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Deficits in Short-Latency Tracking Eye Movements after
Chemical Lesions in Monkey Cortical Areas MT and MST
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Neuroscience Research Institute, National Institute of Advanced Industrial Science and Technology, Tsukuba, Ibaraki 305-8568, Japan, 2Graduate School
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Past work has suggested that the medial superior temporal area (MST) is involved in the initiation of three kinds of eye movements at
short latency by large-field visual stimuli. These eye movements consist of (1) version elicited by linear motion (the ocular following
response), (2) vergence elicited by binocular parallax (the disparity vergence response), and (3) vergence elicited by global motion toward
or away from the fovea (the radial-flow vergence response). We investigated this hypothesis by recording the effects of ibotenic acid
injections in the superior temporal sulcus (STS) of both hemispheres in five monkeys. After the injections, all three kinds of eye move-
ments were significantly impaired, with the magnitude of the impairments often showing a strong correlation with the extent of the
morphological damage in the three subregions of the STS: dorsal MST on the anterior bank, lateral MST and middle temporal area on the
posterior bank. However, the extent of the lesions in the three subregions often covaried, rendering it difficult to assess their relative
contributions to the various deficits. The effects of the lesions on other aspects of oculomotor behavior that are known to be important for
the normal functioning of the three tracking mechanisms (e.g., ocular stability, fixation disparity) were judged to be generally minor and
to contribute little to the impairments. We conclude that, insofar as MST sustained significant damage in all injected hemispheres, our
findings are consistent with the hypothesis that MST is a primary site for initiating all three visual tracking eye movements at ultra-short
latencies.

Key words: visual tracking eye movement; ocular following response; vergence; disparity; optic flow; radial flow; extrastriate; ibotenic

acid; oculomotor; visual motion

Introduction

Recent studies in primates have revealed three visually driven
ocular tracking mechanisms that are activated in a machine-like
manner at ultra-short latencies and are thought to help to stabi-
lize the gaze of the moving observer in three dimensions (Miles,
1998). In this scheme, two of these mechanisms generate ver-
gence eye movements to help maintain binocular alignment on
objects that lie ahead: the disparity vergence response (DVR),
which is driven by the changes in binocular parallax (Busettini et
al., 1996; Masson et al., 1997), and the radial-flow vergence re-
sponse (RFVR), which is driven by the radial patterns of optic
flow (Busettini et al., 1997; Inoue et al., 1998b). The third mech-
anism, the ocular following response (OFR), helps to stabilize
gaze on objects that move within the plane of fixation and gener-
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ates version eye movements in response to the planar motion
(Kawano and Miles, 1986; Miles and Kawano, 1986; Miles et al.,
1986).

This study is concerned with the neural mediation of these
responses and focuses on the role of the medial superior temporal
area (MST) within the superior temporal sulcus (STS) of the
monkey’s cortex. This area is known to contain many neurons
that respond vigorously to visual motion with directional selec-
tivity (Van Essen et al., 1981; Desimone and Ungerleider, 1986)
and others that are sensitive to binocular disparity or to the pat-
terns of optic flow experienced by the moving observer (Maunsell
and Van Essen, 1983a; Tanaka et al., 1986; Tanaka and Saito,
1989; Roy and Wurtz, 1990; Duffy and Wurtz, 1991; Roy et al.,
1992; Eifuku and Wurtz, 1999). We have recorded neurons in
MST that discharge in relation to the large-field visual stimuli
used to elicit the OFR (Kawano et al., 1994; Takemura et al.,
2000), the DVR (Takemura et al., 2001, 2002b) and the RFVR
(our unpublished observations). Most of the changes in neural
activity preceded the associated eye movements, and some oc-
curred early enough for them to have a causal role in producing
even the earliest ocular responses. These electrophysiological ex-
periments suggested that, despite their ultra-short latency, all
three visual tracking eye movements could be mediated, at least
in part, by MST neurons.
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The present study was undertaken to test this hypothesis by
documenting the effects of bilateral chemical lesions in the STS,
which included varying amounts of dorsal MST (MSTd), lateral
MST (MSTI), and middle temporal area (MT), on the three
short-latency visual tracking eye movements in five monkeys. We
report that ibotenic acid injections into the STS could abolish the
initial OFR and the initial REVR and significantly attenuate the
initial DVR. These findings are consistent with our hypothesis
that the MST has a major role in the production of all three of
these ocular tracking responses.

Preliminary results have been reported previously (Takemura
et al., 2002a).

Materials and Methods

Animal preparation. Data were collected from five adolescent Japanese
monkeys (Macaca fuscata), weighing 5-9 kg. Many of the methods and
procedures were very similar to those used in our previous studies
(Kawano et al., 1994; Inoue et al., 1998b; Takemura et al., 2001) and will
be described only briefly here. All animals had been trained previously to
fixate a small target spot on a tangent screen for a liquid reward (Wurtz,
1969). Under aseptic conditions and sodium pentobarbital anesthesia, a
cylinder for chronic recording of single neuron activity was implanted
vertically over a trephine hole positioned above the posterior parietal
cortex. This cylinder was subsequently used for the ibotenic acid injec-
tions. A bracket attached to the skull allowed the head to be secured in the
standard stereotaxic position during the experiments. Eye movements
were recorded using scleral search coils implanted around both eyes
(Fuchs and Robinson, 1966; Judge et al., 1980). One animal (monkey P)
had been used previously for single-unit recordings in the left nucleus of
the optic tract (NOT) and in the left dorsolateral pontine nucleus
(DLPN), but its oculomotor behavior was within the normal limits after
those recordings. All experimental protocols were approved by the Na-
tional Institute of Advanced Industrial Science and Technology Animal
Care and Use Committee.

Behavioral paradigms and visual stimuli. The presentation of stimuli
and the collection, storage, and display of data were controlled by two
personal computers (NEC PC98). The behavioral paradigms and visual
stimuli used in this study were identical to those of Shidara and Kawano
(1993) for the OFR, Takemura et al. (2001) for the DVR, and Inoue et al.
(1998b) for the REVR. In brief, during the recording sessions, the mon-
key sat in a primate chair with its head secured in place and facing a
translucent tangent screen (114 X 114 cm) at a distance of 500 mm onto
which random-dot patterns (subtense, 90 X 90°) could be backprojected.
Mirror galvanometers in the projection path in an X/Y configuration
allowed the patterns to be moved under computer control. The density of
dots was ~50%, and the smallest dots in the patterns subtended ~1.5° of
arc. Five paradigms were used, which in brief were as follows.

In the OFR paradigm, the random-dot pattern filled the screen and 50
ms after the end of a 10° leftward centering saccade started to move at
constant velocity (range, 10-160°/s) in one of the four cardinal direc-
tions; the motion lasted 150 ms, and the screen was blanked. In the DVR
paradigm, two projectors were used with crossed polarizers to achieve
dichoptic viewing such that the two eyes saw identical random-dot pat-
terns that filled the screen and initially overlapped exactly (zero binocular
disparity); horizontal disparity steps (crossed and uncrossed, ranging in
amplitude from 0.5 to 6°) were applied 50 ms after 10° leftward centering
saccades, by displacing the two images equally in opposite directions for
230 ms. In the RFVR paradigm, the visual stimulus was a two-frame
movie, and the initial random-dot pattern was replaced by a second one
(simulating the same image viewed from a slightly different distance) 50
ms after a leftward centering saccade. The focus of expansion/contrac-
tion was located at the center of the screen and was therefore imaged in,
or close to, the fovea; this looming step involved a 5% change in the
eccentricity of the dots with respect to the screen center without any
change in their size [the “pure radial-flow stimulus” (Busettini et al.
(1997)]. Note that previous studies indicated that the RFVR is mostly a
transient response to stimulus onset and multiple steps (at up to 100 Hz,
which approximates smooth motion) elicit essentially the same result
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(i.e., adding additional apparent-motion steps adds little to the response)
(Miles et al., 2004). In all three paradigms, if no saccades were detected
during the stimulus presentation period, then the data were stored on a
hard disk and the animal was given a drop of fruit juice; otherwise, the
trial was aborted and fluid was withheld. At this point, the random-dot
patterns were blanked for 0.5 s by a mechanical shutter and then reap-
peared once more for the start of the next trial. Note that all experiments
included saccade-only controls in which the initial patterns remained
present and unchanging throughout the trial. The luminance of the pat-
terns ranged from 2.7 cd/m? (white dots) to 0.3 cd/m? (black back-
ground area) for the RFVR paradigm (average, 1.5 cd/m?) and from 1.0
t0 0.05 cd/m? for the DVR paradigm (average, 0.5 cd/m?). The stimulus
patterns used for the DVR paradigm were somewhat darker than those
used for RFVR paradigm because of the polarizing filters. The brighter
stimulus pattern was also used for the OFR paradigm, except with mon-
keys N and R for which the polarizers remained in place (but the dichop-
tic images always exactly overlapped).

In two monkeys, we also examined the effects of the MST injections on
smooth-pursuit and optokinetic eye movements to permit comparison
with previous lesion studies (Diirsteler et al., 1987; Diirsteler and Wurtz,
1988). In the smooth-pursuit paradigm, the target was a projected light-
emitting diode spot, the horizontal position of which was controlled by a
mirror galvanometer in the projector light path. At the start of each trial,
a stationary target spot appeared at the center of the screen, and the
monkey was required to fixate it for 700-900 ms. On “pursuit” trials, the
target moved to the right or left at one of three selected speeds (10, 20,
30°/s), and after a grace period of 100 ms to allow the monkey to catch up
with the target, the monkey was required to track it with smooth eye
movements for the remaining time that it was visible (600 ms). On “fix-
ation” trials, the target remained stationary, and the monkey had to fixate
it. The trial type (pursuit or fixation) as well as the direction and speed of
target motion on the pursuit trials were randomized from trial to trial. In
the optokinetic paradigm, two random-dot patterns moving to the right
or left at one of three selected speeds (20, 40, 60°/s) were backprojected
on the screen one after the other to achieve continuous smooth motion.
To replicate the traditional optokinetic stimulation used in previous le-
sion studies, the screen was initially dark, and then the moving pattern
suddenly came into view (by operating a shutter). This optokinetic stim-
ulus remained on for 15 s, after which time the screen was blanked and
recording continued for an additional 15 s [optokinetic afternystagmus
(OKAN)]. The monkey was rewarded with drops of fluid for staying alert
(apparent from the brisk quick phases).

Lesion procedures. Previous microelectrode recordings, involving
10-64 penetrations per hemisphere, allowed us to determine the likely
location of the MST within the STS of both hemispheres in all five mon-
keys. In 7 of 10 hemispheres, the penetrations were made with glass-
coated tungsten microelectrodes that entered the parietal cortex, ad-
vanced through the anterior bank of the STS, and ended in the posterior
bank or floor of the STS. After reconstructing these penetrations and
using the selectivity for speed and direction of motion as well as the size
of the receptive fields to identify putative MT and MST neurons in both
hemispheres, we implanted four or five guide tubes, the tips of which
were positioned 3—-5 mm above the regions thought to encompass the
MST in both hemispheres. These guide tubes were to be used later for
injecting ibotenic acid, but we first used them to introduce tungsten
microelectrodes to confirm that they were located above a region con-
taining abundant directionally selective neuronal activity characteristic
of MT and MST. In 3 of 10 hemispheres, the neuronal recordings were
made only through the guide tubes, and accurate reconstruction of these
electrode tracks was not possible.

The preinjection eye-movement data were obtained over a period of
several days after the guide tubes had been positioned in both hemi-
spheres. Thus, any effects attributable to the previous microelectrode
penetrations and the implantation of the guide tubes would be manifest
in the eye-movement data obtained before any injections were made.
After completing the collection of the preinjection data, these guide tubes
were used to make multiple pressure injections of ibotenic acid (15
mg/ml in a basic saline solution) over a 2 d period in monkeys Q, P, and
S; a3 d period in monkey N; and a 7 d period in monkey R. We used a
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Table 1. Number and volume of the ibotenic acid injections
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LeftSTS Right STS posterior bank (MT) and in the anterior bank
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preponderance of directionally selective neu-

Hamilton microsyringe (Crist Instruments, Hagerstown, MD) with a 0.7
mm outer-diameter injection tube, to inject at a rate of 0.2 pl/min, which
subsequent histology indicated was sufficiently slow to prevent backflow
of ibotenic acid around the microsyringe. To avoid leakage of ibotenic
acid during withdrawal, the microsyringe was not raised for at least 15
min after completion of the injection(s) through a given guide tube. The
number of injection sites and total amount of ibotenic acid injected are
summarized in Table 1. For each monkey, the postinjection eye-
movement data were obtained over a period of 2-3 d commencing 1 d
after completing the bilateral injections.

Data collection and assessment of the eye-movement deficits. In the OFR
paradigm, we recorded only the horizontal and vertical positions of the
right eye. In the DVR and RFVR paradigms, we recorded only the hori-
zontal positions of both eyes. The eye-position measures were hardware
differentiated to obtain eye velocity measures. These position and veloc-
ity voltage signals were smoothed with a six-pole Bessel filter (3 dB at 100
Hz) and digitized at 1000 Hz with a resolution of 12 bits. Voltage signals
encoding the positions of the mirror galvanometers controlling the po-
sitions of the patterns and target spots on the screen were digitized at 500
Hz with a resolution of 12 bits. All data were stored and transferred to a
workstation (SunSparc) for analysis. Trials with saccadic intrusions dur-
ing the experiment were deleted. The mean eye velocity data obtained in
the saccade-only control trials were subtracted from the eye velocity data
obtained in all other trials, and all quantitative analyses were performed
on these “adjusted” data profiles. The horizontal eye position and veloc-
ity data obtained in the DVR and RFVR paradigms were used to compute
the horizontal vergence position angle and the horizontal vergence ve-
locity (left eye minus right eye), respectively. We used the convention
that rightward (and upward) deflections of the stimuli or eyes were pos-
itive; hence convergence had a positive sign. Mean response profiles to a
particular stimulus over time, synchronized to stimulus onset (time 0),
were computed for eye position, eye velocity, horizontal vergence posi-
tion, and vergence velocity for the complete data sets obtained before and
after the injections. Mean eye acceleration profiles were obtained by
digital differentiation of the mean eye velocity data and were used to
estimate the latency of onset of the OFR (criterion for onset, 100%/s).
The initial open-loop OFRs were quantified by measuring the change in
the position of the right eye over the time period 50—100 ms measured
from stimulus onset. The initial open-loop DVRs and RFVRs were quan-
tified by measuring the change in vergence position over the same time
period. To assess the magnitude of the deficits in the ocular responses
after the ibotenic acid injections, we calculated a percentage reduction,
defined as [(R,,e = Rpos)/Rpre] X 100%, where R, and R, are the
response measures for the initial open-loop OFR, DVR, or RFVR before
and after the injections, respectively.

Morphological reconstruction of the locations and extents of the lesions.
At the conclusion of the postinjection recordings from a given monkey,
that animal was deeply anesthetized with sodium pentobarbital and per-
fused through the heart with normal saline followed by 10% formalin.
The animal’s brain was removed, and 50 wm frozen sections were cut in
the sagittal plane. After mounting on microscope slides, sections were
stained with cresyl violet for cell bodies and with a modified silver stain
for myelinated fibers (Gallyas, 1979). Maps of the STS region of the
cortex were created, based on the method of Van Essen and Maunsell
(1980), and the extent of the lesions was drawn on these maps (see Fig. 1).

rons. These workers showed that neurons in

MST could be distinguished from neurons in

MT by their larger field size for a given retinal
eccentricity and that the rostrocaudal extent of MST was definable mor-
phologically, encompassing the DMZ anteriorly and extending up to the
boundary of MT posteriorly, but the mediolateral boundaries had no
exact morphological correlates. In estimating the extent of the involve-
ment of MST in our lesions, we have assumed that the MST encompassed
the entire region of the STS extending between the two myelinated zones,
with MSTI occupying the posterior bank and MSTd occupying the ante-
rior bank (Komatsu and Wurtz, 1988). The areas affected by the ibotenic
acid injections were identified using the morphological criteria of New-
some et al. (1985). Surface area measurements of the lesions and the
various subdivisions of the STS were made from the maps with the use of
a scanner and a program designed for measuring area.

Results

Reconstruction of the STS lesions

Maps of the STS region of the cortex, reconstructed from sagittal
sections, are shown in Figure 1 for all 10 hemispheres that were
injected in five monkeys. To facilitate easy comparisons of the
lesions on the two sides of the brain, maps from the left hemi-
sphere are left-right reversed. The densely myelinated zones in
the posterior bank (MT) and in the anterior bank (DMZ) were
identified together with the locations of 23 neurons recorded in 8
penetrations that were deemed to be MT neurons (Fig. 1, filled
red circles) and an additional 127 neurons that were recorded in
21 penetrations and deemed to be MST neurons (Fig. 1, filled
green circles). These recordings were made with rigid glass-
coated microelectrodes advanced through the depth of the cor-
tex, permitting reconstruction of the entire penetration from the
surface of the cortex to the floor of the STS. (All neuronal record-
ings in both hemispheres of monkey R and in the left hemisphere
of monkey Q were done with flexible microelectrodes introduced
through the guide tubes subsequently used for the ibotenic acid
injections. An accurate reconstruction of these electrode tracks
was not attempted.) Although these electrophysiological record-
ings provided good confirmation of the locations of some parts of
MST, and proved useful for positioning the guide tubes over the
putative MST region, it is evident from Figure 1 that they were
generally not sufficient to define the exact mediolateral extent of
the MST. In specifying its mediolateral boundaries in Figure 1, we
assumed that MST encompassed the entire region of the STS
between the MT and the DMZ with a slight medial extension (Fig.
1, dashed lines). We will use the floor of the sulcus of the STS to
subdivide the MST into an anterior region that approximates
MSTd and a posterior region that approximates MSTI. Table 1
summarizes the number of guide tubes and injection sites to-
gether with the volume of ibotenic acid injected in each monkey.
The initial injections in monkey R were ineffective (probably
because the ibotenic acid was not fully dissolved), and a second
series was required, hence the unusually large volume in that
monkey. The regions affected by the ibotenic acid injections were
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Left Hemisphere Right Hemisphere

Figure 1. Two-dimensional maps of the STS in 10 hemispheres of five monkeys reconstructed
from parasagittal sections using the method of Van Essen and Maunsell (1980). The maps of the left
hemisphere are left—right reversed to facilitate easy comparison with the maps of the right hemi-
sphere. The inset shows a view of the right hemisphere with the general area of the STS indicated.
Contour lines depict the unfolded layer IV. Solid boundary lines delineate the densely myelinated
zones in the anterior bank (DMZ) and the posterior bank (MT) of the STS. Dashed lines depict the
approximate medial and lateral boundaries of the MST, which is subdivided into MSTd anteriorly and
MSTI posteriorly by the dotted lines depicting the floor of the STS. Black shading indicates areas with
morphological damage extending through all layers of the cortex (complete lesion), and gray shading
indicates areas with damage to some but not all cortical layers (partial lesions). Circles indicate the
approximate recording sites of neurons that responded to visual motion and showed directional se-
lectivity (red, MT neurons; green, MST neurons).
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identified using the morphological criteria of Newsome et al.
(1985) and were subdivided into areas in which all six layers were
affected (designated as “complete” lesions) (Fig. 1, black) and
into areas in which only some layers showed morphological
changes (designated as “partial” lesions) (Fig. 1, gray). The back-
ground silver stain in the lesioned areas sometimes obscured the
dense myelination, leading us to underestimate the full extent of
MT and the DMZ in those cases. This was especially true on the
left side in monkey Q, where we were unable to discern the DMZ
(and so assumed that it had been completely lesioned); in this
case, the boundary of MST was drawn to approximate that on the
opposite side.

Table 2 has three sections that each summarizes our quantita-
tive estimates of the extent of the partial and/or complete lesions
in one of the three subregions of the STS (MSTd, MSTI, MT) in
both hemispheres for each of the five monkeys. The entries in
each section indicate the area in square millimeter of the mor-
phological changes within the given subregion; in addition, these
values are each expressed as a percentage of the area of their
respective subregion (entries in parentheses), and we will refer to
these as the “percentage of extent” of the lesions. Note that the
“total” area of the lesions refers to their overall extent and is given
by the sum, “partial plus complete.” The extent of the lesions
varied considerably among the five monkeys, and the order in
which their data are shown in Figure 1 and listed in Table 2 (Q, N,
P, R, S) generally accords with their percentage total lesions,
which were largest in monkey Q and smallest in monkey S. In
monkey Q, these total lesions included much of MST and MT on
both sides. However, in monkeys N and P, significant portions of
MST on both sides (especially laterally) as well as the lateral (fo-
veal) regions of MT on the left side were completely spared, and
in monkeys R and S, even more of MST (especially the floor of the
sulcus and the posterior bank in monkey S bilaterally) and almost
all of M T on the left side were intact. Bilateral asymmetries, based
on the differences in the percentage of total lesions in the two
hemispheres of a given monkey, were generally minor for MST,
averaging only 9% for MSTd (range, 0—15%) and 15% for MSTI
(range, 1-35%), but could be appreciable for M T, averaging 41%
(range, 0-90%). The proportions of the three subdivisions of the
STS that sustained damage to all layers (complete lesion) ranged
from 0 to 100% and were <50% in two-thirds (20 of 30) of the
cases listed in Table 2. It is perhaps not surprising that the per-
centage extents of the lesions in a given subdivision of a given
monkey tended to be positively correlated and the r* values for
the complete lesion data were very high: 0.97 for MSTI versus
MSTd, 0.93 for MST versus MT, 0.85 for MSTI versus MT, and
0.95 for MSTd versus MT. The equivalent r* values for the total
lesion data were much lower: 0.71, 0.49, 0.28, and 0.77. Note that
there was clear gliosis along the path of the guide tubes in the
overlying area 7a but there was no evidence of any additional
damage such as might be expected from ibotenic acid because of
backflow around the microsyringe or leakage during withdrawal
of the microsyringe.

OFRs

The initial OFRs recorded before the injections of ibotenic acid
were like those described by Miles et al. (1986) in all essentials,
with onset latencies of 55—-60 ms and mean eye velocity temporal
profiles that showed an initial brisk increase, followed by a slight
hesitation and perhaps a second transient increase, before giving
way to a more gradual and sustained buildup (Fig. 2, thick traces).
After the injections, the mean eye velocity temporal profiles
showed varying degrees of attenuation (Fig. 2, thin traces). Onset
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Table 2. Estimated area of the lesions in the three subregions of the STS
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Left MSTd Right MSTd

Partial Complete Total Partial Complete Total
Monkey Q 55.2(17) 208 (65) 263.2 (83) 37(19) 157.2 (79) 194.1 (98)
Monkey N 55.5(30) 1221 (67) 177.6 (97) 70 (35) 99.5 (50) 169.5 (85)
Monkey P 182.8 (58) 31.7(10) 2145 (69) 75.2(32) 88.1(37) 163.3 (69)
Monkey R 27.1(22) 44.7 (37) 719 (59) 133.8 (55) 25,6 (10) 159.4 (65)
Monkey S 72.5(34) 26.9 (12) 99.4 (46) 85.3(31) 77 (28) 162.4 (58)

Left MSTI Right MSTI

Partial Complete Total Partial Complete Total
Monkey Q 83.7(36) 148.8 (63) 232.4(99) 53.5(19) 2283 (81) 281.8 (100
Monkey N 47.1(31) 90.4 (60) 137.6 (91) 78.2(39) 80 (40) 158.1(79)
Monkey P 96.3 (36) 92.6 (35) 188.9 (70) 15.7(9) 47.2(26) 62.8 (35)
Monkey R 55.6 (39) 43 (30) 98.6 (69) 135.4 (47) 83.9(29) 219.2 (76)
Monkey S 0(0) 0(0) 0(0) 20,9 (18) 0(0) 20,9 (18)

Left MT Right MT

Partial Complete Total Partial Complete Total
Monkey Q 0(0) 26.9 (100) 26.9 (100) 26 (50) 26.4 (50) 52.4(100)
Monkey N 13.6 (36) 9.9 (26) 23.4(63) 20.8 (49) 21.4(51) 42.2(100)
Monkey P 21.8(28) 25.9(33) 47.7 (60) 29.0 (51) 8.9 (16) 37.9(67)
Monkey R 3.2(5) 0(0) 3.2(5) 52.8 (74) 2.6 (4) 55.4(78)
Monkey S 33() 0(0) 33(7) 54.6 (97) 0(0) 54.6 (97)

Values are areas in square millimeter. The proportions of the three subregions affected by the lesions are given in parentheses (percentage). Partial, Areas that have sustained damage to some but not all layers of the cortex; Complete, areas
that have sustained damage to all layers of the cortex; Total, areas that have sustained any damage to any layer of the cortex (partial plus complete).

latencies before and after the injections were not significantly
different in the three monkeys (N, R, S), whose postinjection
responses were large enough to permit measurements of latency
(Student’s t test, p > 0.05).

The quantitative effects of the injections on the initial (open-
loop) OFRs, based on the change in eye position over the time
period 50-100 ms (measured from stimulus onset), are summa-
rized in Figure 3. For each of the five monkeys and the four
cardinal directions of stimulus motion, Figure 3 shows histo-
grams indicating the mean percentage reductions in the OFR
measures (averaged across the five different speeds). These mea-
sures indicated that all monkeys exhibited significant impair-
ments in their initial OFRs after the injections (Student’s ¢ test,
p <0.05), the mean percentage reductions for a given direction of
motion ranging from 37 to 97%. There were some directional
asymmetries in the deficits, and we quantified them by comput-
ing the right-left, up—down, horizontal-vertical differences;
these data are also shown in Figure 3. The largest consistent di-
rectional asymmetries involved relative sparing of the rightward
responses in monkeys N, S, and P, and the deficits to leftward
motion exceeded those to rightward motion, on average, by 28,
18, and 11%, respectively. The vertical deficits were larger than
the horizontal in monkeys Q, N, P, and S, on average, by 6-21%;
the fifth monkey, R, showed the reverse asymmetry, with the
horizontal deficits exceeding the vertical, on average, by 30%.
The graph in Figure 4 plots the percentage of reductions in the
OFR measures (averaged across all four cardinal directions)
against speed for each of the five monkeys and indicates a ten-
dency for the deficits to be somewhat greater for the data ob-
tained with stimuli moving at the higher speeds.

Scrutiny of Table 2 and Figure 3 suggested that there was a
general tendency for the animals with the larger lesions to show
larger deficits in their OFRs. We examine this further in Figure 5,
in which the mean percentage reductions in the OFR measures
(averaged across all stimulus speeds and directions) for each of
the five monkeys are plotted against the percentage of extents of

their lesions in each one of five subdivisions within the STS:
MSTd, MSTI, MSTd plus MSTI, MT, and MSTd plus MSTI plus
MT. Each monkey has two data entries in each of the graphs: the
gray symbols showing the data when the extents of the lesions were
based on the percentage of each subdivision that had been damaged
partially or completely (i.e., the total lesion listed in Table 2) and the
black symbols showing the data when the extents of the lesions were
based only on the percentage of each subdivision in which the dam-
age was complete. These plots indicate that there was a general ten-
dency for the average OFR deficit to covary with both estimates of
the percentage of extent of the morphological damage in the various
subdivisions of the STS. However, the magnitude of the deficit in
monkey P, which had previously been used for recordings in the
NOT and the DLPN, was markedly greater than expected from the
size of its cortical lesions and the data from the other four monkeys
(Fig. 5, open inverted triangles). When the data from monkey P were
excluded, linear regressions of these average OFR deficits on the
extent of the lesions in each of the various subgroupings within the
STS always showed significant positive slopes, with r* values ranging
from 0.51 to 0.78 when based on the total extent of the lesions (Fig. 5,
gray data and lines) and from 0.57 to 0.91 when based only on the
extent of the complete lesions (Fig. 5, black data and lines). [Note
that both parameters in these regressions, the magnitude of the OFR
deficits (Y) and the extent of the lesions (X), were dependent vari-
ables, and to take into account the variance of X as well as Y, the
slopes given in Fig. 5 are the geometric means of the slope of Y on X
and 1/(slope of X on Y).] The positive correlation between the size of
the lesion and the magnitude of the deficit was greatest for the com-
plete lesions in MSTL

DVRs

Before the ibotenic acid injections, horizontal disparity steps ap-
plied to large-field, correlated, random-dot patterns elicited ini-
tial DVRs that were, in all essentials, like those described by pre-
vious authors (Busettini et al., 1996, 2001; Masson et al., 1997;
Takemura et al., 2001) with onset latencies of 55—-60 ms and mean
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Figure 2.  Deficits in OFRs after ibotenic acid injections: sample temporal profiles (data for

each of the five monkeys). Mean eye velocity (in degrees per second) over time (in milliseconds)
in response to multiple presentations of 80°/s downward ramps before (thick traces) and after
(thin traces) the injections is shown. Upward deflections denote downward eye movements.
The bottom left panel also includes the stimulus velocity profile.

vergence velocity profiles that showed an initial transient followed by
a smaller sustained response (Fig. 6, thick traces), which show the
convergent responses to 1° crossed-disparity steps (A) and the diver-
gent responses to 1° uncrossed-disparity steps ( B) for monkey N. In
addition, disparity tuning curves, describing the dependence of the
change-in-vergence-position measures (for the time period 50—100
ms from stimulus onset) on the amplitude of the disparity steps,
approximated the derivative of a Gaussian, showing a central servo
range over which crossed disparities resulted in convergent re-
sponses and uncrossed disparities resulted in divergent responses
(Fig. 7, filled symbols). This servo range was quite narrow, and re-
sponses peaked with disparities of <<2° before declining back to a
non-zero asymptote as disparities exceeded ~4°, the so-called “de-
fault” response to uncorrelation (Busettini et al., 1996, 2001). The
disparity tuning curves were fitted with the following equation from
Busettini et al. (2001):
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Figure3. Deficitsin OFRs after ibotenic acid injections (histograms for each of the five mon-

keys). R, L, U, and D, The percentage of reductions in the OFRs (based on the changes in eye
position over the time period 50-100 ms) to rightward, leftward, upward, and downward
motion, respectively, averaged for five speeds ranging from 10 to 160°/s; R-L, U-D, and H-V,
differences between the mean percentage reductions to rightward and leftward, upward and
downward, horizontal (R plus L), and vertical (U plus D), respectively.
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Figure4. Deficits in OFRs after ibotenic acid injections: dependence on stimulus speed (data
for each of the five monkeys). Ordinate, Percentage of reduction in the OFRs for each monkey,
based on the mean changes in eye position (in degrees; over the time period 50—100 ms
measured from onset of the stimulus ramps) averaged for all four cardinal directions. Abscissa,
Stimulus speed (in degrees per second). Error bars indicate 1 5D. O, Monkey Q; A, monkey N;
7, monkey P; (], monkey R; &, monkey S. vel., Velocity.

The first term in Equation 1 accounts for the non-zero asymptote
and is an exponential function with an asymptotic level, A, and a
space constant, B. The value of B was fixed at 0.46, based on the
space constants found by Busettini et al. (2001) using the orthog-
onal responses to vertical disparity steps. The second term in
Equation 1 is a Gabor function, in which o is the Gaussian width,
fand ¢ are the spatial frequency and phase of the cosine term, and
G is a gain factor. Because the data were usually not symmetrical
about zero, we incorporated a parameter, D, to allow the peak of
the Gaussian to shift (cf. Busettini et al., 2001). It is clear from
Figure 7 that Equation 1 provided a good fit to our preinjection



Takemura et al. e Short-Latency Tracking of Eye Movements in MT and MST

100

J. Neurosci., January 17,2007 - 27(3):529-541 « 535

. , _ Q Q
MST(Y:IV / ./ MST v / ° A > B =
80 1 / y 103 530
! > >
. / An A /( N 5 5
60 // 7 5 % 0 %
> >
» / 0‘// ] 3
40 c c
/ 0 55
5 [ ]
20 b 50 - 100 ms > . 50 - 100 ms >
¥=0.72X+39.1 (0.57) Y=0.61X+46.5 (0.91) s\ S A\
0 Y=0.95X-0.48 (0.54) Y=0.47X+38.3 (0.78)
0 100 0 100
) 1001 ysta+msTI Y o [MT J/ ° Time (ms) Time (ms)
D v V/ Vo
-‘6’ 80 // /’ Figure 6.  Deficits in DVRs after ibotenic acid injections: sample temporal profiles (monkey
% 60 '/ A /'/ A - A 4= /‘ Q). Mean vergence velocity (in degrees per second) over time (in milliseconds) in response to
[a) 7~ v multiple presentations of 1° crossed (4) and uncrossed (B) disparity steps before (pre; thick
‘S 40 /’/ )/ ¢ ¢ traces) and after (post; thin traces) the injections. Disparity steps were applied at zero on the
) / time scale. Upward deflections denote convergent eye movements. The time bars, 50 —100 ms,
'g 20 / indicate the period over which the response measures were made.
= Y=0.68X+42.4 (0.80) Y=0.59X+53.7 (0.74)
o ¥=0.65X+24.0 (0.76) Y=0.70X+21.2 (0.51)
g 100} pys+MT ; . 0 20 40 60 80 100 andwhichisorganized exactlylike Figure 5. Once again, monkey
+v y/ ®  Extent of Lesion (%) P (Fig. 8, open symbols) was an outlier with a greater deficit than
80 v expected from the size of its lesions, and when its data were ex-
" Aq / A ® @ MonkeyQ cluded, linear regressions of the reductions in A,_, on the extent
60 AA monteyg of the lesions in each of the various subdivisions of the STS always
40 A vy Mgﬂkng showed significant positive slopes, with r* values ranging from
4 ¢ MonkeyS 0.63 to 0.84 when based on the total extent of the lesions (Fig. 8,
20 gray symbols and lines) and from 0.69 to 0.94 when based only on
:=g-gi‘§+:g-: (g-;:) the extent of the complete lesions (Fig. 8, black symbols and
50-71%+20.4,(0.78) lines). The correlation between the size of the lesion and the

0
0 20 40 60 80 100
Extent of Lesion (%)

Figure5. Deficitsin OFRs after ibotenic acid lesions: dependence on the estimated extent of
the lesions in MSTd, MSTI, and MT (data for each of the five monkeys). Ordinates, Percentage of
reduction in the OFRs for each monkey, based on the mean changes in eye position (in degrees;
over the time period 50 —100 ms measured from onset of the stimulus ramps) averaged overall
stimulus directions and speeds. Abscissas, Percentage of each designated subregion of the STS
showing morphological damage in any layer (gray symbols, complete plus partial lesions) or all
layers (black symbols, complete lesions). Lines are best-fit linear regessions (taking into account
the variance of both X and V), the coefficients of which are shown at the bottom right in each
panel (the coefficients of determination are in parentheses). Data in open symbols (monkey P)
were excluded from the regressions.

data (closed symbols, continuous lines), and the best-fit param-
eters for these curves are listed in Table 3 (Pre), together with an
estimate of the goodness of fit (r?), the values of which ranged
from 0.96 to 0.99.

After bilateral injections of ibotenic acid in the STS, there was
a significant attenuation of the DVRs to many crossed- and
uncrossed-disparity steps (Student’s f test, p << 0.05) (Figs. 6, thin
traces, 7, open symbols with an asterisk). The disparity tuning
curves had the same general form after the injections as before
and were again well fitted by Equation 1 (Fig. 7, dashed lines),
with r? values ranging from 0.92 to 0.96; the best-fit parameters
are listed in Table 3 (Post). The impact of the injections is perhaps
best appreciated from the changes in the peak-to-peak ampli-
tudes (A,_,) of the best-fit curves in Figure 7, which are also listed
in Table 3. The percentage of reductions in A, , after the injec-
tions, which are given at the bottom right of each graph in Figure
7, averaged 58.6% (range, 36-79%) and were often correlated
with the extent of the morphological damage in the various sub-
divisions of the STS. This can be seen in Figure 8, in which the
percentage of reductions in A, , are plotted against the percent-
age of extents of the lesions in the five subregions within the STS

magnitude of the deficit was greatest for the complete lesions in
MSTI (compare the OFR). Itis also very interesting that there was
a highly significant correlation between the magnitudes of the
OFR and DVR deficits documented in Figures 5 and 8 (correla-
tion coefficient of 0.998 when data from monkey P were
excluded).

RFVRs

Radial-flow steps applied to large-field random-dot patterns gen-
erally elicited vergence eye movements at short latency that were,
in all essentials, like the RFVRs described by previous authors
(Busettini et al., 1997; Inoue et al., 1998b; Yang et al., 1999):
transient convergent responses to expanding (centrifugal) steps
and transient divergent responses to contracting (centripetal)
steps with onset latencies of 60 —70 ms. Sample temporal response
profiles (means) obtained from monkey P with 5% steps can be
seen in Figure 9 (thick traces); the data obtained with expansions
are shown in A, and the data obtained with contractions are
shown in B. However, response amplitudes were small (the peak
eye velocity was often <2°/s) and in two cases, monkey R with
centrifugal steps and monkey S with centripetal steps, failed to
reach our response criterion (twice the SD of the baseline noise).
The ibotenic acid injections in the STS always resulted in signif-
icant attenuation of the RFVRs, and this was so severe in the cases
illustrated in Figure 9 that it is difficult to distinguish the postin-
jection responses (thin traces) from the baseline noise. The pre-
lesion and postlesion RFVRs were assessed quantitatively using
the change in vergence position over the time period 50—100 ms
from stimulus onset, and these measures are listed in Table 4,
together with the percentage of reduction in these measures re-
sulting from the lesions (two rightmost columns). The reduc-
tions in the RFVRs after the injections ranged from 51 to 125%
(mean reduction, 84%), and all were statistically significant (Stu-
dent’s t test, p < 0.05). (Reductions exceeding 100% indicate
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Figure7.  Deficitsin DVRsafteribotenicacid injections: disparity tuning curves (datafor each of the
five monkeys). Ordinates, Vergence responses, based on the mean changes in horizontal vergence
position (in degrees; over the time period 50 —100 ms measured from onset of the disparity step)
before (closed symbols) and after (open symbols) the injections. Abscissas, Disparity step (in degrees).
Curvesarethe least-squares bestfits obtained using Equation 1,and the data given at the bottom right
in each panel are the mean percentage reductions in A, , (peak-to-peak amplitude) based on values
in Table 3. Error bars indicate 1 SD. *p << 0.05, postinjection data.

response reversal, but we assume that these reversals probably
reflected noise, given that even the preinjection responses were
very small.) The magnitude of these lesion effects was poorly
correlated with the extent of the damage in the various subdivi-
sions of the STS, whether considering all areas affected by the
lesion (total lesion) or only the areas with complete lesions, and
the r* values never exceeded 0.18. Unfortunately, the marginal
amplitude of the RFVRs even before the injections raises the pos-
sibility that noise obscured any relationship between the magni-
tude of the deficits and the size of the lesions in the various sub-
regions. In addition, noise might have been a major factor in our
finding that there was no significant correlation between the
RFVR deficits and the deficits in the OFR and DVR documented
in Figures 5 and 8 (correlation coefficients of 0.114 and 0.115,
respectively, when data from monkey P were excluded).

Optokinetic and smooth-pursuit eye movements

Optokinetic and smooth-pursuit eye movements were recorded
in two monkeys (P and S) before and after the ibotenic acid
injections. Before injection, optokinetic nystagmus (OKN) was as
described by previous authors (Cohen et al., 1977; Lisberger et al.,
1981): slow-phase eye velocity showed an initial rapid rise
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Figure8. Deficitsin DVRs after ibotenicacid lesions: dependence on the estimated extent of
the lesions in MSTd, MSTI, and MT (data for each of the five monkeys). Ordinates, Percentage
reduction in the DVRs for each monkey, based on the changes in the peak-to-peak amplitudes
(A,.,) of the least-squares best fits obtained with Equation 1shown inFigure 7 (the parameters
are listed in Table 3). Abscissas, Percentage of each designated subregion of the STS showing
morphological damage in any layer (gray symbols, complete plus partial lesions) or all layers
(black symbols, complete lesions). Lines are best-fit linear regessions (taking into account the
variance of both Xand V), the coefficients of which are shown at the bottom right in each panel
(coefficients of determination are in parentheses). Data in open symbols (monkey P) were
excluded from the regressions.

(OKNe) and, if eye speed fell short of stimulus speed at the end of
this phase, was followed by a more gradual buildup in eye speed
(OKNA); after the stimulus was blanked, slow-phase eye velocity
showed an initial rapid drop, followed by a more gradual decline
as eye speed slowly fell back toward zero (OKAN). This pattern of
responses is evident in the sample data shown in Figure 10, A and
B, that were obtained from monkey P before the ibotenic acid
injections. There is substantial evidence (for review, see Lisberger
et al., 1981) indicating that the optokinetic responses are gener-
ated by two neural mechanisms, one with brisk dynamics that is
responsible for the rapid changes in slow-phase eye velocity
(OKNe and the rapid drop after blanking) and the other with
sluggish dynamics that is responsible for the more gradual
changes (OKNd and OKAN). A previous study showed that both
of these components were reduced to varying degrees by unilat-
eral chemical lesions in MST (Diirsteler and Wurtz, 1988): the
slow buildup was impaired only for motion toward the side of the
lesion, and the initial rapid rise was impaired for motion toward
or away from the side of the lesion. Our observations were con-
sistent with this, as indicated by the sample data shown in Figure
10, C and D, that were obtained from monkey P after bilateral
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Table 3. Dependence of the mean DVRs on the magnitude of the disparity steps before and after the ibotenic

acid injections: best-fit parameters when the data were fitted with Equation 1
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from monkey P with 20°/s leftward and
rightward target motion. However, the

deficits were often quite modest. This is

evident from the percentage of reduction
in our quantitative measures of the presac-
cadic and postsaccadic tracking (based on
the changes in eye position over the time
intervals 100—150 ms and 300—-350 ms, re-
spectively, measured from the onset of tar-
get motion), which are plotted separately
for monkeys P and S in Figure 11 B.

A G o D f o A, P
e 003 124 129 —0017 002 2690 027 097
MonkeyQ ~ Post 002 040 102 0307 0017 2009 006 09
Pre 006 25 109 0012 0017 2695 035 09
MonkeyN ~ Post 004 014 126 0042 0138 2644 016 095
e 020 697 112 0307 0017 2712 105 097
MonkeyP ~ Post 010 063 08  —0310 007 2588 031 09
Pre 005 188 118 0038 0017 2703 029 0.9
MonkeyR ~ Post 000 068 117 0001 003 265 014 09
e 006 187 108 00% 0020 2703 030 098
MonkeyS ~ Post 001 139 115 020 0016 2714 019 094

An iterative procedure with a least-squares criterion was used to obtain the best fits with each of the parameters resolved to the number of decimal places
shown. A, is the peak-to-peak amplitude of Equation 1.Pis the coefficient of determination. 4, D, G, o, ¢, and A, parein degrees, and fis in cycles/degree.
Disparity tuning curves based on these best-fit parameters are shown in Fig. 7. Pre, Preinjection data; Post, postinjection data.

ibotenic acid injections: the brisk responses were severely atten-
uated to both rightward and leftward motion, whereas the slug-
gish responses were only impaired with the leftward motion (Fig.
10D), perhaps reflecting our finding that the total extent of the
lesion in the left MSTI was about twice that in the right MSTI in
this animal (Table 2). However, a complication here is that mon-
key P had been used for previous recordings in the left NOT,
which might normally contribute to the slow buildup response to
the leftward motion. The initial eye acceleration, based on the
change in eye velocity over the first 100 ms of the response, which
is a measure of the brisk component, was reduced in monkey P by
74 * 34% (n = 3) and 99 * 8% (n = 3) with rightward and
leftward motion, respectively; these reductions were 18 * 17%
(n=3)and 56 = 21% (n = 3) in monkey S. The average velocity
of the last five slow phases of the OKN (the final OKN), which is
a measure of the combined effects of the brisk and sluggish com-
ponents, was reduced after the injections in monkey P by 11 =
17% (n = 3) and 73 = 12% (n = 3) with the rightward and
leftward motion, respectively, but showed little change in mon-
key S, with the corresponding changes of —5 = 10% (n = 3) and
1 = 6% (n = 3), respectively. The effect of the injections on the
average velocity of the first three slow phases of the OKAN (the
initial OKAN), which is a measure of the sluggish component,
were more variable; only the responses of monkey P to leftward
motion stimuli showed a reduction of 56 = 14% (n = 3). All
remaining measures of initial OKAN were increased after the
lesion, by 70 = 34% (n = 3) in monkey P with rightward motion
and by 87 = 35% (n=3)and 71 = 18% (n = 3) in monkey S with
rightward and leftward motion, respectively. Nonetheless, the
rapid drop in eye velocity after blanking [(1 — (initial OKAN/
final OKN)) X 100%] was consistently smaller after the injec-
tions by 72 * 12% (n = 3) and 44 * 41% (n = 3) in monkey P
with rightward and leftward motion, respectively, and by 70 =
21% (n = 3) and 44 * 12% (n = 3) in monkey S with rightward
and leftward motion, respectively.

Previous studies that placed chemical lesions in MST and/or
MT of one hemisphere reported two types of deficits in the pur-
suit eye movements elicited by discrete moving targets: impaired
initiation of pursuit to target motion in any direction and im-
paired maintenance of pursuit when the target motion was to-
ward the side of the lesion (Newsome et al., 1985; Diirsteler et al.,
1987; Diirsteler and Wurtz, 1988; Yamasaki and Wurtz, 1991).
We too observed significant deficits in the initiation and mainte-
nance of pursuit after bilateral chemical lesions in STS, as can be
seen in Figure 11 A, which shows sample preinjection (thick
traces) and postinjection (thin traces) response profiles obtained

Other oculomotor parameters

After ibotenic acid injections in the STS of
one hemisphere, all monkeys showed a
mild nystagmus when placed in the dark,
with slow phases directed away from the
side of injection. After injections in both hemispheres, a nystag-
mus was still evident in the dark, but now it was vertical in four
monkeys (upward slow phases in monkeys Q, P, and R; down-
ward slow phases in monkey N) and rightward in monkey S.
However, in all cases, the nystagmus was primarily suppressed
when monkeys viewed the stationary random-dot test patterns.
This was evident from the ocular drift speeds averaged over the
critical 50 ms time period commencing with the onset of the OFR
stimuli (vertical eye movements were recorded only in the OFR
paradigm, so only in this paradigm were we able to assess the true
ocular drift speed, and then only for the right eye), the mean
values of which are plotted for all subjects in Figure 12 A. Another
important point is that only in one monkey (Q) was the mean
ocular drift speed increased significantly after the injections, and
then by only a small amount, 0.6°/s. In two monkeys (P, R), the
mean drift speed (and its variance) were actually slightly lower
after the injections.

After the injections, the centering saccades showed very mod-
est increases in amplitude and peak velocity in four of five mon-
keys, and these were generally statistically significant (see the
average data for each of the five monkeys plotted in Figure
12B,C). The “prelesion minus postlesion” differences in the av-
erage amplitudes and peak velocities ranged from —1.4 to 0.3°
and from —76 to 21°/s, respectively. A related concern is how well
the stimulus patterns were centered on the retina when the stim-
uli were applied, and this was checked by measuring the angular
distance between the fovea and the screen center (“retinal eccen-
tricity”) during the 50 ms time period starting with the onset of
the stimulus. In the OFR paradigm, estimated retinal eccentrici-
ties were actually slightly smaller for three of five monkeys after
the injections (mean reduction of 0.9° in those monkeys), and the
increases in the other two monkeys amounted to only 0.1 and
0.7°(Fig. 12 D). After the injections, four of five monkeys showed
small (0.1-0.3°) but statistically significant changes in the mean
vergence error during the 50 ms time period starting with the
onset of the stimuli (Fig. 12 E). However, only in one case (mon-
key R) did this result in an increase in the mean vergence error.

Discussion

A family of short-latency reflexes mediated by the STS
Bilateral ibotenic acid injections in the STS of five monkeys
caused morphological changes in the three subregions (MSTd,
MSTI, and MT) and resulted in significant deficits in the initial
OFRs, DVRs, and RFVRs of all animals. We also examined OKN
and pursuit eye movements in two of the monkeys and, in line
with previous studies that lesioned MT and MST (Newsome et



538 - J. Neurosci., January 17,2007 - 27(3):529 -541

s A = B

S >

g? g

N —pre - 50 - 100 ms

-~ — post - —

= =

G 1 G o

o o

[ (]

> >

3o -1

C C

& 50- 100 ms &

— —

) 1 L Q 1 s

> 0 100 >0 100
Time (ms) Time (ms)
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al., 1985; Diirsteler et al., 1987; Diirsteler and Wurtz, 1988; Ya-
masaki and Wurtz, 1991), observed significant deficits in both
types of tracking. The magnitudes of the deficits in the OFR and
DVR in a given animal were directly related to the percentage of
extent of the morphological damage in the three subregions of the
STS (Figs. 5, 8) (excluding the data from monkey P). In fact, the
correlation between the size of the lesion and the magnitude of
the deficit in the OFR and DVR was highest for MSTI (r* = 0.91
and 0.94, respectively). However, the percentage of extent of the
lesions in the three subregions often covaried, rendering the rel-
ative contribution of any given subregion to the various deficits
uncertain. Notably, it is not possible to attribute any particular
deficit solely to damage in one particular subregion. Further-
more, we are unable to determine whether the cortical regions
that sustained only partial damage contributed to the deficits. Yet
another potential complication is that others who have used ibo-
tenic acid injections in STS presented evidence suggesting that
“the area affected by the injection might be somewhat larger than
indicated by the area of cell death” (Diirsteler et al., 1987). These
reservations notwithstanding, insofar as MST sustained signifi-
cant morphological damage in all injected hemispheres, our find-
ings are consistent with our previous suggestions that neurons in
MST have a causal role in the genesis of all three kinds of reflex eye
movements. However, we must also concede that the damage to
MT might have contributed significantly to the observed deficits,
not the least because MT is a major source of inputs to MST
(Maunsell and van Essen, 1983b; Ungerleider and Desimone,
1986). The deficits in the DVR and the OFR were highly corre-
lated, consistent with a common distributed organization within
the STS, although the former were generally less severe than the
latter, perhaps suggesting that the DVR is more heavily reliant on
other cortical areas. As already pointed out, the marginal ampli-
tude of the RFVRs even before the injections means that noise
might have obscured any clear relationship between the REVR
deficits and the size of the lesions or the deficits in the other two
reflexes.

Secondary effects?

A major concern was the possibility that these deficits might be
secondary to deficits in other aspects of the monkeys’ oculomotor
performance that are known to be critical for the normal func-
tioning of the three reflexes.

Postsaccadic enhancement
All test stimuli were applied in the immediate wake of a centering
saccade to take advantage of postsaccadic enhancement (Kawano
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and Miles, 1986; Busettini et al., 1996, 1997), and there is evi-
dence that MST contributes to this enhancement, at least in the
case of the OFR (Takemura and Kawano, 2006). If the STS lesions
reduced this enhancement, then this alone would be expected to
reduce the gain of the responses. In addition, the postsaccadic
enhancement of the OFR and DVR is known to be attributable in
part to the visual reafference caused by the antecedent saccade
sweeping the image of the background across the retina (Kawano
and Miles, 1986; Busettini et al., 1996); therefore, any effects of
the lesions on the speed and amplitude of the centering saccades
might also have had an impact on the magnitude of this visual
reafference and the associated enhancement. Previous studies re-
ported that STS lesions had little impact on saccades to stationary
targets (Newsome et al., 1985; Diirsteler and Wurtz, 1988). The
centering saccades in the present study were, on average, slightly
larger and faster in four of five monkeys after the lesions (Fig.
12B,C), and the study by Kawano and Miles (1986) on the OFR
suggests that this would actually work to increase the component
of the postsaccadic enhancement of the OFR because of visual
reafference, albeit only slightly. No quantitative information is
available regarding the dependence of the postsaccadic enhance-
ment of the DVR and the RFVR (or the nonvisual component of
the postsaccadic enhancement of the OFR) on the parameters of
the saccade. However, we think it unlikely that these factors made
more than a minor contribution to the observed impairments of
the three tracking mechanisms, and they might even have had the
converse effect.

Retinal eccentricity

The slight changes in the amplitudes of the centering saccades
raise another potential concern: How well were the stimulus pat-
terns centered on the retina when the stimuli were applied? Given
the large size of the stimulus patterns (90 X 90°), we think it very
unlikely that the slight, inconsistent changes in the retinal eccen-
tricity after the injections (ranging from a decrease of 1.2° to an
increase of 0.7°) would have had much impact on the OFRs or
DVRs. In the case of the OFR, it is known that the major visual
drive comes from the central 40° of the visual field (Miles et al.,
1986). A recent study on humans indicated that increasing the
retinal eccentricity of the focus of expansion/contraction reduced
the magnitude of the RFVR at most 5% per degree (Miles et al.,
2004). If we assume that the situation is very similar in the mon-
key and also that the retinal eccentricity during the REVR exper-
iments was similar to that during the OFR experiments (Fig.
12D), then we can estimate the likely impact on the RFVRs. The
estimated postsaccadic eccentricity of gaze was actually reduced
after the lesions in monkeys Q, R, and S by 1.1, 0.3, and 1.2°,
respectively (which would work to increase the RFVR at most by
5.5, 1.5, 6%, respectively), and increased in monkeys N and P by
0.1 and 0.7°, respectively (which would work to decrease the
RFVR at most by 0.5 and 3.5%, respectively).

Postsaccadic drift

The effects of the lesions on the ocular drift during the time the
stimuli were being applied were invariably minor (Fig. 12A).
Only monkey Q showed a significant increase, and this was very
small (mean increase, 0.6°/s). This might have made a very minor
contribution to the unusually large deficits seen in this monkey.

Vergence errors and fixation disparity

The OFR is known to be sensitive to binocular disparity (Take-
mura et al., 2000; Masson et al., 2001; Yang and Miles, 2003) and
so would be influenced by any effect of the lesions on the vergence
error such as those documented in Figure 12 E. In addition, the
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Table 4. The vergence responses to expanding and contracting radial optic flow before and after the ibotenic
acid injections

Prelesion Postlesion Percentage of reduction

Expand Contract Expand Contract Expand Contract
Monkey Q +14.8 —45 +1.0 —09 +93** +80%*
Monkey N +13.9 =117 +6.8 —4.7 +51% +60%*
Monkey P +19.3 -19.3 +22 +4.9 +89** +125%*
Monkey R —26.0 +4.2 +116**
Monkey S +41.1 +18.9 +54%*

The prelesion and postlesion entries are the change-in-vergence position measures (over the time period 50 —100 ms from stimulus onset) in degrees X
10~3; a positive sign indicates convergence, and a negative sign indicates divergence. Blank entries indicate that the response failed to exceed twice the SD
of the baseline noise. Reductions exceeding 100% indicate reversal of the RFVR. *p << 0.05; **p = 0.001.
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gain of the OFR is known to be directly dependent on the ver-
gence angle, independent of binocular disparity (Busettini et al.,
1991; Inoue et al., 1998a). Based on the measured vergence angle
for every trial, we estimated that the effect of the lesions on fixa-
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tion disparity [the dependence of the OFR
on disparity was known for monkeys Q, P,
and N because they had been subjects in
the study by Takemura et al. (2000); for
monkeys R and S, we used the data from
the other three monkeys to estimate a
mean curve describing dependence of the
OFR on disparity] and vergence angle [we
assumed a mean sensitivity of 10% per de-
gree (Inoue et al., 1998a)] per se would
have operated to decrease the OFR of
monkeys Q and P, on average, by 18 and
15%, respectively, and increase the OFR of
monkeys N, R, and S, on average, by 1, 16,
and 3%, respectively. A recent study on
humans reported that the amplitude of the
initial RFVR was linearly dependent on
the vergence angle with an average sensi-
tivity of 15%/m ~! for expanding flow and
229%/m "' for contracting flow (Yang et
al., 1999). If we assume that the monkey’s
RFVR has a similar dependence, then
based on the measured vergence angle for
every trial, we estimated that the effect of
the lesions on vergence angle would have
operated to decrease the RFVR of mon-
keys Q and S, on average, by 2.0 and 1.3%,
respectively, and increase the RFVR of
monkeys P and R, on average, by 1.8 and
2.8%, respectively. It is not known
whether the REVR is sensitive to binocular
disparity, although it is known to be
driven very successfully by monocular
stimuli (Busettini et al., 1997). The slight
effects of the STS lesions on the fixation
disparity would be expected to result in an
offset in the disparity steps used to elicit
the DVR and hence might be expected to
cause slight horizontal shifts without in-
fluencing the general form and amplitude
of the disparity tuning curves like those in
Fig. 7.

We conclude that most of the deficits in
the OFR, DVR, and RFVR after ibotenic
acid injections in the STS were primary
and not secondary to changes in other oc-
ulomotor parameters such as postsaccadic
enhancement, ocular drift, vergence er-
rors, or fixation disparity.

Population coding and multiplexing

In a recent study, we showed that the
summed activity of the disparity-sensitive
cells in MST effectively encodes the initial
DVR although there is no hint of this ver-
gence information at the level of the indi-
vidual cells, indicating that the representa-
tion of the DVR in MST is an “emergent
property” of the overall activity: popula-

tion coding (Takemura et al., 2001, 2002b). Quantitative analyses
indicated that the projection from MST to the next stage in the
processing of the vergence drive signal must include contribu-
tions from the full spectrum of disparity-selective cells and raised
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the possibility that it involves merely a random selection of those
cells. That the DVR (and OFR) deficits in the present study in-
volved a simple attenuation directly related to the size of the
lesion is consistent with reliance on a randomly distributed pop-
ulation of disparity-selective (and motion-selective) cells. Unfor-
tunately, no population data are yet available for the neurons in
MST that are known to discharge in relation to the OFR (Kawano
et al., 1994; Takemura et al., 2000) and the RFVR (our unpub-
lished observations).
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Abstract

Psychophysical evidence indicates that visual motion can be sensed by low-level (energy-based) and high-level (feature-based)
mechanisms. The present experiments were undertaken to determine which of these mechanisms mediates the initial ocular following
response (OFR) that can be elicited at ultra-short latencies by sudden motion of large-field images. We used the methodology of
Sheliga, Chen, Fitzgibbon, and Miles (Initial ocular following in humans: A response to first-order motion energy. Vision Research,
2005a), who studied the initial OFRs of humans, to study the initial OFRs of monkeys. Accordingly, we applied horizontal motion
to: (1) vertical square-wave gratings lacking the fundamental (“missing fundamental stimulus’) and (2) vertical grating patterns con-
sisting of the sum of two sinusoids of frequency 3/ and 4f, which created a repeating pattern with beat frequency, f. Both visual
stimuli share a critical property: when subject to 1/4-wavelength steps, their overall pattern (feature) shifts in the direction of the
steps, whereas their major Fourier component shifts in the reverse direction (because of spatial aliasing). We found that the initial
OFRs of monkeys to these stimuli, like those of humans, were always in the opposite direction to the 1/4-wavelength shifts, i.e., in
the direction of the major Fourier component, consistent with detection by (low-level) oriented spatio-temporal filters as in the well-
known energy model of motion analysis. Our data indicate that the motion detectors mediating the initial OFR have quantitatively
similar properties in monkeys and humans, suggesting that monkeys provide a good animal model for the human OFR.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction in the rapid stabilization of gaze with respect to the

(stationary) surroundings (Miles, 1998), and there is

In primates, sudden movements of the visual scene
elicit ocular following responses (OFRs) with ultra-
short latencies: <80 ms in humans and <60 ms in
monkeys with some stimuli (Gellman, Carl, & Miles,
1990; Miles, Kawano, & Optican, 1986; Sheliga
et al., 2005a, 2005b). It is believed that OFRs assist
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substantial evidence that, in monkeys, it is mediated
in large part by cortical area MST (Kawano, Inoue,
Takemura, Kodaka, & Miles, 2000; Kawano, Shidara,
Watanabe, & Yamane, 1994; Takemura, Inoue, &
Kawano, 2002). Because the OFR is driven by retinal
image motion, it has recently been used to study some
of the neural processes underlying the sensing of visu-
al motion in humans (Chen, Sheliga, Fitzgibbon, &
Miles, 2005; Masson, Busettini, Yang, & Miles,
2001; Masson & Castet, 2002; Masson, Yang, &
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Miles, 2002; Sheliga et al.,, 2005a; Sheliga, Chen,
Fitzgibbon, & Miles, 2005b; Yang & Miles, 2003). It
is generally believed that there are at least two differ-
ent neural mechanisms by which we analyze visual
motion, and various descriptors have been applied to
them, based in part on the methodology that was used
to investigate them: see Lu and Sperling (2001) for
review. One mechanism utilizes low-level visual
motion detectors that are sensitive to luminance
modulation, and functions without regard for form
or features. This mechanism is variously referred to
as, lIst-order, Fourier or energy-based. The other,
high-level, mechanism(s) extracts visual motion using
features to which the low-level visual motion detectors
are insensitive, and is referred to as 2nd-order, non-
Fourier or feature-based. We will use these various
terms interchangeably, although they are not strictly
synonymous.

Using special broad-band stimuli, Sheliga et al.
(2005a, 2005b) recently demonstrated that the initial
OFR in humans is largely determined by the motion
of the principal Fourier component of the visual stim-
ulus, as though reliant on oriented spatio-temporal
visual filters as in the well-known energy model of
motion detection, i.e., the human OFR is mediated
by low-level motion detectors. These workers elicited
OFRs with two kinds of apparent-motion stimuli
whose features and principal Fourier components
moved in opposite directions under the assumption
that the brain gives the greatest weight to the near-
est-neighbor matches (Georgeson & Harris, 1990;
Hammett, Ledgeway, & Smith, 1993; see also Pantle
& Turano, 1992). One was the missing fundamental
(mf) stimulus, which can be constructed from a square
wave by subtracting the fundamental sine-wave com-
ponent. In the frequency domain, the mf stimulus con-
sists of summed odd harmonics, the largest being the
3rd and the remainder having progressively decreasing
amplitudes such that the ith harmonic has an ampli-
tude proportional to 1/i. Sheliga et al. (2005a,
2005b) moved the myf stimulus in discrete 1/4-wave-
length steps rather than smoothly because, when so
moved, all of its harmonics are shifted 1/4 of their
wavelengths, the 4n + 1 harmonics (where 7 is an inte-
ger) shifting in the direction of the actual image shifts
(i.e., forwards, along with the entire pattern and its
features), whereas the 4n — 1 harmonics (which
include the principal Fourier component, the 3rd har-
monic) shift in the opposite direction (i.e., backwards).
Notice that a 3/4-wavelength forward shift of a pure
sine-wave is exactly equivalent to a 1/4-wavelength
backward shift because of spatial aliasing, and it is
invariably the latter that determines the direction of
any associated OFRs and perceived motion (Pantle
& Turano, 1992). The other apparent-motion stimulus
used by Sheliga et al. was the so-called 3f4f stimulus,

which is a repeating pattern with a spatial-frequency
of f that is constructed by summing two sinusoids of
equal-amplitude whose spatial frequencies are in the
ratio 3:4, the 3f and 4f components (Hammett et al.,
1993). When this pattern is shifted forwards in succes-
sive steps that are each 1/4 of the wavelength of the
beat, the 4f component is effectively stationary while
the 3f component steps backward 1/4 of its wave-
length because of spatial aliasing, exactly as with the
4n — 1 harmonics of the mf stimulus. Sheliga et al.
(2005a, 2005b) reported that the initial OFRs elicited
by these mf and 3f4f stimuli in humans were invari-
ably in the direction of motion of their principal Fou-
rier component(s) rather than the direction of motion
of their features, consistent with a mechanism that has
oriented spatio-temporal filters and senses Ist-order
motion (cf.,, Masson et al., 2002). Indeed, Sheliga
et al. (2005a) have suggested that the initial OFR of
humans provides a model system for studying neural
sensors that respond selectively to I1st-order visual
motion and do not respond to 2nd-order motion. Psy-
chophysical studies indicate that when 1/4-wavelength
steps are applied to mif stimuli human observers gener-
ally—but not always—perceive them to move in the
opposite direction to their true motion (Adelson,
1982; Adelson & Bergen, 1985; Baro & Levinson,
1988; Brown & He, 2000; Georgeson & Harris,
1990; Georgeson & Shackleton, 1989). Also, human
observers generally experience motion transparency
when viewing 3f4f stimuli, seeing rapid forward
motion of the beat and slower reverse motion of the
3f component, consistent with the simultaneous activa-
tion of feature-based (2nd-order) and energy-based
(1st-order) sensing mechanisms, respectively (Hammett
et al., 1993).

To further examine the neural mechanisms underly-
ing the visual motion detectors underlying initial OFRs,
it is critical to have an adequate animal model. We were
interested in the monkey as one such model but were
concerned by a previous report, based on one monkey,
which concluded that the initial OFRs to motion defined
by contrast modulated noise—a pure 2nd-order motion
stimulus—were essentially the same as to motion defined
by luminance modulations—Ist-order motion—except
for a very slight difference in latency (Benson & Guo,
1999). Further, there have been a number of reports that
some neurons in the middle temporal area (MT) of the
monkey are sensitive to 2nd-order motion (Albright,
1992; Ilg & Churan, 2004; O’Keefe & Movshon, 1998).
We now report that the initial OFRs elicited in macaque
monkeys when 1/4-wavelength steps are applied to mf
and 3f4f stimuli are in all essentials like those described
by Sheliga et al. (2005a) in humans—being dominated in
large part by the 1st-order motion energy in the princi-
pal Fourier components—indicating that the monkey
is a good animal model.
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2. Methods

Data were collected from two rhesus monkeys (Macaca fus-
cata), weighing 7.7 (A) and 8.8 kg (B). All procedures reported
here were approved by the Institute’s Animal Care and Use
Committee. Many of the general procedures were the same
as those used in previous studies of ocular tracking in monkeys
(Kawano et al., 1994; Kodaka, Miura, Suehiro, Takemura, &
Kawano, 2004) and humans (Sheliga et al., 2005a) and so will
only be given in brief.

2.1. Animal preparations

The monkeys were previously trained to fixate a small
spot. Under pentobarbital sodium anesthesia and aseptic
conditions, each monkey was implanted with a head holder,
which allowed the head to be fixed in the standard stereo-
taxic position during the experiments, and a scleral search
coil to allow measurement of the position of the right eye
(Judge, Richmond, & Chu, 1980).

2.2. Visual display and stimuli

The animals faced a 19 in CRT monitor (Eizo T766, driven
by a PC Radeon 9800 Pro video card), which was 50 cm in
front of the eyes, in a dark room. Visual stimuli were presented
on the monitor (resolution, 1280 x 1024 pixels; vertical refresh
rate, 100 Hz). The RGB signals from the video card were con-
verted to black and white images with 11-bit grayscale resolu-
tion through an attenuator (Pelli, 1997), exactly as described
by Sheliga et al. (2005a). Briefly, a luminance look-up table
with 256 equally spaced luminance levels ranging from 0.3 to
77.1 cd/m* was created by direct luminance measurements
(LS-100 photometer; Konica-Minolta, Japan) under software
control. This table was then expanded to 2048 equally spaced
levels by interpolation.

The visual images consisted of one-dimensional vertical
grating patterns that could have one of four horizontal lumi-
nance profiles in any given trial: (1) a square wave with a miss-
ing fundamental (mf stimulus), achieved by summing the odd
harmonics (starting with the 3rd harmonic and finishing with
the highest harmonic that fell short of the Nyquist frequency)
as described by Sheliga et al. (2005a); (2) a sum of two equal-
amplitude sinusoids whose spatial frequencies were in the ratio
3:4 (3f4f stimulus); (3) a pure sine-wave with the same frequen-
cy as the beat of the mf and 3f4f stimuli (1f'stimulus); (4) a pure
sine-wave whose spatial frequency was three times that of the
1f stimulus (3f stimulus), and hence was the same as that of the
principal Fourier component of the mf stimulus (the 3rd har-
monic) and the 3f component of the 3f4f stimulus. Each image
extended 360 mm horizontally (39.6°; 1280 pixels) and 270 mm
vertically (30.2°; 1024 pixels) and had a mean luminance of
38.7 cd/m?. The initial phase of a given grating was random-
ized from trial to trial at intervals of 1/4-wavelength. Motion
was created by substituting a new image every frame (i.e.,
every 10 ms) for a total of 15 frames (i.e., stimulus duration,
150 ms), each new image being identical to the previous one
except phase shifted horizontally by 1/4 of the wavelength of
the fundamental. In any given trial the successive steps were
all in the same direction (rightward or leftward, randomly

selected). We examined the OFRs elicited by these apparent-
motion stimuli at various stimulus contrast levels (1, 2, 4, 8,
16, 32, and 64%, where the contrast was defined as,
((Lmax - Lmin)/(Lmax + Lmin))*looty‘), Linax, and Lin being
the maximum and minimum luminance levels, respectively).
An experimental block consisted of 56 stimulus entries (4 grat-
ing patterns, 2 directions of motion, and 7 contrast levels), all
of which were interleaved and randomly ordered in individual
blocks.

2.3. Procedures

At the beginning of each trial, a grating pattern appeared
together with a central target spot (diameter, 0.4°) that the ani-
mal had been trained to fixate. After the monkey’s right eye
had been positioned within 2° of the fixation target for a ran-
domized period of 750-1000 ms (and no saccades had been
detected for the last 250 ms in this period), the fixation target
disappeared and the apparent-motion stimulus began. Other-
wise, the screen became uniform gray and the trial was repeat-
ed. The motion lasted for 150 ms, at which time the screen
became a uniform gray with the same mean luminance. Then,
the animals were rewarded with a drop of juice, signaling the
end of the trial. After an inter-trial interval of 10001500 ms,
a new grating pattern appeared together with a fixation point,
commencing a new trial. Data were collected over several ses-
sions until each condition had been repeated an adequate num-
ber of times to permit good resolution of the responses
through averaging.

2.4. Data collection and analyses

All aspects of the experimental paradigms were controlled
by two PCs, which communicated via Ethernet using the
TCP/IP protocol. One of the PCs was running a Real-time
EXperimentation software package (REX) developed by Hays,
Richmond, and Optican (1982), and provided the overall con-
trol of the experimental protocol as well as acquiring, display-
ing, and storing the eye-movement data. The other PC was
running Matlab subroutines, utilizing the Psychophysics Tool-
box extensions (Brainard, 1997; Pelli, 1997), and generated the
visual stimuli upon receiving a start signal from the REX
machine.

Eye movements were measured using the electromagnetic
search coil technique (Fuchs & Robinson, 1966). The voltage
signals encoding the horizontal and vertical components of
the eye position were passed through an analog low-pass fil-
ter (—3 dB at 200 Hz) and were digitized to a resolution of
12 bits, sampling at 1 kHz. All data were stored and trans-
ferred to another PC for analysis using computer programs
based on Matlab (The Mathworks). The eye-position data
were smoothed with a 3-pole digital butterworth filter
(—3 dB at 30 Hz), and eye-velocity traces were derived from
the two-point backward difference. Eye acceleration profiles
were derived from the two-point backward difference of
the eye-velocity traces, and were used to detect small sac-
cades that went undetected during the experiment. Trials
with saccadic intrusions were then discarded (on average,
23% in monkey A and 27% in monkey B). Mean temporal
eye-velocity profiles were computed for each of the stimulus
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conditions. To obtain low-noise estimates of eye-velocity,
responses were averaged over at least 31 trials in the preli-
minary experiment on spatial-frequency and 40 trials in
the main experiment on contrast.

The initial horizontal OFRs were quantified by measuring
the changes in horizontal eye position over the 50-ms time
periods starting 50 ms after the onset of the motion stimuli.
The minimum latency of onset was ~50 ms so that these
response measures were restricted to the period prior to
the closure of the visual feedback loop (i.e., twice the reac-
tion time): initial open-loop responses. The responses to
rightward and leftward were pooled to improve the signal-
to-noise ratio by subtracting the mean response to a given
leftward motion stimulus from the mean response to the
corresponding rightward motion stimulus, and these will be
referred to the “R-L responses.” The 95% confidence inter-
vals were calculated to indicate the extent of the fluctuations
in R-L measures. Because rightward eye movements were
positive in our sign convention, these pooled R—-L measures
were positive when the OFR was in the direction of the
applied image shift (also sometimes referred to as the “for-
ward” direction, in contradistinction to the ‘“backward” or
“reverse” direction).
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3. Results
3.1. Dependence on spatial-frequency

To determine what spatial-frequency to use for the mf
and 3f4f'stimuli, we did a preliminary experiment in which
we applied 1/4-wavelength steps to pure sinusoidal
vertical gratings (contrast, 32%) with a wide range of spa-
tial frequencies (0.05, 0.10, 0.20, 0.40, 0.81, and 1.62
cycles/°). Fig. 1 shows the data obtained from both
monkeys, with the mean R-L velocity traces over time
above (A and C) and the associated mean R-L
change-in-position measures plotted against spatial-
frequency below (B and D). All OFRs were in the
forward direction, which is positive in our convention
(see Methods) and so they are rendered as upward deflec-
tions of the R—L velocity traces (from a zero baseline) in
Figs. 1A and C. The R-L measures displayed clear
band-pass dependence on spatial-frequency that was
well-represented by Gaussian functions (? values:
0.995, 0.996) with peaks (f,) at 0.158, and 0.291 cycles/°

Cc monkey B
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Fig. 1. The initial OFR elicited by 1/4-wavelength steps applied to sinusoidal grating patterns (1 stimulus): dependence on spatial-frequency (two
monkeys). (A and C) Mean R-L eye-velocity temporal profiles: see key for spatial frequencies (in cycles/°). Upward deflections of the traces from the
zero baseline (dashed horizontal line) denote forward motion (in the direction of the steps). Zero on the abscissa denotes the time of the first 1/4-
wavelength shift (defined as the onset of stimulus motion). (B and D) Mean R-L response measures (mean change in R-L position during the time
period 50-100 ms after the onset of motion) plotted as a function of the spatial-frequency in cycles/°; note that the abscissa has a logarithmic scale.
The smooth curves are the best fit Gaussian functions: see Sheliga et al. (2005a) for methods. The data for monkey A are in (A and B) (31-37 trials
per condition; SD’s ranged 0.018-0.072°) and the data for monkey B are in (C and D) (59-73 trials per condition; SD’s ranged 0.039-0.089°).

Contrast, 32%. Error bars, 95% confidence intervals.
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and standard deviations (¢) of 0.534 and 0.482 log units in
monkey A and monkey B, respectively: see the continuous
smooth curves in Figs. 1B and D and note the logarithmic
abscissas. These parameters of the fitted Gaussian func-
tions were used to derive a low-frequency cutoff (f,,) and
a high-frequency cutoff (f,;), defined as the spatial fre-
quencies at which the tuning curve was half its maximum,
using the following expression from Read and Cumming
(2003): £, exp(£av/In4). The computed values of fj, were
0.037, and 0.079 cycles/°, and the computed values of fi;
were 0.672, and 1.077 cycles/°. The initial OFRs of
humans show a very similar Gaussian dependence on
log spatial-frequency (Sheliga et al., 2005a). Based on
these findings, the fundamental spatial frequencies (f)
selected for the mf and 374/ stimuli were 0.09 cycles/® for
monkey A and 0.15 cycles/° for monkey B, thereby ensur-
ing that the initial OFRs elicited by pure sine-waves of
spatial-frequency 1f'and 3f were of similar amplitude.

3.2. Dependence on contrast

Fig. 2 shows the mean OFR temporal profiles (again,
R-L responses) elicited from monkey A by successive

R-L eye velocity (deg/s)

100 120

R-L eye velocity (deg/s)

0 20 40 60 80 100 120
time (ms)

discrete phase shifts applied to each of the four different
grating patterns over a wide range of contrasts. The
shifts always had the same absolute amplitude, 2.78°,
which meant that with each shift the 1f, mf, and 3f4f
gratings stepped forwards 1/4 of their wavelength (given
that their wavelengths were all 11.1°), whereas the 3f
grating stepped forwards 3/4 of its wavelength, which
was equivalent to a backward step of 1/4 of its wave-
length. Let us first consider the data obtained with the
pure sine-wave stimuli. It is evident from Fig. 2 that
the initial OFRs elicited by the 1f stimulus were always
in the forward direction whereas those elicited by the 3f
stimulus were always in the backward direction, exactly
in accord with the shortest-path or nearest-neighbor
matches for these stimuli: spatial aliasing. Of course, a
pure sine-wave has only one Fourier component and
this always shifts together with its features (peaks and
troughs), so it is not possible to determine which of these
two attributes of the motion stimulus elicited the OFR
here. Turning to the more complex grating patterns,
however, it is evident that the initial OFR elicited by
the mf and 3f4f stimuli were always in the backward
direction, which was the direction of motion of their
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Fig. 2. The initial OFR: dependence on contrast (eye velocity traces from monkey A). All motion stimuli consisted of successive shifts that had the
same absolute amplitude, 2.78°, which was 1/4 of the wavelength of the 1f, mf, and 3f4f gratings, whose fundamentals all had wavelengths of 11.1°
(spatial frequencies, 0.09 cycles/°), and 3/4 of the wavelength of the 3f grating, whose wavelength was 3.7° (spatial-frequency, 0.27 cycles/®). Traces
show the mean R-L eye-velocity temporal profiles. The keys indicate the contrasts, those values in parentheses for the mf and 3f4f data indicating the
contrasts of the 3rd harmonic and 3f component, respectively. Upward deflections of the traces from the zero baselines (dashed horizontal lines)
denote forward motion (in the direction of the steps). Abscissas denote the time from the first stimulus shift (defined as the onset of stimulus motion).
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principal Fourier components (the 3rd harmonic and the
3f component, respectively) and opposite to the direc-
tion of motion of their features.

Let us scrutinize the response profiles in Fig. 2 more
closely, starting with those obtained with the 1f stimulus
(upper left). At the lowest contrast (1%), the initial tran-
sient OFR had a latency of 70-80 ms and reached a peak
at ~100 ms after the onset of the apparent-motion (i.c.,
the time of the first step). As the stimulus contrast was
increased to 2%, this initial transient showed a slight
reduction in latency and a substantial increase in ampli-
tude. Further increases in stimulus contrast resulted in
shorter onset latencies with reduced initial peaks, which
is the ‘“anomalous contrast-dependence” originally
described by Miles et al. (1986), who recorded the initial
OFR elicited from monkeys when velocity steps were
applied to pure sine-wave gratings. The response profiles
obtained with the 3f stimulus (lower left in Fig. 2) show
a similar general pattern even though of the opposite
sign, as also do the profiles obtained with the mf stimu-
lus (upper right in Fig. 2) and the 3f4f stimulus (lower
right in Fig. 2), consistent with mediation largely by

their 3f components. The profiles obtained with the mf’

stimulus, however, are clearly much lower in amplitude
than those obtained with the other stimuli. The OFRs of
the other monkey, which are not illustrated, showed the
same general tendencies.

The anomalous reductions in the amplitude of the ini-
tial peak in the OFR profiles as contrast was increased
beyond 2% were attributed by Miles et al. (1986) to a
reduction in the time available to integrate the motion
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error signal because of the associated decreases in laten-
cy, and they successfully modeled this effect. Indeed,
these workers also showed that no such anomalous
dependence on contrast was apparent when the velocity
responses were integrated over a fixed interval time-
locked to motion onset and approximating the initial
open-loop period, as though the reductions in velocity
amplitude were offset by the reductions in the latency
of response onset. We too found this same effect in
our data and report it in Fig. 3, which shows the depen-
dence on stimulus contrast of the initial OFR based on
the changes in the mean R-L position measures over the
time period 50-100 ms (measured from the time of the
first step), for all four grating patterns and both mon-
keys. The R-L response measures for the data obtained
with the 1f and 3f stimuli (filled and open circles in
Fig. 3), generally showed a monotonic rise as the stimu-
lus contrast increased, gradually saturating as contrast
reached 5-10% in monkey A and 20-30% in monkey
B (note the log abscissa). Of course, the 1f data all have
positive values (being in the forward direction) and the
3f data all have negative values (being in the backward
direction). These data were fitted with the following
expression:

1

C

max n n
"+ 5y

(1)

where R, 1s the maximum attainable response, ¢ is the
contrast, cso is the semi-saturation contrast (at which
the response has half its maximum value), and 7 is the
exponent that sets the steepness of the curves.
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Fig. 3. The initial OFR: dependence on contrast (R—L response measures for two monkeys). Plots show the horizontal OFR elicited when successive
steps (each 2.78° for monkey A and 1.67° for monkey B) were applied to mf and 3f4f stimuli (spatial frequencies and wavelengths: monkey A, 0.09
cycles/® and 11.1°; monkey B, 0.15 cycles/° and 6.67°) as well as to pure sine-wave gratings whose spatial frequencies matched the 1for 3f components
of the complex gratings. Responses to the pure 1f sine-waves (filled circles) were always positive (OFR in the forward direction), whereas those to the
mf stimulus (gray open squares, gray dashed lines), the 3f4f stimulus (gray filled diamonds, gray dotted lines), and the pure 3f sine-waves (open
circles) gratings were always negative (OFR in the backward direction). Responses to the mf and 3f4f gratings are also replotted as a function of the
contrast of their 3f components to permit easy comparison with the pure 3f'sine-wave data (mf, black open squares and dashed lines; 3f4f, black filled
diamonds and dotted lines). The smooth black curves are best-fit Naka—Rushton functions for the pure sine-wave data and the values of their ¢s5y and
n parameters are shown nearby. Monkey A: 40-56 trials per condition; SD’s ranged 0.017-0.062°. Monkey B: 40-54 trials per condition; SD’s ranged

0.038-0.054°. Error bars, 95% confidence intervals.
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This expression is based on the Naka—Rushton equa-
tion (Naka & Rushton, 1966) and provides a good fit
to the contrast-dependence curves of neurons in the
LGN, V1, and MT of monkeys (Albrecht, Geisler,
Frazor, & Crane, 2002; Albrecht & Hamilton, 1982;
Heuer & Britten, 2002; Sclar, Maunsell, & Lennie,
1990), as well as to the human contrast-dependence
curves for the initial OFRs to moving sine-wave grat-
ings (Sheliga et al., 2005a) and unikinetic plaid patterns
(Masson & Castet, 2002). The continuous smooth
curves in Fig. 3 are the best fit curves using this expres-
sion and are clearly good approximations to the data
with 7 values >0.9 for all curves. The values of cso
for the 1f and 3f stimuli were 1.47 and 2.01%, respec-
tively, for monkey A, and 5.02 and 6.16%, respectively,
for monkey B. The values of n for the 1/ and 3/ stimuli
were 3.05 and 1.75, respectively, for monkey A, and
1.14 and 1.98, respectively, for monkey B. Thus, the
OFRs were most sensitive to changes in contrast when
the contrast was relatively low (<5% for monkey A
and <20% for monkey B).

If the initial OFRs to the mf and 3f4f stimuli are
actually generated by their principal Fourier compo-
nents, the 3rd harmonic and the 3f component, respec-
tively, then when plotted in terms of the contrast of
these components, their contrast-dependence data
should overlay those obtained with pure sine waves
of the same spatial-frequency, i.e., the data obtained
with the 3f stimulus. The data obtained with the mif
stimulus (squares and dashed lines in Fig. 3) and the
3f4f stimulus (diamonds and dotted lines in Fig. 3)
are therefore plotted as a function of both the actual
contrast of the patterns (gray symbols and lines) and
the contrast of their 3rd harmonic and 3f components
(black symbols and lines). As we pointed out earlier,
the OFRs to these mf and 3f4f stimuli were always
in the opposite direction to the actual shifts of the
patterns and so have negative values in Fig. 3. When
plotted as a function of the contrast of their 3f com-
ponent, the data obtained with the 3f4f stimulus
approximated those obtained with the pure sine-wave
3f stimuli, though tending to fall a little short at high-
er contrasts in monkey B. When plotted as a function
of the contrast of their 3rd harmonic, the data
obtained with the mf stimulus also closely approximat-
ed those obtained with the 3f stimulus at low contrast
(<3% for monkey A, <8% for monkey B), but fell
substantially short of this with higher contrast stimuli.
Very similar trends are seen in humans (Sheliga et al.,
2005a).

For monkey A, the 3f4f data in Fig. 3 closely approx-
imate the pure 3/ data (when plotted as a function of the
contrast of the 3f component), indicating that the 4f
component of the 3f4f stimulus had almost no impact
on the initial OFR measures, and this was also apparent
from the R-L temporal response profiles: see Fig. 4 (left

column) and compare the thick traces (the 3f4f-stimulus
data) with the thin traces (the 3f-stimulus data). For
monkey B, the 3f4f-stimulus data fell short of the 3f-
stimulus data at high contrast and the R—-L temporal
profiles in Fig. 4 (right column) indicate that the impact
of the 4f component was not uniform but rather selec-
tively affected a small early transient component and a
later sustained component (that was mostly outside the
open-loop measurement period) and left the main body
of the response profile largely intact.

4. Discussion
4.1. The monkey as a model for the human

Our data show that the initial OFRs of the monkey
share many fundamental properties with those of the
human recently described by Sheliga et al. (2005a,
2005b), indicating that the monkey provides an excellent
animal model. The initial support for this conclusion
comes from the data obtained with the pure sine-wave
stimuli and these are further reinforced by the data
obtained with the more complex mf and 3f4f stimuli.
Let us start by comparing the quantitative R—L response
measures obtained with pure sine-wave stimuli in the
two studies. The initial OFRs of our monkeys and of
Sheliga et al.’s humans showed a dependence on spa-
tial-frequency that was clearly band-pass and well
described by Gaussian functions (with a log abscissa).
Even the parameters of the best-fit Gaussians were very
similar in the two species. For example, mean values for
the three humans in the Sheliga et al. study vs. mean val-
ues for our two monkeys were as follows: f, =0.25 vs
0.22 cycles/°; ¢ =10.51 vs 0.51 log units; fj, =0.06 vs
0.06 cycles/®; f; = 0.99 vs 0.87 cycles/°. The dependence
on contrast also had a very similar form in monkeys and
humans, showing a smooth monotonic rise with satura-
tion at moderate contrast levels that was well-fit by the
Naka-Rushton equation, whose parameters were again
quite similar in our two studies (even though the data
from the two monkeys showed much more scatter than
the data from the three humans). For example, the mean
best-fit Naka-Rushton parameters for the 1f data
(human vs monkey) were as follows: c¢50=23.9 vs
3.24%; n=2.10 vs 2.09, and the equivalent 3f data
are: ¢s50=>5.7 vs 4.09%; n=1.55 vs 1.87. Nonetheless,
the anomalous dependency on contrast that is evident
in the initial peak of the monkey’s eye-velocity traces
in both our study and that of Miles et al. (1986),
whereby over part of the contrast range, increases in
contrast were associated with decreases in the amplitude
of the initial peak in eye-velocity, is not seen in the tem-
poral profiles of the human OFR (Sheliga et al., 2005a).
This anomaly presumably had no obvious impact on
our integrated-velocity measures that were time-locked
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Fig. 4. Comparison of the OFRs elicited by 3f and 3f4f stimuli with a range of contrasts (temporal profiles for two monkeys). All shifts and
wavelengths were as given in the legend of Fig. 3. Each panel shows the mean R-L temporal velocity profiles elicited by the 3f stimulus alone (thin
line), and the 3f4f stimulus (thick line) whose 3/ component had a contrast that matched that of the 3f stimulus and is listed on each plot (in %). All
responses deflected the traces downward from the zero baseline, denoting backward eye movements (in the direction of the principal Fourier
component). Abscissas denote the time from the first stimulus shift (defined as the onset of stimulus motion).

to stimulus onset (i.e., the change-in-position measures
in Fig. 3) because of the associated latency changes, as
originally pointed out by Miles et al. (1986). In fact,
the latency of the monkey’s OFR (to smoothly drifted
sinusoidal gratings) is solely a function of contrast and
temporal frequency (Miles et al., 1986), whereas the
latency of the human’s OFR is also somewhat sensitive
to speed and spatial-frequency (Gellman et al., 1990)
and less sensitive to contrast (see Fig. 5 of Sheliga
et al., 2005a). However, these detailed differences in
the latency and development of the very earliest OFRs
of monkeys and humans ultimately have little conse-
quence for the overall tracking responses as indicated
by the similarity of their integrated-velocity measures
over the initial open-loop period.

Our study showed that the initial OFRs elicited by the
mf and 3f4f stimuli were always in the direction of their
principal Fourier components (i.e., the 3f component of

the 3f4fstimulus and the 3rd harmonic of the mf stimulus)
rather than in the direction of the overall pattern or fea-
ture. In fact, the 4f component of the 3f4f stimulus often
had almost no impact on the monkey’s initial OFR,
including the temporal profiles (Fig. 4). Thus, when the
R-L response measures obtained with the 3f4f stimuli
were plotted in terms of the contrast of their 3f compo-
nent, they matched the measures obtained with the pure
3f stimulus quite closely (except in monkey B at higher
contrasts, when they fell slightly short). Similar plots of
the data obtained with the mif stimulus—using the con-
trast of the 3rd harmonic rather than of the whole pat-
tern—mimicked the plots for the 3f stimuli only at low
contrasts and then fell progressively short with higher
contrast. These data are all very similar to those obtained
on humans by Sheliga et al. (2005a), further reinforcing
the view that the monkey is a good animal model for the
initial OFR of humans.
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4.2. The initial OFR: A response to 1st-order motion
energy

Sheliga et al. (2005a) argued that the dependence on
the motion of the principal Fourier components of the
mf and 3f4f stimuli—rather than on the motion of their
features—indicated that the motion detectors responsi-
ble for the initial OFR in humans do not operate direct-
ly on the raw retinal images but rather on a spatially
filtered version of those images, as in the well-known
Ist-order energy model of motion detection that relies
on oriented spatio-temporal filters: see Lu and Sperling
(2001) for review. Using mf stimuli lacking the 5th and
7th harmonics, Sheliga et al. (2005a) were also able to
show that the initial OFRs elicited by the usual mf stim-
ulus fell short of those elicited by the pure 3f stimulus
mostly because of the higher harmonics, with perhaps
a very minor contribution from distortion products
due to an early compressive non-linearity in the visual
pathway. Thus, Sheliga et al. largely ruled out even a
minor role for feature-based mechanisms in the genesis
of the initial OFR of humans. Although we do not have
data for the monkey that clarifies the role of the higher
harmonics, we have demonstrated that the monkey’s ini-
tial OFR shares much in common with that of the
human. Further, the similarity of the contrast-depen-
dence of the 3f4f and pure 3f data is consistent with
mediation by oriented spatio-temporal filters as in the
Ist-order motion-energy model and indicates that fea-
ture-based mechanisms make at best only a minor con-
tribution to the monkey’s OFR with this 3f4f stimulus.

Sensitivity to low-contrast stimuli (<20%), such as we
here report for the monkey’s OFR, is considered one of
the characteristics that, in humans, sets the Ist-order
motion energy mechanisms apart from feature-based
mechanisms (Lu & Sperling, 1995; Nishida, 1993; Smith,
1994; Solomon & Sperling, 1994; Takeuchi & De Valois,
1997). Consistent with this, the study of O’Keefe and
Movshon (1998) on monkeys showed that MT neurons
have poor contrast-sensitivity for 2nd-order motion.
Yet, Benson and Guo (1999) reported that the initial
OFRs to a pure 2nd-order motion stimulus (defined by
contrast modulated noise) were little different from those
to a stimulus with strong 1st-order motion energy (except
for a small latency difference, averaging ~11 ms). This
observation, which was made only on a single monkey,
would seem to be at odds with our findings, perhaps sug-
gesting that some types of 2nd-order motion are much
more effective in initiating OFR than others.

5. Closing remarks
Earlier studies in monkeys (Busettini, Miles, &

Schwarz, 1991; Kawano & Miles, 1986; Miles et al.,
1986) and humans (Busettini, Miles, Schwarz, & Carl,

1994; Gellman et al., 1990) demonstrated a number of
functional similarities between the OFRs of the two
species which fostered the idea that the monkey was
a good animal model for the human. Our present
findings on the initial OFRs elicited in monkeys by
motion applied to complex grating patterns are largely
in accord with the findings in a recent study on
humans that used these same visual stimuli (Sheliga
et al., 2005a), suggesting that the similarities between
the two species extend to the detectors whereby they
sense visual motion.
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