hill of activity moving rostrally at rates indicted by either of
those slopes would reach the fixation zone much too late to terminate the saccade at the appropriate
time. Thus, our data do not support the moving hill model. Instead, the burst begins, on average,
-27 ms before the saccade whether it is small or large, indicating that the BUNs may serve to trigger
all saccades.
Along with a prominent role for the cerebellum, these new findings have been incorporated
into our recent review that modernizes the role of the brainstem burst generator for saccades
(Scudder et al. 2002).

BRAINSTEM CONTROL OF HEAD-FREE SACCADIC EYE MOVEMENTS
For many years, the brainstem burst generator was studied in animals whose heads were
prevented from turning. However, most natural shifts in the direction of gaze of greater than 20° or
so employ both an eye saccade and a head movement (Phillips et al. 1995; Freedman & Sparks 1997).
Therefore, we have begun to reexamine several structures that have been implicated in head-fixed
gaze shifts to determine their roles when the head can turn.
With the head fixed, it is well established that the number of spikes in the burst of either an
inhibitory (IBN; Scudder et al. 1988) or excitatory burst neuron (EBN; Moshovakis et al. 1996) in the
brainstem shows a robust linear correlation with saccade amplitude. When the head can turn, the
number of spikes for many brainstem burst neurons is better correlated with gaze movement
amplitude, the sum of eye and head movement amplitudes, than with eye movement amplitude
alone. These data have been taken to indicate that brainstem burst neurons, many of which project
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directly to motoneurons (Moshovakis et al. 1996), provide signals in gaze rather than eye coordinates
(Cullen & Guitton 1997).
We examined this suggestion in two studies. In the first, we compared the burst discharge of
abducens neurons during gaze shifts with the head fixed or free to turn. Like brainstem burst
neurons, the number of spikes in the burst of abducens neurons increases linearly with saccade size
when the head is fixed. Unexpectedly, when the head is free to turn, the number of spikes also
continues to increase with gaze amplitude even after the eye movement contribution to the gaze shift
has saturated (Ling et al. 1999; Ling et al. 2003). This apparent dissociation between saccadic eye
movements and the burst firing of abducens neurons, some of which were surely motoneurons
(Fuchs et al. 1988), occurred for all 30 abducens units we tested. However, to conclude that ocular
motoneurons encode eye-position in space clearly is incorrect because abducens neurons are deeply
modulated if an animal looks at a fixed point in space while undergoing whole body yaw rotations
(Skavenski & Robinson 1973). Because premotor burst neurons have similar linear relations between
the number of spikes and gaze amplitude, their input to motoneurons provides the appropriate
excitatory drive to produce the resulting eye movement in the head, rather than a signal that encodes
gaze amplitude, as previously suggested.
Both IBNs and EBNs are prevented from discharging between head-fixed saccades by the
inhibitory OPNs, which discharge tonically during fixation but cease firing in advance of and during
saccades in all directions. We examined the discharge patterns of OPNs when the head was free to
turn to determine how they might participate in head-free gaze shifts (Phillips et al. 1999). Pause
duration was well correlated with the duration of either the gaze movement or its saccadic eye
movement component but poorly correlated with the duration of the head component. In addition,
the onset of the pause was only loosely aligned with the onset of the head movement. Therefore, the
OPN pause does not encode head duration. Moreover, the end of the OPN pause often was better
aligned with the end of the eye saccade than with the end of the gaze shift. For most gaze shifts, the
eye saccade ended with an immediate counterrotation due to the VOR and gaze ended at variable
times thereafter. In those gaze shifts where eye counterrotation was delayed, the end of the pause
was as well. Taken together, these data indicate that the end of the pause influences the start of eye
counterrotation rather than the end of the gaze shift. We suggest that OPNs control only that portion
of the gaze shift that is commanded by the saccadic burst generator. This command drives the
saccadic component directly, as it does when the head is fixed, but also suppresses VOR
counterrotation.
With the head free to turn, saccades rapidly bring gaze onto target and compensatory eye
counterrotations, believed to result from activation of the vestibular apparatus, exactly match the
continuing head rotation (gain -1.0) to keep gaze stable on the target. We studied the contribution of
the semicircular canals to horizontal gaze shifts by plugging the lumens of only the horizontal or all
six canals (Newlands et al. 1999). One day after surgery, the gain of the passive horizontal VOR at
frequencies between 0.1 and 1.0 Hz was <0.10 in the horizontal-canal-plugged animals (n=2) and 0.0
in the all-canal-plugged animal. At the same time, counterrotation gain was ~0.3 in the horizontalcanal-plugged animals and zero in the all-canal-plugged animals. However, counterrotation gain
increased with time, eventually recovering to between 0.56 and 0.75 in 80-100 days. The short-term
loss of eye counterrotation caused the gaze shift to end long after the eye saccade and just before the
end of the head movement. With recovery, the time between the end of the gaze shift and the
saccade decreased. The recovered eye counterrotation could not be explained as a smooth pursuit
eye movement because it persisted when gaze shifts were executed to extinguished targets. Nor
could it be explained by activation of neck receptors because it persisted on trials when head
movements were arrested in mid-flight. Therefore, we suggest that, in the absence of afferent
information about actual head rotation, an internal neuronal copy of the intended head movement
drives a counterrotation to help stabilize the eyes.
PRIMATE BEHAVIORAL ADAPTATION

During this grant period, we have revealed several important features of saccadic amplitude
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adaptation in the monkey. First, we documented the time course of the error signal that drives
saccadic amplitude reduction by using two paradigms (Shafer et al. 2000). In the brief backstep
paradigm, we stepped the adapting target backward by 30% near the end of the saccade but
extinguished it after different durations. The adapted gain reduction was modest for a 32 ms
duration, but for durations of -80 ms it increased to that typical of conventional adaptation, where
the backstep remains continuously visible. In the delayed backstep paradigm, we extinguished the
target as the saccade occurred and then, after a delay, we re-illuminated it for 1 sec at a 30% backstep
location. With short delay times from 16-64 ms, the amount of saccadic gain reduction was like that
reached during conventional adaptation. For delays from 100-200 ms, gain reduction was 75% of
normal. For longer delays, the amount of gain reduction fell more gradually to become essentially
zero for a 1.5 s delay. Taken together, our data suggest that an error signal must be present for a
rather limited amount of time (~100 ms) after the saccade to produce almost normal adaptation but
that saccadic errors that first are revealed as long as 750 ms later still produce significant amplitude
reduction.
Several investigators using both human (Miller et al. 1981; Semmlow et al. 1987; Frens & van
Opstal 1994; Albano 1996) and non-human primates (Albano & King 1989; Straube et al. 1997) have
demonstrated that adaptation of a specific saccade vector is "local". That is, there is less and less
transfer the more the tested saccade deviates from the adapted vector. By analogy with movement
fields in the SC, Frens & van Opstal (1994) called the sphere of influence of the adapted saccade its
"adaptation field". In order to compare adaptation fields with movement fields, we caused a saccade
of a certain vector to undergo either amplitude increases or decreases and determined the amplitude
changes of saccades with.other vectors (Noto et al. 1999). In separate experiments, we adapted
saccade direction by jumping the adaptation step orthogonal to the adapted vector to determine the
"cross-axis adaptation field." The shapes of the amplitude adaptation fields after both the amplitudeincrease and decrease paradigms were quite similar to those produced by cross-axis adaptation. The
average percentage of transfer fell sharply for saccades smaller than the adapted saccade and more
gradually both for larger saccades and saccades with orthogonal components. Therefore, these
adaptation field profiles strongly resemble the profiles of the movement fields of neurons in both the
SC (Sparks et al. 1976) and the frontal eye fields (Bruce & Goldberg 1985). The significance of this
similarity is currently unclear.
Another way to investigate the sphere of influence of an adapted saccade is to determine the
degree to which two saccades in the same direction can be adapted individually and how the
individual adaptations influence each other and their neighboring saccades. To that end, we reduced
the size of horizontal saccades to 20° target steps and increased the size of horizontal saccades to 7°
target steps, either together within the same session or individually in different sessions (Watanabe et
al. 2000). When saccades to both target steps were adapted together, their amplitudes changed less
than when either was adapted alone, indicating that adaptation of one influenced the other as
expected from the size of their respective adaptation fields. When saccades to a target amplitude
between the adapted target amplitudes, i.e., 13.5° were tested, they were reduced in size because the
amplitude reduction caused by the 20° saccade was greater than the amplitude increase due to the 7°
saccade. In other experiments when the monkeys also tracked a fixed target step of intermediate
amplitude (13.5°) during the amplitude reduction of 20° and amplitude increase of 7° saccades, the
13.5° saccade underwent little amplitude reduction but the amplitude changes at 20° and at 7° were
essentially the same. These data indicate that the saccadic system can set three very different
amplitude states (higher, normal and lower) for saccades whose amplitudes differ by as little as 6.5°.
In addition to the experiments on the monkey, our lab has begun a critical examination of the
proposal that there are distributed sites of saccade adaptation in humans. We began by testing the
transfer between the two reactive saccade types, targeting and express (Hopp & Fuchs 2002).
Amplitude reduction of targeting saccades produced significant amplitude reductions of express
saccades with complete transfer in more than 50% of the experimental conditions. Then, for the first
time, we showed that express saccades could be adapted. After express saccades were adapted, there
was complete transfer to targeting saccades in 86% of the experiments. Therefore, we conclude that
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saccade adaptation transfers robustly between targeting and express saccades. These results suggest
that adaptation of reactive saccades in humans occurs after the pathways generating these two types
of saccade have converged, probably at or downstream of the SC.
Additional incomplete data indicate that whereas adaptation of targeting or express saccades
transfers well to memory-guided saccades, adaptation of memory-guided saccades transfers poorly
to those two types of reactive saccades and also poorly to delayed saccades. Taken together, our
human experiments suggest that there are at least two sites of saccade adaptation. One is specific to
memory-guided saccades and the other is common to all the saccade types we tested (Hopp 2004).
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271 ,627 I

h,

SUBTOTALS
CONSULTANT COSTS

None
EQUIPMENT (Itemize)

2 CED Powerl401, Spike2 software, Airfreight, PC computer /monitor
Dell Workstation 360, monitor, software

$24,012.50
3,354.30

$27,367

SUPPLIES (Itemize by category)

6 adolescent Rhesus monkeys @ $5500 /monkey
Animal per diem, 365 days @ $10 /day x 6 monkeys
Electronic, mechanical and chemical supplies
General lab supplies

$33,000
$21,900
$3,500
$1000
$59,400

TRAVEL

One national meeting for the PI and one collaborator @ $2000 each x2
PATIENT CARE COSTS

INPATIENT

NA

OUTPATIENT

$4000

ALTERATIONS AND RENOVATIONS (Itemize by category)

None Requested
OTHER EXPENSES (Itemize by category)

Surgical Costs: $4584
Histology: $1846
Publication Costs: 2 manuscripts @$1335/manuscript $2670
Machine/Electronics Shop Costs: 2hrs/wk @ 50 weeks $2600
Veterinary Procedures/medication: $2400
Miscellaneous: $2500

$16,600

SUBTOTAL DIRECT COSTS FOR INITIAL BUDGET PERIOD
CONSORTIUM/CONTRACTUAL

DIRECT COSTS

•

COSTS

FACILITIES AND ADMINISTRATIVE COSTS

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

$378,994

|

$378,994

1

..

*>

SBIR/STTR Only: FEE REQUESTED
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BUDGET FOR ENTIRE PROPOSED PROJECT PERIOD
DIRECT COSTS ONLY
BUDGET CATEGORY

INITIAL BUDGET
PERIOD

TOTALS

(from Form Page 4)

PERSONNEL: Salary and
fringe benefits. Applicant
organization only.

ADDITIONAL YEARS OF SUPPORT REQUESTED
2nd

3rd

4th

5th

358,790

369,554

380,641

271,627

348,340

EQUIPMENT

27,367

9,454

SUPPLIES

59,400

61,182

63,017

64,908

66,855

4,000

4,120

4,244

4,370

4,502

16,600

17,098

17,611

18,139

18,683

378,994

440,194

443,662

456,971

470,681

CONSULTANT COSTS

TRAVEL

PATIENT

'NPATIENT

CARE
COSTS

OUTPATIENT

ALTERATIONS AND
RENOVATIONS
OTHER EXPENSES
SUBTOTAL DIRECT COSTS

CONSORTIUM/
CONTRACTUAL
COSTS

DIRECT

F&A

TOTAL DIRECT COSTS

TOTAL DIRECT COSTS FOR ENTIRE PROPOSED PROJECT PERIOD (Item 8a, Face Page,)

$2,190,502

SBIR/STTR Only
Fee Requested
SBIR/STTR Only: Total Fee Requested for Entire Proposed Project Period
(Add Total Fee amount to "Total direct costs for entire proposed project period" above and Total F&A/indirect costs from
Checklist Form Page, and enter these as "Costs Requested for Proposed Period of Support on Face Page, Item 8b.)
JUSTIFICATION. Follow the budget justification instructions exactly. Use continuation pages as needed.

5

PERSONNEL
The principal investigator, Albert Fuchs, will perform and guide the proposed experiments in
collaboration with Drs. Ling and Soetedjo. The P.I. has done research in the oculomotor system for 38 years
and has extensive experience with all of the techniques used in these experiments.
--- - ---- - will be responsible for the CFN recordings during head-free gaze shifts (Specific Aim #3). As
can be seen from his Biographical Sketch, he has considerable experience in recording from the primate
brainstem during head-free gaze shifts. In addition, he has participated in studies involving the amplitude
adaptation of gaze shifts. Recently, he has collaborated with------- - -------- - and me on studies of the CFN. In
PHS 398 (Rev. 5/95)
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addition,--- ---- - is facile with computer simulations and has implemented many of the saccade generator
models, allowing us to compare the actual unit discharge patterns and behavioral deficits produced by
pharmacological inactivations with those produced in various models.
---------- - ----------- - - ---------- - - -------------- ------ -- - - --- - ---- ---- - -------- --- - ------ - - - ----- - --- - ----- -- - ------------ - --- - -------- --- - --- - ------ --- - ---- --------- - - - -- - -- -------------- --- - ---- ---------- - -------- - -- - --------------- -------- - ---------- - ------ - -- -- ----- ---- - ------------ ---- --- - ---- -- - -- ---- - -------- ---- - -- ---------- - ------ --------- - --- ---- - ------ - -- ------- -- - ---------- --- ----------- -- -------------- --- - ------- - - - -- - -- ---------- - ---- the borrowed CED software and Matlab (for example, see Figs. 2, 7 and 8) and will help (along with ----------- see below) to facilitate our conversion to the new experimental platform.
------- ------ --- - ------------- - ----------- - -- --- - ------- performs several indispensable functions. First, he
maintains our behavioral control/digitizing computers. Second, he writes computer programs for behavioral
control and data analysis. He has written all of our "basic" programs for the analysis of saccades, smooth
pursuit, the VOR and optokinetic nystagmus and the associated unit activity. As various investigators use those
programs, they request changes in the analysis capabilities on an almost daily basis. Having ----- at the ready
allows us to take rapid advantage of unique opportunities that arise in daily experiments. ----- - extensive
experience in the development of software for our current MAC-based system will be invaluable as we
implement the required conversion to the CED-based platform. Third, he designs and builds specialty
equipment for the lab with minimal delay. For example, he helped design and did most of the construction of
the LED array that we currently use to elicit head-free gaze shifts. --- ----- has been absolutely crucial to the
successful operation of our lab.
------- - ---------- --- - --------- - ------------ - ----- ------- is responsible for all aspects of the animal
experiments. First, she participates in every animal surgery. Second, she trains the monkeys in various saccade
tasks. Over the last several years, she has developed a solid intuitive feel for how to shape a monkey's
behavior. She is intimately familiar with all the behavioral and analysis programs and frequently requests
changes that improve the experiment. Third, she prepares animals for experiments by placing them in the
experimental setup and setting the microelectrode location. Fourth, she constructs all of the recording
microelectrodes, which we prefer to manufacture in house. Fifth, she participates in experiments involving the
injection of small amounts of pharmacological agents or neuronal tracers, a technique she helped to develop.
Sixth, she orders and maintains all of the laboratory supplies on a computer data base. Finally, ------- - is
assuming a more active role in the experiments themselves; for example, she helped gather the preliminary
behavioral data for Specific Aim #4.
EQUIPMENT
For several reasons, we must abandon our current VCR tape and Mac-based system in favor of a CEDbased system. In particular, the CED system is designed for the on-line analysis that is crucial for monitoring
saccade amplitude changes and associated unit activity in our adaptation experiments (see Preliminary Studies).
The system consists of a Cambridge Electronic Design Limited (CED) Powerl401, 16-bit high performance
PHS 398 (Rev. 5/95)
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laboratory interface (32Mbyte 233MHz) system including 2 meter screened data cable with PCI host interface
card ($7881), CED Spike2 for windows software (WS55; $1900), airfreight & insurance ($165), tax ($875.25)
and required Dell 8300 with DVD burner to handle increasingly large digitized files/17" flat panel display
($1800). Cost first setup: $12,621.25. We will need to install this system on 2 experimental setups so we can
run experiments in parallel. Because the license for the second copy of CED SPIKE2 is only $670, the cost of a
second setup: $11,391.25. We request an additional PC to analyze our data away from the experimental setups.
The analysis machine would be a Dell Workstation 360: Pentium 4, 3.2 GHz, 2 GB SDRAM, 250 GB drive,
17" flat panel display, DVD+RW 4x drive, Microsoft Windows XP Professional.
SUPPLIES
ANIMAL COSTS. We plan to have about 2 or 3 projects associated with the several specific aims going on
simultaneously (see TIMETABLE). There will be two monkeys at different stages in each project (one in the
experiment and a second being trained) for a estimated total of about 5 animals. Because of changes in ----------------- policy, we cannot recover the cost of animals that are unsuitable for the experiment (e.g., unhealthy or
intractable); therefore, we must budget a 6th animal as a hedge against animal failure.
MONKEY PER DIEM. Our animals will be housed at---- ---------- -------- - ---------- - -------- - where the per
diem for 2004-2005 is projected to be ~$10/day or about -- - ---- ------- - -- ---- - ----- ----------6 adolescent Rhesus monkeys @ $5500/monkey
$33,000
Animal per diem, 365 days @ $ 10/day x 6 monkeys
$21,900
ELECTRONIC, MECHANICAL AND CHEMICAL SUPPLIES. The funds requested here represent the typical
yearly costs (estimated over the last grant period) for a variety of items, including the materials necessary for
the fabrication of microelectrodes, chemicals like muscimol for the reversible inactivations of several saccadic
loci, optical discs, titanium screws for head implants ($10/screw x 30 screws/animal x6 animals), etc.
GENERAL LAB SUPPLIES. These include the behavioral reward (applesauce, protein powder supplement
etc), swabs, hydrogen peroxide, alcohol etc for the daily maintenance of recording chambers, needles and
syringes, etc.
TRAVEL
The apparently high cost for travel, which reflects the average over the last several years, is due to our
somewhat remote location from most meeting sites.
OTHER EXPENSES
Many of the expenses requested below are for services provided by--- - ---------- ---------- ------------------- which are not offered more cheaply by any other local organization. The rates quoted below are
approximate as they are not guaranteed even through the next grant period, i.e., through April 2004. However,
past experience indicates that the prices will surely not go down!
SURGICAL COSTS. All our surgeries are done in--- - ---------- -------- - ---------- - -------- -- where a typical
surgery including anesthesia, basic surgical supplies and a surgical technician averages $382. Each of the six
animals requires two surgeries, the first for the eye coil and head stabilization devices and a second for the
recording chamber. Therefore, the total requested surgical support is $4584.
PHS 398 {Rev. 5/95)
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HISTOLOGY. Our histology for electrode track reconstruction is done in -- - -------- - --------- - which
charges a $7.25 fee for each slide. We usually require -100 slides. In addition,--- - -------- - -------- --charges
$198 for perfusions, which includes moving and anesthetizing the animal, preparing the perfusate, use of the
necropsy room, etc. Therefore, the total cost per animal is $923. We anticipate experimenting on each animal
for at least 1 1/2 years so that histology will be required from an average of ~2 monkeys/year: $1846.
PUBLICATION COSTS. We request the funds necessary to publish 2 papers/year of 16 pages/paper at
$60/page with a $50 submission fee and 100 reprints ($325) in J. Neurophysiology. Each manuscript then costs
$1,335.
MACHINE/ELECTRONICS SHOP SERVICES. Over the years, we have required the service of our machine or
electronics shop about 2 hours/week. These shops repair and maintain electronic equipment and manufacture
the specialty items that are necessary for the experiments, e.g., recording cylinders. Their hourly rate is $26 so
the total yearly cost for 50 weeks is $2,600.
VETERINARY CARE. We request these funds to cover veterinary consultations, medications and
treatments; -- - -------- - -------- - now charges for every veterinary service including sedation ($15), I.V. injection
($26), wound dressing after minor cage-related accidents ($42), minor surgeries not related to the experiments
etc. For 6 monkeys, these costs can amount to $200/month.
MISCELLANEOUS. This category covers long-distance phone, photocopy, postage, photographic services,
poster printing and other similar costs.
YEARS 2-5
In year #2, we request a 50" plasma screen in order to produce target locations at a higher resolution
(0.06° horizontal and 0.07° vertical) than is possible with our fixed LED array (1° spacing). This capability will
allow us to produce fixed-size adapting target jumps relative to the saccade to determine the relation of unit
activity with position error. Furthermore, the large screen will allow the presentation of targets anywhere
between ±42°horizontally and ±27° vertically of straight-ahead. Our current LED array allows targets to appear
only on the horizontal and vertical axes and along axes at 45 - 225° and 135 - 315°. This capability will add
flexibility to our head-free experiments.
NEC PlasmaSync 50MP2 $8489.55, airfreight + insurance, $200, tax ($764.68)= $9454.23
In years 2-5, we request salary support for----------- - ----------- who will be coming off his postdoctoral
fellowship.
In years 2-5, we will continue to require support for monkey purchase and per diem, other supplies,
meeting costs and other expenses. These various costs are incremented by 3% per year.
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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 laboratory, which is in--- - ----------- -------- - -------- consists of -1000 sq. ft. of open
space that is divided by equipment into 3 experi------- -------- -- - ---------- ---- - ---- - ----------------- - 2
analysis stations. Also, a 200 sq. ft. lab in the --------- -------------- -- ------------- - --- ------------ - - is
equipped for acute experiments and anatomical and histological procedures.
Clinical:

Not applicable

Animal:
--- - ---------- -------- - ------- - is completely equipped to acquire, house and treat nonhuman primates. It is headed by four Clinical Veterinarians and staffed by several Animal Scientists
and a Surgical Technician. This facility surpasses the standards set in DREW Publication #NIH 8523, in ILAR recommendations, and in AAALAC accreditation standards.
Computer:
Each of the 3 experimental setups is equipped with a Macintosh G3 computer with A/D
and D/A interfaces. Each computer has access via ------- - --- - --------- - -------- - network to laser
printers/optical drives and other computers in the lab. In addition, there is a Macintosh G4 in my
office for data analysis, graphics and word processing.
office:
--- - ---- ---- - --- ----- --------- - -------- - (shared 100 sq. ft.) and ------- ----- --- - --- --- ----- -------- -- - --- - --------- - -------- ---- ------ --- - -- - - office (shared 150 sq. ft.) i- --- - -------------- - -------------- -- ------------- - --- ------------- ---- --------- - has an office (100 sq. ft.) in--- - -------- - -------other
--- - -------- - ------- - provides a secretary. It also provides a variety of other amenities
on a fee for service basis. These include a histological laboratory with a full-time histologist
experienced in brain processing, a mechanical and electrical shop with a full-time design engineer
and an experienced machinist and electronics technician, an editor, an illustrator, a surgical service
with a dedicated surgical technician, a necropsy service and veterinary services with several support
staff as detailed above (see Animal). This latter service sees to the complete daily care of the animals,
including their dietary and medical needs.
--- - -------- - -------- --also provides research space for other systems neurobiologists and that
collegial interaction not only is scientifically stimulating but also provides the opportunity to share
technical advances and to obtain critical, constructive advice.
AJOR EQUIPMENT: List the most important equipment items already available forthis project, noting the location and pertinent capabilities of each.

There are 3 neurophysiological setups, which are completely equipped for 2-D, and in one case, 3-D,
measurement of eye movement (electromagnetic search coils, CNC Engineering), unit recording
(amplifiers, spike discriminators etc.), electrical stimulation, injection of chemicals (a portable WPI
pressure injection system) and behavioral control. One of the setups also has a servo-controlled, 2axis vestibular stimulator with an optokinetic drum. At each setup, we can store unit and eye/head
movement data on video tape via a PCM recorder and retrieve those signals for later off-line analysis.
The digitized data can be analyzed at two analysis stat----- ------- - --- - ---------- - ----- - -------- ----------- - computers and APS optical drives. In our lab in -- - ------- - -------------- -- ------------- - --------------- we have a Zeiss compound microscope with a drawing tube and camera and plotting
hardware and software for histological reconstructions.
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Neurophysiol. 86: 651-661,2001.
Mustari, M. J., Tusa, R. J., Burrows, A. F., Fuchs, A. F. and Livingston, C. A. Gaze-stabilizing deficits
and latent nystagmus in monkeys with brief, early-onset visual deprivation: role of the pretectal
NOT. /. Neurophysiol. 86:662-675,2001.
Scudder, C.A., Kaneko, C.R.S. and Fuchs, A. F. The brainstem burst generator for saccadic eye
movements: a modern synthesis. Exp. Brain Res. 142:439-462,2002.
Soetedjo, R., Kaneko, C. R. S. and Fuchs, A. F. Evidence that the superior colliculus participates in the
feedback control of saccadic eye movements. /. Neurophysiol. 87: 679-695, 2002a.
Soetedjo, R., Kaneko, C. R. S. and Fuchs, A. F. Evidence against a moving hill in the superior
colliculus during saccadic eye movements in the monkey. /. Neurophysiol. 87: 2778-2789,2002b.
Robinson, F. R., Fuchs, A. F. and Noto, C. T. Cerebellar influences on saccadic plasticity. Ann. N.Y.
Acad. Sci. 956:155-164,2002.
Hopp, J. J. and Fuchs, A. F. Investigating the site of human saccadic gain adaptation with targeting
and express saccades. Exp. Brain Res. 144:538-548,2002.
Fuchs, A. F. The cerebellum as a device for the coordination of movement. Summary of presentations
and of discussion. Ann. N.Y. Acad. Sci. 978:1-4,2002.
Brettler, S., Fuchs, A. F. & Ling, L. Discharge patterns of cerebellar output neurons in the caudal
fastigial nucleus during head-free gaze shifts in primates. In: The Ocular Motor and Vestibular System:
Its Functions and Disorders, edited by T. Brandt, B. Cohen and C. Siebold. Ann. N.Y. Acad. Sci. 1004:
61-68,2003.
Ling, L., Phillips, J. and Siebold, C. Examining the paradoxical relation between number of spikes
and gaze amplitude in abducens neurons. In: The Ocular Motor and Vestibular System: Its Functions and
Disorders, edited by T. Brandt, B. Cohen and C. Siebold. Ann. N.Y. Acad. Sci. 1004:158-168, 2003.
Hopp, J. J. and Fuchs, A. F. The characteristics and neuronal substrate of saccadic eye movement
plasticity. Prog. Neurobiol. 72: 27-53, 2004.
------ - - ------------ - ----------- - - - --- - ------- - --------- - --------- ------- -------- ------------ - -- -------------- -------- ----- Abstracts (1999-2003)
Goode, C. T., Phillips, J. O., Fuchs, A. F. and Rubel, E. W Effects of retinal slip deprivation on the
recovery of the vestibuloocular reflex in chickens. Soc. Neurosci. Abst. 25: 661,1999.
Ling, L., Phillips, J. O. and Fuchs, A. F. Abducens neuron activity during head-unrestrained gaze
shifts: unexpected associations between firing and gaze, not eye. Arch. Ital. Bio. 137 (Supp): 23,1999.
Robinson, F. R., Fuchs, A. F. and Noto, C. T. Two types of saccade related burst neurons in the
ventrolateral posterior interpositus nucleus of the monkey cerebellum. Soc. Neurosci. Abst. 25:1652,
1999.
Robinson, F. R., Fuchs, A. F. and Noto, C. T. Role of the caudal fastigial nucleus in saccade
adaptation. Soc. Neurosci. Abst. 26: 293,2000.
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Phillips, J. O., Finocchio, D. V., Fuchs, A. F., Kelly, J., Rude, S. and Weiss, A. H. Development of time
constants in human infant optokinetic and vestibular nystagmus. Invest. Ophthal. & Visual Sci. 41(4):
S700,2000.
Hopp J. J., Fuchs A. F. and Kaneko C. R. S. Investigating the site of human saccadic adaptation using
targeting and express saccades. Soc. Neurosd. Abstr. 27: Prog. No. 71.21,2001.
Brettler S. C. and Fuchs A. F. Activity of caudal fastigial nucleus neurons during head-unrestrained
gaze shifts in rhesus monkeys. Soc. Neurosd. Abstr. 27: Prog. No 405.11,2001.
Knight, T. A. and Fuchs, A. F. 2001. Single-unit discharge and microstimulation of frontal eye field
neurons in the head-unrestrained monkey. Soc. Neurosd. Abstr. 27: Prog. No 405.9,2001.
Soetedjo R, Kaneko C. R. S., and Fuchs A. F. Saccade-related neurons in the alert monkey nucleus
reticularis tegmenti pontis. Soc. Neurosd. Abstr. 28: Prog. No 463.9,2002.
Soetedjo, R. and Fuchs, A. F. Climbing fiber discharges in the cerebellar oculomotor vermis change
during saccadic adaptation. Soc. Neurosd. Abstr. 29: Prog. No 274.11,2003.
Kaneko, C. R. S. and Fuchs, A. F. Muscimol inactivation of the nucleus reticularis tegmenti pontis
(NRTP) eliminates ipsiversive saccades. Soc. Neurosd. Abstr. 30: in press
Takeichi, N., Kaneko, C. R. S. and Fuchs, A. F. Activity changes in monkey nucleus reticularis
tegmenti pontis (NRTP) during saccadic amplitude adaptation. Soc. Neurosd. Abstr. 30: in press
d. Research Design and Methods
GENERAL TECHNIQUES FOR ALL EXPERIMENTS
Eye movement measurement and target control Rhesus monkeys will be rewarded for making
saccades elicited by a variety of different target-step paradigms as described below. Gaze position
(G) will be measured by an electromagnetic technique (Robinson 1963; Collewijn 1977) and the
monkey will be rewarded with a small dollop of applesauce for keeping its eye within a reward
window surrounding the target for 2-3 s, on average. In an aseptic surgery, we will implant either a
preformed search coil (Judge et al. 1980) or thread a wire under the four rectus muscles to form a
search coil oriented in the frontal plane (Fuchs & Robinson 1966). In some experiments, the animal's
head will be held within the magnetic field coils by means of acrylic lugs attached to the skull,
whereas in others, the head will be completely free to move in all directions. In the latter
experiments, head movement in space (H) will be measured by a coil attached to the head. Eye
movement in the head will be calculated as G - H (Phillips et al. 1995).
Target steps usually will be produced by the sequential illumination of elements in a spherical
array of LED target spots (0.3° in diameter) spaced on 1° centers along the horizontal and vertical
meridians and along arcs of great circles inclined at 45° between them. Targeting saccades are elicited
by extinguishing a fixated LED while simultaneously illuminating another. For aims 1, 2 and 3 we
will elicit and adapt only targeting saccades. The paradigms used to elicit and adapt other types of
saccades are considered in the discussion of Aim 4, the behavioral transfer experiments.
Amplitude adaptation of targeting saccades To adapt the amplitude of targeting saccades, we will
detect their occurrence when eye velocity exceeds ~50°/s and then trigger an adaptation jump before
the ongoing saccade has reached its peak velocity. Because visual acuity is substantially reduced
during a saccade, most human subjects are unaware that the adaptation jump has occurred. In
PHS 398/2590 (Rev. 05/01)
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different experiments, the adaptation jump may occur for saccades of only one size, for a family of
saccades of different sizes or for saccades in different directions. The adaptation jump might be in the
same direction as the initial target step to produce a gain increase or in the opposite direction to cause
a gain decrease. In all cases, we will select the sizes of the initial target step and the adaptation jump
so that the start and stop positions of the target are unpredictable.
In each experiment, our goal will be to produce the largest possible amplitude adaptation to
facilitate the detection of any associated neuronal change or any adaptation transfer to other saccade
types. In our experience, different monkeys may exhibit more robust changes to one adaptation jump
situation than to another. The possible variations include an adaptation jump that is a fixed
percentage of the initial target step, a fixed percentage of the actual saccade or a fixed size. With our
current array, we can only approximate these conditions because the LEDs are located at 1° intervals.
Therefore, in year #2, we are requesting a large plasma display with a pixel spacing of ~0.07° over an
84° (horizontal) by 54° (vertical) range to produce controlled adaptation conditions.
In addition, some animals adapt best when the amount of the adaptation jump is incremented
as adaptation progresses. Fig. 8 shows an experiment in which the percentage of an adaptation backstep relative to the target step was increased gradually from 20 to 50%. We chose when to increment
the percentage of the back-step by monitoring gain on-line (e.g., Fig. 8). Rather than reaching an
asymptote after about 2000 adapt trials as occurs when the backstep is a fixed percentage of the initial
target step (Straube et al. 1997), the amplitude produced by increasing the percentage backstep
incrementally continued to decrease for 4000 trials, albeit at a slower rate. In this case, the final
percentage reduction was -40%. A similar strategy was successful in the experiment illustrated in
Fig. 5.
Unit recording We record single unit activity with home-made tungsten microelectrodes, which we
advance into the brain by means of a hydraulic microdrive. The electrode is protected on its transit to
the recording site by a guide tube, which extends to within about 10 mm of the area of interest.
Electrodes are fashioned from thin stock (0.005") of tungsten wire, which is etched to a fine pencil
point electrolytically. To insulate the electrode, we insert its shank into a teflon sleeve, leaving the tip
and ~10 mm exposed and then we cover the exposed part and the adjacent sleeve with several coats
of Epoxylite. A recording surface is exposed by passing a small amount of DC current through the
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tip to "blast off" the insulation. In this way, we can control tip size and tailor our electrodes to the
type of cell being recorded. Finally, we deposit a thin layer of iron particles on the exposed tip to
increase its surface area. An electrode with -15 (im of exposed tip length will have an impedance
measured at 1 kHz of ~1 MQL Single unit activity is processed by a buffer amplifier near the animal,
and the resulting low impedance signal is amplified and filtered through conventional electronics.
Data acquisition and on-line processing Many of our preliminary studies, e.g., those for Specific Aim
#1, were made possible through the use of a system made by Cambridge Electronic Design (CED),
which we borrowed daily from a colleague. A multi-channel digitizer box (Power 1401, CED)
sampled unit action potentials (50k samples/s) and the analog signals representing the horizontal
and vertical positions of both the eye and the target (Ik samples/s). A pair of 340 Hz, 2-pole lowpass filters are placed before the eye position signal channels. The action potential is processed
through an 11 kHz, 4-pole low-pass filter before the digitizer. The Spike2 program (CED) running on
an IBM PC Pentium 4 computer controls the digitizer and displays the sampled data in real time.
A script running in Spike2 calculates the velocities of all position signals. The occurrence of a
target step is detected when its peak velocity exceeds ~75°/s. Once a target step is detected, the
script uses a velocity criterion to locate any saccades occurring within 80-600 ms after the target step.
Saccade onset and end are then determined as the times when instantaneous eye velocity first
exceeds 20°/s and then falls below 20°/s, respectively. After computing the amplitude of the saccade
and the target step, the script plots the saccadic gain, i.e. [Saccade Amplitude] / [Target Amplitude],
as a function of the number of the saccade trial during adaptation (e.g., Fig. 8). In addition, this script
generates a spike raster and the instantaneous firing rate. The occurrence of each action potential is
detected when it exceeds a voltage threshold. To assess the directional tuning of SS activity, we
calculate the associated peri-stimulus spike histograms for 8 saccade directions, i.e. 0°, 45°, 90°, 135°,
180°, 225°, 270° and 315°. These histograms can be aligned on either saccade onset or end time.
Examples of such tuning curves are seen in Fig. 3.
Offline data analysis We will analyze a digitized data file off-line using a script running in Spike2.
The script first identifies the target step and then, as described above, uses a velocity criterion to
locate the primary targeting saccade. The script then computes the metrics of the saccade and its
latency relative to the target step. For an adaptation data file, the script also analyzes the metrics and
timing of the corrective saccade. For each accepted primary saccade, the script saves the eye position
and velocity traces, target traces and the associated complex spike and simple spike rasters. The
length of the saved traces is adjustable by the user; typically, we save 1300 ms of each adaptation trial
to include both the primary and corrective saccade. We scroll such data across a monitior to confirm
that the automated analysis is correctly identifying the saccades and to identify the CSs by hand (see
below).
A second program running in Matlab (Mathworks) analyzes and displays the output files
generated by the Spike2 script described above. The program produces rasters and histograms of
complex (e.g., Fig. 1) or simple spike activity aligned on different aspects of the eye movement
response, e.g., primary and corrective saccade onset or end. The program also fits the best
exponential(s) to plots of the gain of horizontal saccades vs. saccade number (e.g., Fig. 8). The
analysis strategies to perform the quantitative comparisons between movement metrics and the
associated discharge patterns of CFN neurons and P-cells (both SSs and CSs) are discussed with the
following detailed consideration of the 4 Specific Aims.

DETAILS FOR SPECIFIC AIMS
Specific Aim #1 Complex spike discharge in the oculomotor vermis during saccade plasticity
Extracellular microelectrodes will be lowered into the oculomotor vermis through a
craniotomy located on the midline 14 mm posterior to the intra-aural axis. In our preliminary
experiments, vermal lobules VI and VII have been readily identified by their background activity,
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which consists of saccade-related bursts that probably originate mostly from mossy fiber afferents.
Neurons in the vermis will be identified as P-cells if they discharge complex (CS) as well as simple
spike (SS) action potentials. To facilitate this diagnosis, we will digitize the neuronal activity on-line
and display it continuously on a computer monitor as described above. This strategy has allowed us
to determine on-line whether a neuron has a CS.
Adaptation strategy Once we determine that a neuron in the vermis has a CS, we will test whether
this putative P-cell also exhibits phasic changes in SS activity for saccades in certain directions. We
will require the monkey to make 15° saccades directed along 8 different angles aimed every 45°
between 0 and 360° to produce direction tuning plots like those in Fig. 3. This strategy revealed clear
differences in timing with direction for the saccade-related burst of neurons in the CFN (Fuchs et al.
1993; Ohtsuka & Noda 1991). For the -20 P-cells recorded thus far with either a burst or pause in SS
activity with saccades, we have not seen any marked directional tuning. In particular, as shown for
the two typical cells in Fig. 3, there always were robust changes in SS firing for saccades to the left
and right. Therefore, for our preliminary experiments, we chose to adapt only horizontal saccades.
Our strategy has been to use a behavioral paradigm that increases saccade amplitude in one
direction, say to the right, and decreases it in the other, i.e. leftward, direction. In both these
situations, the direction and amount of the error is the same, i.e., rightward, so we can evaluate
whether errors leading to an amplitude increase are associated with different changes in firing than
errors that lead to an amplitude decrease. We then reverse conditions so the error changes sign, i.e., a
leftward error causes an amplitude increase for leftward saccades and a decrease for rightward ones.
This strategy has proven effective because even/ identified P-cell tested with both rightward and
leftward eye position errors showed robust increases in CS occurrence for errors in one direction and
no change or decreased CS firing (usually to zero) in the other. Note that acquisition of this complete
data set with both positive and negative errors requires -1000 trials for each error direction and
adaptation condition (increase or decrease) for a total of -4000 trials. We now are able to obtain this
extensive data set on most (-75%) oculomotor P-cells encountered so the concern of Reviewer #1 that
"...recording P cell activity during adaptive behaviors (notably the VOR) is a very difficult strategy",
while accurate,'is in fact a viable strategy in our hands. At first, we will run the adaptation
paradigms while recording only those P-cells with phasic changes in SS discharge related to saccades.
Later, we also will test P-cells that lie in saccade-related folia but do not themselves exhibit saccaderelated SS activity to determine whether adaptation is associated with changes in CS activity in all
resident P-cells or only those with SS activity related to saccades.
It could be argued that a better strategy would be to adapt saccade amplitudes in several
directions, e.g., every 45° from 0 to 360°. However, the amount and rate of saccadic amplitude
adaptation depends on the number of repetitions of a particular saccadic dysmetria. Therefore, a
paradigm that adapts 8 directions will require 4 times the number of trials (i.e., ~16,000!) to produce
the same amount of adaptation as a paradigm that adapts only the two horizontal directions.
Before we adapt horizontal saccades, we collect baseline data on horizontal saccades of
different sizes. We will choose the tested saccades to span the likely saccade amplitudes to be
produced by the adaptation. To identify these amplitudes, we will adapt each animal several times
before beginning any unit recording. We will determine those conditions that will produce the
largest adaptation most consistently, e.g., the use of an incremental increase in the adaptation jump
(Fig. 8).
Separation of SS and CS. Aims #1 and #2 require the separation of CSs from SSs. Although a CS
often can be identified on-line, we thus far have been unable to develop a recognition program to
detect one automatically. Consequently, we have been identifying CSs by eye on the digitized data
after the experiment is over. To this end, the stored data is scrolled across a computer monitor at a
high temporal resolution (100 ms segments). We can recognize a CS by several features. First, a CS
invariably begins with a positive component in our recording configuration, and the positive
potential always gives way to one or more high frequency oscillations (~1 kHz). Second, the positive
PHS 398/2590 (Rev. 05/01)

Page

38

Continuation Format Page

Principal Investigator/Program Director: Fuchs, Albert F.

potential always is followed by a pause in any ongoing SS activity. Finally, a CS often follows a
simple spike at an unusually short interval. Based on these criteria, we have been able to mark CSs
with confidence and to read them to a separate file in register with the associated eye movement and
target events in an adaptation trial.
CS analysis Figs. 1 and 2 (Preliminary Studies) show CS activity and the associated eye and target
movements during saccadic amplitude reduction in a representative experiment. We will process
such data in several ways. First, we will plot rasters of CS activity for every trial in the several
adaptation conditions tested to gain a qualitative impression of CS behavior (Fig. 1). For example, we
can quickly assess which error direction drives the CSs and where in the trial changes in CS discharge
occur. Then to reveal possible relations between the probability of CS occurrence and eye position
error, we will chart their respective time courses by calculating running averages over 50 ms intervals
during a trial and over 50 saccade epochs during adaptation. The averages will be updated every 1
ms and every saccade based on the previous 50 ms and 50 saccade epochs, respectively. In Fig. 2A,
the running averages depicted on a color scale show substantial increases in CS probability only
during the interval between the end of the primary (0 ms) and onset of the secondary saccade (-200
ms, on average). To visualize the changes in CS and eye position error in this interval, we will plot
the running averages of those two variables as in Fig. 2B. We determine the interval of increased CS
firing probability objectively by plotting the histogram of all CSs for every trial during each
adaptation condition in 50 ms bins (lower panel Fig. 1). From the histogram, we calculate the average
CS rate from -500 to 600 ms and set the interval where CS firing exceeds that mean plus one SD. To
obtain a quantitative measure of how well CS firing and eye position error are related in this interval,
we perform a linear regression of CS firing probability and eye position error obtained at 1 ms and 1
saccade intervals from running averages like those in Fig. 2B.
Preliminary data like that in Fig. 2B, are consistent with the suggestion that changes in CS
probability signal just the occurrence and direction of a saccadic error but provide no detail as to its
magnitude. Our first goal is to confirm this initial observation by testing more P-cells under the
adaptation conditions described above and to explore the relation between the probability of CS
firing and eye position error with the regression analysis. We will test both those P-cells that have
simple spike activity related to saccades and those that do not.
Data like that in Fig. 2B are, however, open to other interpretations, which we will test with
other experimental paradigms. For example, CS discharge could be signaling that adaptation is
underway rather than that an error exists. To test this possibility, we will create eye position errors
that do not produce adaptation. For example, little,.if any, adaptation is produced by randomly
intermixed fixed errors of different sizes, e.g., 1, 3 and 5°, in both the forward and backward
directions. To create these conditions, we will produce constant horizontal eye position errors
independent of the actual size of the saccade. As usual, we will detect the occurrence of a targeting
saccade when its velocity exceeds a certain threshold, e.g., 75°/s. When eye velocity later decelerates
to 40°/s, a computer program will step the target by a fixed amount, e.g., 2°, and then target position
will be controlled by eye position. This "open loop" condition, which will maintain a fixed target
error relative to the eye, will be continued for -100 ms, the interval during which a position error is
most efficient at driving adaptation (Shafer et al. 2000). To accomplish this continuous feedback
control of target position, we request in the second year a fast display (PlasmaSync) that allows the
rapid updating of target position with a higher spatial resolution than that of our current LED array,
i.e., -0.07° vs. 1°. We have tried this manipulation while recording the CS activity of 2 P-cells. In
those experiments, there were changes in CS activity with no associated adaptation. Furthermore,
when the data were sorted by the size of the target error that elicited them, the CS activity of both Pcells preferred certain error amplitudes. Perhaps the modest increase of CS activity during
adaptation for the neuron in Fig. 2B could be due to a preference for small eye position errors. We
need to confirm this intriguing observation on additional neurons.
The preceding anecdotal observation suggests that the changes in CS firing during adaptation
could be a sensory response that does not necessarily lead to motor adaptation. If that preliminary
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finding holds up for more neurons, we will investigate the visual sensitivity of the CS response in
several ways. In all experiments, we first will establish the horizontal error direction that produces
an increased probability of CS firing in the adaptation paradigm, i.e., obtain data like that in Fig. 1.
Then we. will determine whether the CS discharge is a passive visual response by requiring the
monkey to fixate a central spot while we present visual probes for -200 ms, the average interval
between primary and corrective saccades during adaptation. The probes will appear at several
horizontal eccentricities to simulate the errors that occur during an adaptation experiment. Because
we usually use a 5°-intrasaccadic step, we will start with 1, 3 and 5° probe eccentricities. In other
experiments, we will test whether the CS response is better tuned to eye position errors in nonhorizontal directions. First, we will examine a possible preference for horizontal error size by using
the fixed error paradigm described in the previous paragraph. If this experiment indicates a tuning
for horizontal error amplitude, we will try to present errors of different sizes in a variety of directions
(starting with horizontal and vertical) to reveal whether there is a directional tuning as well. The
details of these experiments admittedly are sketchy because their exact implementation will depend
on what we find in the experiments described in the previous paragraph.
Because enhancement of CS firing occurs during the interval immediately before a corrective
saccade (Fig. 1), it also is possible that enhanced CS occurrence is associated with the corrective
saccade per se. We will perform two controls to assess that possibility. First, before adaptation, we
will require the monkey to make saccades to target steps of I, 3 and 5° to match the range of
corrective saccades usually made during adaptation. Our preliminary data indicate that only a few
units show enhanced CS discharge with saccades to 5° steps, and for those few neurons, the increase
is not as large as the change that occurs during adaptation. Second, we will use behavioral strategies
to decrease the occurrence of corrective saccades. We have shown that the number of corrective
saccades are substantially reduced if the intra-saccadic adaptation step lasts for only a brief period of
time and then the target either returns to its initial displaced location (Wallman & Fuchs 1998) or is
extinguished (Shafer et al. 2000; Noto and Robinson 2001). In the later condition, an almost normal
amount of adaptation can be achieved with essentially no corrective saccades at all.
Taken together, these experiments are designed to reveal the conditions necessary to activate
CS discharge in vermal oculomotor P-cells. That we already have found a behavioral paradigm that
produces robust CS responses is a major step. The data thus far are consistent with the hypothesis
thatCS activation is caused by the error produced during saccadic amplitude adaptation. We
propose to investigate this hypothesis by exploring the constraints on the visual properties of the
error signal, by determining whether effective CS activation depends on the occurrence of
concomitant saccade adaptation and by eliminating the corrective saccade as an explanation of CS
enhancement.
As has been demonstrated in Figs. 1, 2,3 and 5, all of the techniques required to do this
experiment already have yielded preliminary data so we anticipate no technical problems. However,
all of these data were collected using indispensable equipment to which we do not have continual
access. Therefore, we request a Power 1401 from Cambridge Electronic design (CED) for each of the
two recording stations at which these experiments will be done. Furthermore, the transition to this
new target presentation, data collection and analysis scheme requires that all of our programs for the
analysis of saccades and unit discharge patterns be rewritten. We therefore request continuing
support for our long-time programmer, Robert Cent, who has successfully written the programs on
our current platform.
Specific Aim #2 Simple spike discharge in the oculomotor vermis during saccade plasticity
Our preliminary data (Fig. 3) show that differences in saccade amplitude of 10° (15 vs 5°) are
clearly reflected in the SS discharge patterns of some P-cells. Therefore, our first goal here is to find
adaptation conditions that produce amplitude changes of roughly that amount so it will be possible
to clearly document associated changes in firing.patterns. Note that in our preliminary experiments
designed to study CS activation, a typical 20% reduction in the amplitude of the 15° saccades we used
produced only an -3° change in saccade amplitude so differences in SS discharge patterns before and
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after adaptation were difficult to discern. Therefore, we must perform separate experiments with
special adaptation conditions to address this aim specifically. We will begin by determining the
largest head-fixed targeting saccades that a monkey is willing to make. We will then adapt them
with incremental backsteps to determine whether we reliably can produce amplitude reductions of at
least 6-8°, which will be accompanied by duration changes of -12 to 16 ms.
If we are unsuccessful at producing sufficiently large amplitude changes with this head-fixed
strategy, we will turn to head-free gaze shifts, which not only can be elicited easily but also are
readily adapted (Phillips et al. 1995). First, we will document the normal behavior of saccade-related
simple spike activity when the monkey makes an assortment of horizontal gaze shifts ranging from
10°, which requires no head movement, to 80°, which always does. This control data will be the first
demonstration of the behavior of P-cells in the oculomotor vermis when the head is free to turn.
Rather than using binned histograms like those of Fig. 3, we will quantify the discharge patterns
objectively by building continuous spike density functions. For the spike rasters of each saccadic
trial, we will replace every spike with a Gaussian function (a ranging from 6-15 ms according to the
firing rate of the individual neuron; see Soetedjo et al. 2000 for further details). For bursting P-cells,
we will specify burst onset and offset as the times when the spike density function crosses 50% of its
peak rate. For pausing P-cells, we will identify pause onset and offset as the times when the spike
density function crosses 50% of the difference between the resting and minimum rates. After the
burst has been delineated, we will calculate the peak firing rate, burst duration and number of spikes
as well as the times of occurrence of burst onset and offset, peak rate and the middle of the burst. We
then will perform linear regressions of these burst attributes with salient features of the gaze, eye and
head movements, such as the time of movement onset, offset and peak velocity and movement
amplitude and duration. Applying such tests to the neuron in Fig. 36 would reveal that bursts
associated with 5° saccades reach peak firing earlier and have shorter durations than do bursts
associated with 15° saccades.
As we found for the bursts of CFN neurons recorded under identical conditions (Brettler et al.
2003), we hypothesize that the end of the burst/pause of SS activity will be well correlated with the
ends of the gaze and eye movement, which usually occur at similar times, but poorly correlated with
the end of the head movement. Also we predict that these timing correlations will be the same for
gaze shifts made with or without head components. Furthermore, we expect that other burst/pause
characteristics always will be substantially better correlated with the metrics of gaze/eye movement
than with those of head movement. Therefore, we hypothesize that the SS discharge of oculomotor •
P-cells, like the CFN neurons to which they project, will have a similar relation to gaze shifts whether
the head is fixed or free.
Once this baseline data has been acquired, we will reduce the amplitude of head-free targeting
gaze shifts by a simple extension of the adaptation paradigm described above (Amplitude adaptation
of targeting saccades). We will trigger the backward adapt step on the gaze movement (Phillips et al.
1997) and use incremental backsteps as illustrated in Fig. 5. Here we expect that adaptation will
cause a change in the timing or response magnitude (e.g., number of spikes or firing rate) of a
bursting P-cell or the timing and depth of the pause of a pausing P-cell. We will compare the firing
pattern associated with the adapted saccade to (1) the pattern associated with the larger preadaptation saccade elicited by the same target step and (2) the pattern associated with a pre-adaptation
saccade of the same size. Accordingly, before adaptation, we will record control P-cell activity
associated with an assortment of saccades whose sizes span those produced during adaptation. If SS
firing patterns are the same no matter how a saccade of a given size is elicited, we would suggest that
saccade adaptation probably can be accomplished only by modification of signals through the
pathway from the SC through the oculomotor cerebellum to the brainstem burst generator. If, on the
other hand, comparison (2) reveals a difference in discharge patterns, it seems likely that the direct
pathway from the SC to the brainstem burst generator must be modified as well. It should be noted
that the revealing comparison between the discharge patterns associated with pre-adapted and
adapted saccades of the same size was not done in previous studies on the effects of amplitude
adaptation on CFN activity with the head fixed (Sciidder & McGee 2003; Inaba e t a l . 2003).
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Consequently, we will als.o do these two comparisons on the head-free data generated for Specific
Aim #3.
Although we have not yet recorded from the oculomotor vermis with the head free, this
should not be an obstacle. We already have recorded successfully from the CFN (Brettler et al. 2003)
the abducens (Ling et al. 1999) and vestibular nuclei (Phillips et ai. 1996) and the frontal eye fields
(Knight & Fuchs 2001) under these conditions.
Specific Aim #3 Cerebellar neuronal correlates of adaptation of head-free saccades
Our objective here is to document the changes in the discharge patterns of CFN neurons
during adaptation of large saccadic gaze shifts. The experimental strategy and analysis techniques
are similar to those just discussed for evaluating changes in P-cell activity during adaptation. Briefly,
we will produce robust decreases in the amplitude and therefore durations of large saccadic gaze
shifts. We will track the associated changes in discharge as they occur by examining blocks of
saccades with very similar metrics at different stages of adaptation. For example, if we consider the
gaze shifts occurring at trial number 1000 ± 30 in Fig. 8, we can find 10-15 gaze shifts with similar
amplitudes, e.g., like those in Fig. 5. Then, as mentioned for the analysis of SSs above, we will build
continuous spike density functions from the spike rasters of each of these saccade trials to delineate
burst onset and offset objectively. Once the burst is objectively delineated, we will determine average
peak rates, burst durations and number of spikes as well as the timing of peak rate, saccade onset and
offset and the time of occurrence of the middle of the burst. We will compare these measures with
those of control gaze shifts to the same target step. Because of our preliminary data for normal gaze
shifts of different sizes (Fig. 4), we anticipate that the bursts associated with adapted gaze shifts will
occur earlier relative to saccade onset and perhaps have higher rates as gaze shirts decrease in size.
As mentioned above, it is important to know whether the bursts accompanying adapted saccades are
the same as those accompanying pre-adapted saccades with the same metrics. Therefore, we will
start every experiment by collecting CFN activity related to control saccades with amplitudes that
span the anticipated adapted saccadic amplitudes.
We already have had success with the individual components of this experiment. We can record
the activity of CFN neurons with the head free to rotate (Brettler et al. 2003). Furthermore, we can
produce the robust decreases in saccade amplitude and duration (Phillips et al. 1997) that are
necessary to allow a clear demonstration of changes in CFN firing associated with adaptation.
Specific Aim #4 Sites of saccadic amplitude adaptation in monkeys
Transfer experiments For these experiments, we must be able to produce amplitude reductions of the
different types of simian saccades. We will start by considering only saccades to targets on the
horizontal meridian. Thus far we have successfully adapted horizontal targeting (Fuchs et al. 1996),
memory-guided (Preliminary Studies, Fig. 6), express, and delayed saccades in one monkey with
techniques that we already have used successfully in humans (Hopp and Fuchs 2002; Hopp 2004).
The conditions used to elicit and adapt targeting saccades were described above. We elicit express
saccades by extinguishing the fixation target for a 150-200 ms gap (adjusted for the individual subject)
before illuminating the peripheral target. To adapt express saccades, we monitor saccade latency on
line and backstep the peripheral target only for those saccades with reaction times lying between -80
and 120 ms (again adjusted for individual subjects according to their normal latency distribution).
The occurrence of saccades with other reaction times extinguishes the target. As seen in Fig. 6, we
analyze only those saccades with express latencies (see Hopp and Fuchs 2002 for additional details).
Memory-guided saccades are elicited by i l l u m i n a t i n g a peripheral target briefly (-100 ms) while the
subject is fixating and then, after a variable delay (range 1-3 s), changing the color of the fixation spot
to command a saccade to the remembered target location. To adapt memory-guided. sa.ccad.es, we will
illuminate the extinguished target at a back-stepped location as the saccade occurs. Although memoryguided saccades to horizontal target steps have a vertical component, it is small and a robust amplitude
reduction is produced by pure horizontal backsteps (Fig. 6). Also, even though memory-guided
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saccades are quite variable in size, a convincing amplitude reduction can quite readily be produced
(Fig. 6). We elicit delayed saccades by illuminating a peripheral target and then, after a delay changing
the color of the fixation target to command a saccade to the visible peripheral target. Adaptation
paradigms for delayed saccades will be like those for targeting saccades. Finally, scanning saccades are
elicited by rewarding the monkey when it saccades between fixed targets in an array that remains lit
continuously. To adapt scanning saccades, we will shift the entire array backwards as a saccade is
made to one of its elements. Adaptations of all but scanning saccades will be performed with
horizontal target steps of 2 sizes, a strategy that effectively randomizes target start and backstep
locations to reduce the possibility of changes due to strategy. Targets will be constrained to stay
within ±25° of primary gaze. We will use incremental backsteps as illustrated in Fig. 8. We usually
adapt saccades in one horizontal direction only and use simple targeting saccades in the other
direction as a control for the effects of fatigue.
In all transfer experiments we will determine the percentage of amplitude reduction of the
adapted and test saccades by comparing pre and post adapted means of -30 saccades of each type.
We will use a paired t-test to determine whether either or both reductions are significant (p<0.05).
Then we will determine the percentage of transfer from the adapted to the test saccade (see Hopp and
Fuchs 2002 for details). We will consider subjects and conditions (saccade sizes and directions)
individually to determine whether actual partial transfer exists and in which conditions.
Oblique Saccade Experiments For these experiments, we will adapt saccades to 16° target steps along
an axis rotated 15° CW of vertical (see Fig. 7) with backsteps along the oblique target vector. If
adaptation occurs after a saccade has been divided into its horizontal and vertical components, pure
horizontal saccades equal in amplitude to that of the horizontal component also should be adapted.
Furthermore, the leftward horizontal component of an oblique saccade directed 15° CCW of vertical
should not be adapted because adaptation of pure rightward saccades does not transfer to saccades in
the opposite direction. On the other hand, if saccades are adapted where they are represented as
vectors, rightward horizontal saccades will not be adapted whereas the horizontal component of
CCW oblique saccades will because of the existence of adaptation fields (Noto et al. 1999).
We also will adapt pure horizontal and vertical saccades with sizes equal to the components of
the oblique saccade. Based on our preliminary data (Fig. 6) we predict no transfer to the components
of the oblique saccade.
Based on our previous experience with studies like those proposed here, we estimate the
following distribution of effort over the 5 years of requested support.
TIMETABLE
Specific Aim
#1. Cerebellar CSs during
Saccade Adaptation
#2. Cerebellar SSs during
Saccade Adaptation
#3. Cerebellar Correlates of
Head-free Adaptation
#4. Saccade Adaptation Sites
in the Monkey

1
X

2
X

X
X

Year
3
X

4

• 5

X

X

X

X

X

X

X

Significance
In conclusion, the successful completion of the aims of this grant will have an impact in several
areas. First, these studies will add to our understanding of the basic neuronal mechanisms that
control the accuracy of individual saccades. In particular, we will provide the physiological data that
must be simulated by any realistic model of the control of saccades by the cerebellum (e.g., Dean
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1995; Optican & Qua ia 2002). Second, they will further our knowledge about the mechanisms and
sites of motor learning underlying a voluntary eye movement and thereby provide a model other
than the VOR to study plasticity in the oculomotor system. Third, they will establish saccade
adaptation as a tractable model system to study the mechanisms contributing to the learning and
maintenance of precision motor acts in general. Perhaps the principles underlying saccade
adaptation will prove to be basic in understanding the plasticity of other motor behaviors and the
role of the cerebellum in that plasticity.
e. Human Subjects Research.
Not applicable
/. Vertebrate Animals.
Approximately 6 young adult male rhesus macaques (Macaca mulatta) weighing 2.7-3.7 kg will
be used each year.
All surgical implants of the eye-movement transducer, recording chambers, and the
stabilization lugs will be performed- - --- - --------- ------ -- ----- -------- - ------- - by experienced
members of our group with the assistance of a Surgical Technician, and with a clinical Veterinarian
available for consultation. Surgeries are performed under sterile conditions, identical to those of
human surgery. Halothane, an anesthetic commonly used in human surgery, is used for these
procedures. Recovery from surgery takes place in a special recovery room, maintained at 80°F,
where the animal is kept in a padded cage under close supervision by a Veterinary Technician. The
analgesic ketofen (0.05 cc/kg) is given intramuscularly every 6 hours for as long as is deemed
necessary by the veterinary staff.
To allow unit activity to be recorded, the animals are placed in restraint chairs for daily
sessions of ~3 hours. Their heads either are held by chronically implanted lugs fastened to the skull
or are able to turn freely. The monkeys are trained to track a spot of light for an applesauce reward.
In the course of an experimental session, the animals usually earn two jars of Gerber's applesauce,
which has been fortified by more than the optimal amount of protein (Formula 95 Protein, Dr.
Donsbach's), calories, vitamins and minerals (Dyne, Biolab Corp.) necessary for normal growth.
During the first two weeks of training, the animal is deprived of solid food to motivate him to the
task. He always has free access to water in his home cage. After he learns the task, some of his solid
food ration is gradually reinstated. During the course of the experiments, the animals are regularly
weighed. Our monkeys usually gain weight at about the same rate as age-matched normal animals.
There are at least four reasons why the monkey is required for neurophysiological experiments
on the oculomotor system if the results of such studies are to be extrapolated to humans. First, lower
vertebrates do not make certain kinds of eye movement, such as smooth pursuit, which are an
important part of the primate oculomotor repertoire. Second, the eye movements of monkeys are
very similar to those of humans in all respects. Third, the similarity between those parts of the brain
controlling eye movements in the monkey and in man is striking. Finally, monkeys can be trained
readily to make complicated eye movements under a variety of visual and vestibular conditions,
whereas lower animals are virtually intractable. It is clear that neither computer simulations nor cells
in tissue culture would be appropriate to address the mechanisms of primate motor behavior.
The animals will be cared for by the veterinary staff - ----- ---------- -------- - ---------- - ------- - at
the University of Washington. They will be housed and maintained under conditions that meet NIH
standards as stated in the Guide for the Care and Use of Laboratory Animals (DHEW Publication
NIH78-23,1978), ILAR recommendations, and AAALAC accreditation standards for animals of this
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species. They will be housed in individual cages in a room with other similarly-housed animals of
the same species. The cages are equipped with sanitary trays underneath, which are flushed every 20
min. The cages are steam-cleaned at least once weekly. The temperature in the animal quarters is
maintained at 75°F, and humidity and air quality are controlled. Water is available at all times in the
cage. Each animal is examined daily by the Animal Technician in charge of the room. In addition,
each of two Veterinary Technicians independently examines each animal every day. Any necessary
medical care is provided by these technicians, in close consultation with two Animal Scientists and a
Clinical Veterinarian, who is in charge of the colony.
Within one month of daily handling by the same experimenter, the animals willingly enter the
chair without a struggle. They eat the applesauce with obvious relish and continue to work at a very
demanding task for at least 3 hours per day. At any sign of discomfort (excessive vocalizations,
drifting and rolling eye movements, or an unwillingness to perform the task), the animal is removed
from the experimental apparatus and is returned to his cage. If he continues to appear sluggish, a
clinical action is taken.
When all the experiments are finished, the monkey is sacrificed under deep pentobarbital
anesthesia, which prevents any experience of pain.
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