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Basso, Michele A., Richard J. Krauzlis, and Robert H. Wurtz.  further caudal in the SC, rostral neurons are tuned for particular
Activation and inactivation of rostral superior colliculus neurongcations—showing peaks of activity between 0.2 and 3° ec-
during smooth-pursuit eye movements in monkey$leurophysiol (gentricity. Moreover these neurons cease to discharge if the

84: 892-908, 2000. Neurons in the intermediate and deep layers o fget steps into the ipsilateral hemifield. Rostral neurons have
rostral superior colliculus (SC) of monkeys are active during attenti\;g 9 P P :

fixation, small saccades, and smooth-pursuit eye movements. Alf¥0 additional properties. First, they behave similarly whether
ations of SC activity have been shown to alter saccades and fixatiBtpnkeys remain fixating after the target steps or if they make
but similar manipulations have not been shown to influence smooth-saccade to the eccentric target. Second, rostral SC neurons
pursuit eye movements. Therefore we both activated (electrical stigre active in a similar manner during smooth-pursuit eye move-
ulation) and inactivated (reversible chemical injection) rostral Sgents. For example, if a visual target moves smoothly into the
neurons to establish a causal role for the activity of these neuron%lﬁhtralateral hemifield and monkeys are required to pursue the
smooth pursuit. First, we stimulated the rostral SC during pursylf e these neurons increase their discharge rates. Moving a
initiation as well as pursuit maintenance. For pursuit initiation, stir_z}-grget’Slightly into the ipsilateral hemifield results in décreased

ulation of the rostral SC suppressed pursuit to ipsiversive movi h fth h her th :
targets primarily and had modest effects on contraversive pursuit. THecharge rates of these neurons. Thus rather than representing

effect of stimulation on pursuit varied with the location of the stim@ Static command to keep the eyes still, we suggest that these
ulation with the most rostral sites producing the most effective inhpeurons reflect a position-error signal for movements of the
bition of ipsiversive pursuit. Stimulation was more effective on higheeyes close to the fovea, including pursuit (Krauzlis et al. 1997,
pursuit speeds than on lower and did not evoke smooth-pursuit @00). According to this hypothesis, a signal reflecting the
movements during fixation. As with the effects on pursuit initiatiordifference between eye and target position—an error signal—
ipsiversive maintained pursuit was suppressed, whereas contravergjégld be shared by these oculomotor subsystems, saccades,
pursuit was less affected. The stimulation effect on smooth pursuit g tion, and pursduit.

not result from a generalized inhibition because the suppression o hese single neuron experiments, however, only correlate
smooth pursuit was greater than the suppression of smooth eye m%li?- neuronal activity to smooth-pursuit behavior and do not

ments evoked by head rotations (vestibular-ocular reflex). Nor was hat th A ib h ducti f :
stimulation effect due to the activation of superficial layer visua oW that the activity contributes to the production of pursulit.

neurons rather than the intermediate layers of the SC because stiff@t €xample, one way in which the neuronal activity might
lation of the superficial layers produced effects opposite to tho§8ange with pursuit without contributing to pursuit generation
found with intermediate layer stimulation. Second, we inactivated theould be for it to change in relation to preparation of a saccade
rostral SC with muscimol and found that contraversive pursuit initthat is ultimately not produced. Since the direction of the
ation was reduced and ipsiversive pursuit was increased slighfinpending pursuit and the impending saccade would both be
changes that were opposite to those resulting from stimulation. Thfjated to the activity of the same SC neurons, it would not be
results of both the stimulation and the muscimol injection e_xpe_nmerﬁgssime to separate activity into that related to the impending
T e e <o eonurdpgsut and thl elted o he impending saceade. Therefore o
consistent with the hypothesis that thé SC provides a position sig|t1%§t d_lrectly the CO””'*?U“O".‘ .Of these rostral SC neurons to
that is used by the smooth-pursuit eye-movement system. pursuit, we alyered their activity and measured the effects on
smooth-pursuit eye movements independent of saccades.

We performed two sets of experiments. First, we used elec-
trical stimulation of the rostral SC during pursuit initiation and
maintenance to determine if activation of these neurons influ-

In the previous paper, we described how rostral superiences smooth-pursuit eye movements. Second, we inactivated
colliculus (SC) neurons change their activity as the position tfe neurons using the GABA agonist muscimol to determine
a parafoveal target changes. By stepping a visual targetwbether a reduction of the activity of these neurons also
locations around the fovea out to an eccentricity of 5°, wiaefluences pursuit eye movements. The results of these exper-
showed that rostral SC neurons increase their activity willmnents show that changing the activity of rostral SC neurons
target locations in the contralateral hemifield. Like neuronsfluences smooth-pursuit eye movements. Additionally, the

INTRODUCTION
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ROSTRAL SC AND SMOOTH PURSUIT 893

results of our experiments are consistent with the hypothesisre adjusted at this time to maximize the effects on saccades. We

that the SC may provide a position signal for the smootflso interleaved trials in which electrical stimulation occurred while
pursuit system. monkeys attentively fixated at primary position without a visual

Brief reports of some of these experiments have been méﬁi@ulus present to determine the amplitude of any evoked saccades,
t

previously (Basso et al. 1997, 1998; Krauzlis et al. 1997b)_mg;e?%/g%?nnstg?/]irl%t?hze) location of the stimulating electrode on the SC

After the stimulation parameters were set for a given site, tests of
METHODS the effects of stimulation on pursuit commenced. Two basic experi-

Two monkeys were prepared for chronic electrophysiological r82€ntal manipulations were used, namely, stimulation during pursuit
cording of single neurons, electrical stimulation, and reversible [Btiation and stimulation during maintained pursuit (Fig. 1). We
sions of the SC and recording of eye movements. The surgi&gp“ed stimulation during pursuit initiation simultaneously with the
procedures were described in previous reports on experimentsOftget of the target motion (15°/s) in the ramp trials and continued for
which the same monkeys were used (Basso and Wurtz 1998; KrauZf® ms (Fig. 1, initiation). For a number of sites, we varied the
et al. 1997a—c). All protocols were approved by the Institute Anim&glative timing of the stimulus train and the onset of the target motion

Care and Use Committee and complied with the Public Health Serviferamp trials. In these experiments, two conditions were used. First,
Policy on the humane care and use of laboratory animals. the stimulation occurred simultaneously with the onset of the target

motion (0 ms). In the second condition, stimulation occurred 100 ms
. . before the onset of target motion (100 ms). In both conditions, the
Behavioral paradigms speed of target motion was 15°/s. In another set of experiments, we

The general behavioral paradigms and storage of data were ide¥gtied the speed of the target motion in step-ramp trials. The speeds
cal to that described in the preceding paper (Krauzlis et al. 2000)iested were 2, 5, 10, and 15°/s. For these experiments, we started the
Monkeys performed visually guided saccade and pursuit tasks. Fgmulation simultaneously with the onset of target motion. Finally,
the saccade tasks, monkeys fixated a centrally located light-emittiieg the experiments testing the effects of SC stimulation on main-
diode (LED) for a duration of 500 ms, after which time the fixatioriained pursuit (Fig. 1, maintained), a stimulus train of 300 ms occurred
point stepped to a peripheral location of 15° in either hemifield on tigiring maintained pursuit in step-ramp trials, defined as 600 ms after

horizontal meridian. Monkeys were required to make a saccadic €{) onset of target motion. This period was typically well after any
movement to the target quickly and accurately. Trials were abortedc#tch-up saccades if they occurred and after pursuit had maintained a
the monkeys failed to acquire the target within 500 ms or were né@nstant speed approximating that of the target (either 5 or 15°/s).
accurate within 2° as measured by an electronic window. For pursuitVe also tested the effects of SC stimulation on smooth eye move-
trials, monkeys fixated a centrally located LED for a variable durationents evoked by vestibular stimulation and compared these effects to
of 1,000—1,500 ms and with an accuracy of at least 2°. After this timi&@0se obtained during visually driven smooth eye movements. To
the target either started to move away from the fovea at a constgdeke vestibular eye movements, monkeys experienced whole body
velocity (ramp trials) or stepped horizontally to a slightly eccentripassive rotation achieved by mounting the primate chair on a rotating
position and then moved back toward the fovea (step-ramp trials). TPlgtform. The monkeys were rotated sinusoidally at 0.4 Hz and a
amplitude of the step was adjusted to minimize the occurrence Rffak-to-peak amplitude of 20° about a vertical axis that intersected the
catch-up saccades (Rashbass 1961). Monkeys were required to tfaiaural line, producing movement along the horizontal meridian.
the target with an accuracy of 3°. If the monkeys failed to track tHdonkeys were required to maintain eye position at a central location
target, the trial was aborted by extinguishing the target and delayw@”e they were rotated in complete darkness with no visible fixation
the onset of the next trial by 2 s. stimulus present. In one monkey, we were unable to control com-
During correct performance of trials in all experiments, monke)@etew for eye position, but the effects of the stimulation did not differ
were rewarded with a drop of fruit juice or water. Monkeys worke@ramatically between the two monkeys. SC stimulation began during
daily until satiated and were given supplemental fluid as required. TH phase of the sinusoidal motion in which eye velocity was maximal
monkeys’ weight was monitored daily and they remained under tf@ each direction, ipsiversive or contraversive, and was maintained
supervision of the Institute veterinarian. for 400 ms. For a direct comparison with visually driven smooth eye
movements, the monkeys remained stationary and a visual target
. . . moved along the horizontal meridian sinusoidally with a frequency of
Electrical stimulation 0.4 Hz and a peak to peak amplitude of 20°. Identical to the vestibular
Electrical stimulation was applied through tungsten microelecondition, SC stimulation began during the phase of the sinusoid in
trodes (Frederick Haer) with impedances between 0.3 and 1)0 Mvhich the eye velocity was maximal for each direction and was
measured at 1 kHz. Electrodes were aimed toward the SC throughintained for 400 ms. For all experimental conditions, the stimula-
stainless steel guide tubes held in place by a plastic grid that wiE and no-stimulation trials were presented in an interleaved fashion
secured to the recording chamber (Crist et al. 1988). Electrical stigxcept for the vestibular and sinusoidal pursuit trials, which were
ulation was applied as biphasic pulses. The parameters of stimulatisasented in separate, interleaved blocks.
were adjusted on-line to produce the maximum effects on saccades
following the parameters used by Munoz and Wurtz (1993b) and Pay, ; A
and Guitton (1994) for the fixation zone. The minimum pulse widtMUSCImOI Injections
was 100us and did not exceed 250s. The minimum frequency was  We injected muscimol (Sigma) dissolved in saline in the SC of two
100 Hz and did not exceed 250 Hz. These parameters are aisonkeys. The injection technique we used was originally described
consistent with producing a sustained activity similar to that seen iy Dias and Segraves (1997). Briefly, a closed pressure system was
buildup neurons rather than the high-frequency burstingQ0 used to inject small volumes of muscimol into the SC. This system
spikes/s) of the saccade related burst neurons. Current intensity rangjémlvs for precise control and measurement of the injected volumes.
between 9 and 3gA. The duration of stimulus train differed depend-The micropipette system was adapted for use with the grid and
ing on the behavioral paradigm as described in the following text.guide-tube system described by Crist et al. (1988). Moreover, a fine
During stimulation trials, saccades frequently were suppressed Vare inserted within the pipette allowed us to electrically stimulate or
the duration of the presentation of the electrical stimulation trairecord the neuronal activity prior to making the injection. Once the
During these trials, the size of the windows was adjusted to avditation of a site was identified by stimulation or by mapping the
deterring task performance. The electrical stimulation parameten®vement field, brief pulses of air pressure of fixed intensity (30—80
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motion
onset

target ! ©

pOSItlon ol FiG. 1. Timing of superior colliculus (SC) stimulation

200 ms during pursuit initiation and during maintained pursuit.
Top the position of the target as a function of time.
Middle: a representative eye-position signal recorded in
response to rightward motion of a target at 15°/s. Up is
right and down is leftBottom an average of 10 differen-

' tiated eye-position traces. In the eye-velocity traces, high-
€ e. . velocity saccades have been removed. Traces are aligned
pOSItlon on the onset of the target motion. The black bars indicate
the onset and duration of the train of electrical stimulation
pulses applied to the SC. The shaded regions on the
eye-velocity and eye-position traces indicate the open-
loop period of the pursuit response. The shaded region on
the target position trace indicates the visual input period

Q driving the open-loop pursuit response. For the pursuit-
8’ initiation experiments, a 400 ms duration, 150 Hz, 1G0
O bulse width, biphasic stimulation train occurred simulta-
o heous with the onset of target motion. In the maintained
200 ms pursuit experiments, the same stimulus train for 300 ms
open |OOp duration occurred 600 ms after target motion onset.
< response
average ,
eye " — ——
velocity _ _
SC stimulation SC stimulation
c!u_rlng open loop during closed loop
(initiation) (maintained)

psi) and duration (4—20 ms) were applied by a picopump (Worklye-position and eye-velocity signals. A signal encoding horizontal
Precision Instruments) to release the muscimol contained within tege velocity was obtained by applying a 29-point finite impulse
pipette. The injected volumes for each site in the two monkeys arsponse filter{3 dB at 96 Hz) to the eye-position signal. The high
listed in Table 1. We collected preinjection and postinjection data drequency was used to insure detection of small saccades (compare
interleaved saccade and pursuit trials. Recovery data were collecédzl et al. 1979; Babhill et al. 1975; Breznen and Gnadt 1997). Also
24 h after the injections. Monkeys were required to perform saccadesmaximize detection of small saccades, we used stringent velocity
along the horizontal meridian of 2, 5, 10, and 20° amplitude (8 tri§20°/s) and acceleration (500—80G)/sriteria. For the pursuit-inii
conditions). Pursuit trials consisted of ramps and step ramps of cation measurements, data after the occurrence of detected saccades
stant velocity targets moving at 15°/s along the horizontal meridian\vere excluded from analysis as well as the saccades themselves. Once
either direction. The location of the step varied between 2 and Bftlividual eye-velocity records were obtained, the computer program
along the horizontal meridian in either hemifield. Thus for pursugtalculated average smooth eye velocity by aligning the traces with
trials, there were 10 possible conditions. A step location either at 2r@spect to target motion onset and calculating the mean and SD of the
5° in the contralateral hemifield and a subsequent ipsiversive or

contraversive target motion (4 conditions), or a step location of 2 orBLE 1. SC injection sites, volumes, and concentrations

5° in the ipsilateral hemifield and a subsequent contraversive &t

ipsiversive direction of target motion (4). Finally, ramp trials werenjection Site in SC, ° g/l pl ©g
those in which the target motion originated at primary position and

moved at a constant speed either ipsiversively or contraversively (2). 1 1.0 3 0.5 15
2 2.4 3 0.3 0.9
. 3 0.2 1 1.0 1.0
Data analysis 4 1.0 5 0.4 20
. . . . 5 1.2 5 0.2 1.0
Voltage signals proportional to the horizontal and vertical compo- 6 20 1 02 02
nents of eye position were filtered (6 pole Besses dB at 240 Hz) 7 3.4 1 0.2 0.2
and then digitized at a resolution of 16 bits and sampled at 1 kHz. The g 8.8 1 0.2 0.2

data were saved on disk for subsequent off-line analysis. An interae
tive computer program was then used to filter, display, and measursc, superior colliculus.
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eye v_elocity for each_millisecond _of da_ta. Measurements of the daj_iathe visual field. To verify that we were stimulating at the
resulting from experiments manipulating pursuit speed or pursyistral SC locations that have previously been shown to alter

maintenance, or during the muscimol experiments, were made on g?fccades, we first determined the effect on saccadic eye move-

velocity traces in which each millisecond of the trace marked as o - .
saccadic velocity was excluded from the calculation of the avera%é'ms made to large target steps (10-15°). Ipsiversive saccades

smooth eye-velocity traces. These traces were defined as desaccife® suppressed completely and typically for the duration of
eye-velocity traces. For data passing normality tests ruigmaStat the stimulus train (Fig. &). Contraversive saccades (Figs)2
we used Studentstest for statistical analysis; otherwise, we used th@/€re also suppressed somewhat, and frequently small con-

Mann-Whitney rank sum test. tralateral saccades intruded during the stimulation. As the
stimulation site in the SC was moved further from the foveal
RESULTS representation, stimulation was less effective in suppressing
. I large saccades, even large ipsilateral saccades and more fre-
Electrical activation of the rostral SC quently evoked small contralateral saccades (not shown).

SACCADES AND PURSUIT INITIATION. In two monkeys, we elec- These results are consistent with those reported previously
trically stimulated the SC at rostral sites within the central §®.g., Munoz and Wurtz 1993) and serve to confirm the loca-

ipsiversive contraversive
A E
eye
p05|ton stim
L | L |
-100 * 100 300 500 -100 100 300 500
target step o FIG. 2. Rostral SC stimulation affects sac-
[_g cades and pursuit. All traces are aligned on
B F © the onset of the target step or ramp (up ar-
- row). Monkeys made saccades to the target
eve steps and a combination of saccades and pur-
y suit to the target ramps. The black bar indi-
cates the onset and duration of the electrical
stimulation and the thick lines are traces with
— stimulation. Dashed traces @, D, G,andH
-100 * 100 300 500 -100 100 300 500 are SD of the control triald.eft trials during
pursuit or saccades in the hemifield ipsilateral

to the site of the stimulated SRight traces
from contraversive trials.A: eye-position
traces in response to target steps of 15°.
eye-position traces in response to target
ramps of 15°/sC: average eye-velocity traces
from a subset of the trials with saccades re-
moved (seemeTHoDS). D: traces inC are
expanded to show the 1st 200 ms of data
beginning at the time of the onset of the target
motion and the electrical stimulation. The
traces have been truncated at the time of the
first saccade. Horizontal dashed lines indicate
0°/s. Arrow inH identified the trace obtained
with electrical stimulation of the SC. The
stimulation site was the same for saccades
A and pursuit.

average eye
velocity
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~
= il e s B
\,\,\M/\,A/ﬁ/v
e )
0 100 200

Time (ms) Time (ms)



896 M. A. BASSO, R. J. KRAUZLIS, AND R. H. WURTZ

tion of our stimulating electrode within the rostral pole of thenoving in the ipsilateral hemifield are suppressed with elec-
SC map. trical stimulation of the rostral SC, whereas smooth-pursuit eye
During pursuit initiation, when the target ramped away froomovements to targets moving in the contralateral hemifield
the fovea and the monkeys were required to track the targgfow little effect.
with a combination of smooth-pursuit and saccadic eye move-we performed a number of experiments that individually
ments, electrical stimulation of the rostral SC dramaticalyemonstrate a contribution of SC neuronal activity to smooth-
reduced the smooth-pursuit response. As in the case of SGrsuit eye movements and collectively suggest that the signal
cades, the reduction was strongest when pursuit was direglggqyced by the SC and used by the pursuit system is a position
into the ipsilateral hemifield (Fig.B). During contraversive signal. In Fig. 3, we present a schematic diagram that repre-

pursuit, the stimulation had little effect on pursuit but frel_jsents a framework for describing the relation of the site of
gg)ently evoked small, contraversive, catch-up saccades (éﬁmulation within the SC to the effect on the direction of

To reveal the dynamics of the pursuit response, we exa ursuit. For example, if electrical stimulation is applied to the

ined pursuit eye-velocity traces (Fig. Z—H). Ipsiversive C at a site representing a position of 1.5°, as measured by the

initial pursuit velocity and ipsiversive maintained pursuit ve€Voked saccade amplitude, we would expect that when the

locity were both reduced with stimulation (FigCR One factor motion signal (from the target) and the SC position signal
that might explain the reduction of ipsiversive pursuit velocitflom the stimulation) are in the same direction, pursuit eye
during stimulation is the suppression of the usual catch-U| _Iocny should either be ungffected or it should be enhanced
saccades, resulting in pursuit of an eccentric target, which H&ég- 3, rightward eye-velocity traces). In contrast, when the
been shown to be slower than pursuit of centrally locatégC stimulation and the target motion signal are opposite,
targets (Lisberger and Westbrook 1985). To eliminate thig!rsuit eye velocity should be reduced (Fig. 3, leftward eye-
confounding factor, we restricted our analysis of pursuit v&elocity traces). Two points are important to note. First, the
locity to the initial 100 ms of the pursuit response becausdfects should be asymmetric—position steps in the direction
pursuit is not influenced by feedback during the 100 ms period motion do not facilitate pursuit as much as position steps in
before the eye starts to move. Therefore no visual feedbdble opposite direction reduce it (Carl and Gellman 1987; Mor-
signals or catch-up saccades can contribute to this 100 ms operand Lisberger 1987). Second, the magnitude of the reduc-
loop period of the pursuit response (see Figure 1 Lisbergertien and facilitation will depend on the magnitude of the
al. 1987). For ipsiversive pursuit during the open loop perigabsition signal that is imposed—within limits, larger steps
(Fig. 2D, shaded region), eye velocity was reduced, ruling oproduce greater changes in pursuit (Carl and Gellman 1987;
an interpretation based on suppression of catch-up saccadesris and Lisberger 1987). Therefore in the following exper-
and parafoveal pursuit. Contraversive velocity records algoents we compare the effects of stimulation of the SC at
revealed a small but consistent effect on eye velocity (F&. Aifferent locations in the SC map while monkeys make
and expanded traces id). The SC stimulation slightly in- smooth-pursuit eye movements in both directions. We also
creased the initial velocity (Fig.H2, shaded region) prior to the manipulate stimulation timing and target speed as well as
initiation of the first saccade. examine the effects of SC stimulation during maintained pur-
Thus in general, smooth-pursuit eye movements to targstst.

A left SC  right SC ”?i

FIG. 3. A schematic representation of
what might be expected if the SC stimula-
tion generates a position signal that interacts
with the visual motion stimulus to drive the
pursuit response. IA\, the ovals represent
the SC map showing an example electrical
stimulation site of the right SC evoking a

L target velocity 2.0° leftward saccade. IB, the vertical line
¥

indicates degrees of visual angle with nega-
tive values indicating leftward positions rep-
resented in the right SC. The gray bar indi-
cates the onset and duration of the SC
stimulation and is plotted to represent the
SC location. The effects on pursuit are rep-
resented by the position traces with the thick
lines indicating stimulated trials and thin
lines indicating control trials. Upward traces
are rightward eye movements. With a visual
target moving 20°/s leftward (dotted line
beginning at “target onset”) and stimulation
of a 2.0° leftward site in the SC, we would
expect to modestly speed up leftward pur-
suit. In contrast, rightward pursuit would be
expected to slow down (se&suLTy. In C,
the same example is provided but plotted in
the velocity domain. Conventions are the
I [ same as irB.
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EFFECTS OF STIMULATION AT DIFFERENT SC LOCATIONS. Com- appeared to occur later in the initial open-loop period of the
paring the eye-velocity responses with and without electriceye-velocity responses. Therefore to quantify the data across
stimulation at different sites within the SC revealed a depegur sample of stimulation sites, we divided the first 100 ms of
dence on the SC site stimulated (Fig. 4). For a site at the vaiyrsuit eye velocity into two separate intervals, a first and
rostral end of the SC, which virtually never evoked saccadé&gcond 50 ms. We plotted the difference in the average eye
pursuit eye velocity was slightly reduced during ipsiversivéPeed of the stimulation and no-stimulation trials as a function
pursuit and unaffected during contraversive pursuit (Figh 4,0f SC stimulation site (Fig. 5). Negative values indicate a
andE). For a stimulation site slightly more caudal (Fig.Bl, reduction of eye velocity with stimulation. We did this for both
andF), ipsiversive pursuit velocity was reduced more dramalitervals as well as for both directions of pursuit. The SC site
ically, whereas contraversive pursuit velocity was not. For\4as determined by the average saccade amplitude evoked by
stimulating electrode even more caudal (FigC4andG) that ~ Stimulation while the monkey fixated straight ahead with no
evoked very small saccades during fixation, there was a red¥iual stimulus present. In general, stimulation reduced ipsi-
tion of ipsiversive pursuit eye velocity and a modest increaseV&rsive pursuit velocity for most sites tested. The number of
contraversive pursuit. A site further caudal, which evoked diatistically significant points was higher in the second 50-ms
average a 4° saccade, produced no pursuit effect in eitfeierval of the pursuit response (compare FigA®ndC). For
direction (Fig. 4,D andH). contraversive pursuit, by about 1° in amplitude, velocity was
As is suggested by Figs. 2 and 4, the stimulation effecé§affected although for a couple of cases beyond the 1° site,
pursuit velocity was increased (Fig. B,and D). Similar to
ipsiversive pursuit, the number of statistically significant points

ipsiversive contraversive occurred more frequently in the second 50 ms interval of the
contraversive pursuit response.
> < Note in Fig. 5 that for a few sites close to the fovea

ipsiversive pursuit velocity increased with stimulation as indi-
cated by the points above the line in Figc fand see example

A in Fig. 6A). One possibility for this result is that the signal
generated by the stimulation reflects the tuning of the under-
lying neurons within the rostral SC that had unusual properties;

0.0 deg some neurons increase their discharge rates for in response to

SC site targets located slightly ipsilateral to the fovea (Krauzlis et al.

1997c, 2000). Preferential activation of these ipsilateral neu-

400 0 100 200 300 400 100 O 100 200 300 400 rons can explain the modest increases in ipsiversive velocity
seen occasionally. Stimulation of these sites close to the foveal
B F representation also frequently suppressed contraversive pursuit

eye velocity across the sample of sites (FiB).5
To confirm quantitatively the dependence of the stimulation

0.2deg
SC site

effects on SC site, we performed a two-way ANOVA compar-
ing SC stimulation and no-stimulation conditions with the
location of the stimulating electrode on the SC map. For this

- -
-100 0 100 200 300 400 100 O 100 200 300 400 analysis, we were only interested in the interaction term,
C G namely, the comparison of eye velocity with and without SC

0.8 deg
SC site

stimulation across SC location. We did one ANOVA for each
direction of pursuit. For ipsiversive pursuit there was a signif-
icant interaction between the stimulation condition and the
location on the SC mapf (1,14) = 7.65; P < 0.001]. For

contraversive pursuit, the differences failed to reach signifi-

4100 0 100 200 300 400  -100 O 100 200 300 400 cance {(1’14) =127p :.0'22]'. . . .
Thus the effect of SC stimulation on pursuit varied with the
D H location of the stimulation within the SC with more rostral sites

4.0 deg
SC site

5 deg/s

producing more effective inhibition of ipsiversive pursuit.

EFFECTS OF SC STIMULATION TIMING ON PURSUIT. As just de-
scribed, the effects on pursuit frequently differed depending on
whenin the initial 100 ms of open loop pursuit the eye speed

T — T was measured. Specifically, the effect was largely restricted to
-100 0 100 200 300 400 100 0 100 200 300 400 the later 50 ms of the open loop period (compare Fig &nd
Time (ms) Time (ms)

C andB andD).

Fic. 4. Stimulation of different locations in the SC affects pursuit initiation 1 his difference in the stimulation effect between the two
differently. Average eye velocity in response to target motion ramping awagitervals of pursuit initiation may reflect the known differences
from the fovea at 15°/s is plotted as a function of time. All trials have begp ear|y and late phases of pursuit initiation (e.g. Lisberger and
truncated at the time of the 1st saccade. Thick lines, traces from stimulati . . !
trials; thin lines, traces from trials without stimulatidreft pursuit responses we.StbrOOk 1985)' Altematlve.ly the _dlfferences may reflect the
ipsiversive to the SC stimulation sitRight contraversive. Horizontal dashed timing delays for the SC stimulation to reach the smooth-

lines indicate 0°/s. pursuit pathways. To distinguish between these two possibili-
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ipsiversive contraversive

. Fic. 5. Effects of rostral SC stimulation across
first 50ms the sample of stimulation sites. The difference in
5 eye speed between the stimulated and unstimu-
A 27, B lated trials (°/s) is plotted as a function of the site
of stimulation for the sample of 19 stimulation
1 ® 1 . sites. The data are taken from pursuit ramp trials
Q with any portion of the eye velocity containing
oo saccades omitted by truncating the trace at the time
0 ———ofy —————————————- 0 ___Q_% _____ o of the 1st saccade. The 1st 100 ms of the stimu-
SoRe 85 © (} ) o) lation trace during presaccadic pursuit—the open-
loop period—was subtracted millisecond by mil-
-1 lisecond from the same time period of the no-
® stimulation trace. We then took the average
difference for 2 intervals; a 1st 50-ms interval after
the onset of target motiorA(and B) and a 2nd
50-ms interval C andD). Closed symbols indicate
statistically significant differences between stimu-
lation and no-stimulation trials (seRETHODS).
Missing symbols result from components of the
pursuit response that are missing such as would
occur during a saccadeeft the difference in eye
velocity between the stimulation and no-stimula-
tion trials is plotted for ramps ipsiversive to the
site of SC stimulation 4 and C). Right the dif-
o _ ference in eye velocity between stimulation and
no-stimulation trials is plotted for ramps contra-
-2 1 o o0 -2 ° versive to the site of SC stimulatiof8 (and D).
[ ° . . . N
-4 ° ° -4 Points falling along the d_asheq line |nd|cate_ no
difference between the stimulation and no-stimu-
lation conditions. Negative values indicate pursuit
-8 g -8 eye speed was suppressed and positive values in-
0 1 2 3 4 5 0 1 2 3 4 5 dicate eye speed was increased by the stimulation.

SC site (deg) SC site (deg)

-2 . ! 2
0 1 2 3 4 5 0 1 2 3 4 5

second 50ms

p<0.05@®
D p>0.05 O

Difference in average eye speed (stim - control deg/s)

ties, we manipulated the interval between the onset of the 8iferences were statistically significant across the sample of
stimulation and the onset of the target motion. In one conditiol¥ sites P < 0.017).

we presented the 400 ms train of SC stimulation simultaneousThus the effects of SC stimulation on pursuit initiation are
with the onset of target motion, examples of which we haweot restricted to the later 50-ms phase of pursuit initiation,
already presented. In the second condition, we presented deenonstrating that the effects of stimulation are not a result of
onset of the SC stimulation train 100 ms before the onset of tthee known differences in the early and late phases of pursuit
target motion. In both conditions, we compared only the ipdsinitiation phases (e.g., Lisberger and Westbrook 1985) but
versive eye velocity with and without stimulation at differenmore likely result from the time it takes for the stimulation
SC sites because of the larger and more reliable effects effects to enter the smooth-pursuit pathways. Moreover the
ipsiversive pursuit eye velocity (Fig. 6). When stimulatiomesults demonstrate that the signal generated by the SC has
preceded target motion onset, the pursuit effects were evidantess to the initial portion of pursuit.

immediately when the pursuit response was initiated (Fig.
left). When the stimulation occurred simultaneously with th
onset of target motion, the effects were delayed, as alre

SHMULATION OF SC AT DIFFERENT PURSUIT SPEEDS. Up to this
int, we have presented the results of SC stimulation on

. . S ; rsuit eye movements of a single speed (15°/s). Past experi-
demonstrated .(F|g. Gight). .Th's dlfferencoe was particularly ments demonstrate that the pursuit system responds differently
evident at a site representing about 0.8° amplitude (comp%

Fig. 6,C andG) etarget perturbations depending on the speed of pursuit. For
This effect was evident across our sample of 14 sites. Vﬁxample, by imposing small changes In the speed of @ moving

the mean :_:}[nd stantldar_ctj qeﬁﬁt'ort'. of tlh?. first lO(?t_ms of 'Cﬁ)‘:’;]\/%r'eed perturbations increased as the target speed increased.
sive pursuit eye velocily in the stimuiation condition and thegg, 4, hations had a dramatically smaller effect during fixation
subtracting, millisecond by millisecond, the no-stimulation veg - during pursuit. Similarly, Komatsu and Wurtz (1989)
locity trace for each site. We considered the onset of th@mgnstrated that the effect of electrical stimulation of middle

stimulation effect as the time when the difference traG@mporal/medial superior temporal (MT/MST) depended on
changed from the mean eye-velocity trace in the no-stimulatigie speed of pursuit and was not influential during fixation.

condition by two standard deviations for at least 5 ms. Wheghth sets of results were interpreted as acting on the visual
the stimulation onset preceded the onset of the target motionihput to the pursuit system, which, in the case of the stimula-
100 ms, the median latency of pursuit onset was 36 ms. In thén, was subsequently combined with the information ob-

simultaneous stimulation and target motion condition, the mgined from the speed of the moving visual target. We tested
dian latency of the effect of SC stimulation was 61 ms. Thes¢hether the effects of SC stimulation also depended on pursuit
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ipsiversive ipsiversive differences between the 2 and 15°/s conditions. The differences
for contraversive pursuit across the sample of sites failed to
reach significance [Kruskal-Walligl = 7.308 (3);P = 0.063]

for any of the speeds despite the tendency for the stimulation
100 ms oms to have a greater effect on faster pursuit speeds. This finding is
consistent with both behavioral and stimulation experiments in
that greater effects are seen for faster speeds, indicating that the

A SC stimulation interacts with the visual inputs for pursuit eye
0.0 deg movements.

SC site The dependence of the stimulation effects on speed varied
I o 0 00 with the site of the stimulation of the SC map. For example, a

stimulation site close to the fovea tended to have greater effects
on faster speeds than slower speeds. The effects at this site also
tended to occur sooner for the faster speeds of target motion
[Fig. 8A; t(19) = 15.93; P < 0.001]. Similarly, this site
reliably, albeit very modestly, increased contraversive pursuit
at the slowest spee® (= not significant) and reduced ipsiver-

400 0 100 200 30 40 00 0 100 200 300 400 sive pursuit at the highest speed but only at a later pursuit
period [Fig. &; t(36) = —2.098;P = 0.04]. Additionally, the
effects of stimulation at sites further from the fovea differed. A
site evoking a saccade amplitude of 0.2° suppressed pursuit
maximally for both directions of pursuit at the fastest speed

B

0.2 deg
SC site

CcC

0.8d
sc sleige [ipsilateralt(84) = 3.73;P < 0.001 and contralater#(96) =
—— —4.023;P < 0.001] and was slightly better at suppressing the

A0 0 100 200 300 40 00 0 100 200 300 400 slower speed than the 0° site (Fid3)8 Finally, a stimulation
site of 4.0° had a negligible effect on pursuit except for a

1A

ipsiversive

4.0 deg
SC site

5 deg/s

e e e — —
400 0 100 200 300 400 100 0 100 200 300 400
Time (ms) Time (ms)

S N » O ©
L L s L
<4

Fic. 6. Effects of SC stimulation are evident in the early phase of pursuit
initiation. A-D: representative examples of pursuit eye velocity with (thick
lined traces) and without (thin lined traces) rostral SC stimulation beginning
100 msbeforethe onset of target motion. All target motions are directed
ipsiversively. E-H: trials when the stimulation and target motion onset oc-
curred simultaneously. All trials have been truncated at the time of the 1st
saccade. Thick lines, traces from stimulation trials; thin lines, traces from trials
without stimulation. Horizontal dashed lines indicate 0°/s.

1
N
ABLWMO
<4 XIONm
XKoo @ X
4 © PO

speed to determine whether the SC signal could be combined
with the visual input to the pursuit system.

At 15 stimulation sites, we varied the target speed among 2,
5, 10, and 15°/s and measured the effects of SC stimulation on
the pursuit responses. To determine the influence of pursuit
speed, we plotted the difference in eye speed during the stim-
ulation and no-stimulation conditions against target speed for
each of the 15 stimulation sites (Fig. 7). The eye speed used for
the calculation was the second 50 ms of the open-loop pursuit o
response. During this period of the pursuit response, the effect -4 a
of SC stimulation depended on pursuit eye speed for many of
the sites tested. Across the sample of stimulation sites, indi-
cated by different symbols in Fig. 7, the difference in eye speed -8
becomes increasingly negative as the speed increases, indicat- 0 5 10 15
ing that the suppression of pursuit eye speed was greater for Target speed (deg/s)
faster speeds. Across the sample, there were significant differ-
ences between the eye speeds in the stimulation and no-stinis: 7. SC stimulation effects are dependent on target speed. The differ-

; I i ; ; K . encein eye speed between the stimulation and no-stimulation trials for the 2nd
ulation conditions for ipsiversive pursuit [Kruskal-Wallls; 50 ms of the open-loop pursuit period is plotted as a function of target speed

_7-8_29(3); P = 0.050]. The pairwisg comparisons (Dunn's}or each site of stimulation. Negative values indicate that pursuit speed was
indicated that the statistical significance resulted from theduced in the stimulation trials compared with the no-stimulation trials.

|B

contraversive

Difference in eye speed (deg/s)

< >

< mxn

RHRKXO®
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ipsiversive contraversive effects of stimulation depended on the location of the stimu-
lation on the SC map with maximal effects seen at locations
representing target positions just slightly off the fovea. Taken
togetherthese results support the hypothesis that the SC provides
a signal that can influence smooth-pursuit ey@vements.

SC STIMULATION AND PURSUIT MAINTENANCE. Stimulation of

> <o

A the rostral SC affected the monkeys’ ability to maintain

¥ . smooth-pursuit eye movements as well as to initiate them (Fig.
0.0 deg 157s 2C). Therefore we specifically tested the effects of rostral SC
SC site

stimulation on maintained pursuit by presenting 300 ms trains
————————— 5°/s of stimulation at 600 ms after the onset of target motion. By
o o e e oo 600 ms, the initial catch up saccades, if any, had already
occurred, and in most cases, pursuit attained a constant velocity
approaching that of the target (as illustrated in Fig. 1). The
effects on maintained pursuit with rostral SC stimulation mir-
rored the effects seen for pursuit initiation. For example, at a
site close to the fovea, stimulation of the SC resulted in
suppression of maintained pursuit at 15°/s ipsiversively (Fig.

B

 —  —— 9A). For this site, contraversive pursuit was suppressed also
700000 2030 40 000 100200300400 (Fig. 9B). We tested the effects of SC stimulation on pursuit
C eye velocity maintained at 5°/s as well and found that for most

cases the trend was similar (not shown).

To quantify the effects of the SC stimulation across our
sample of 15 sites, we calculated the difference in eye speed
between the stimulation and the no-stimulation conditions for
a 200 ms interval beginning 100 ms after the onset of the SC
A0 0 100 200 30 400 71000 100 200 300 400 stimulus train. We then plotted this difference for ipsiversive
and contraversive pursuit directions at two speeds, 5 and 15°/s,

0.8 deg
SC site

o — as a function of SC stimulation site (Fig. 10). Most of these
sites were within 1° of the foveal representation, and many
‘;ggi‘fg suppressed maintained pursuit in both directions. Some sites

resulted in a slight facilitation of contraversive pursuit (Fig.
108, filled circles above dashed line). However, the predomi-

[

o0 0 100 200 300 400 00 0 100 200 300 400 nant effect was a reduction in the average pursuit eye speed.
Time (ms) Time (ms) In sum, like the effects on pursuit initiation, maintained

FIG. 8. Stimulation of the SC affects pursuit at different speeds. nglrsun was .reduced in both dlrect|pns a.nd W.as greater for
speeds, 5 and 15°/s, with and without SC stimulation are superimpost@Ster pursuit speeds when the stimulation site in the SC
Portions of the eye-velocity traces containing saccades have been removedtigggesented small locations ipsilateral to the pursuit target

METHODS). Thick lines are traces from stimulation trials and thin lines are traceposition, very close to the fovea. Indeed, there were occasional

from trials without stimulationLeft pursuit responses ipsiversive to the SG~reases in contralateral pursuit as well
stimulation site.Right contraversive. Horizontal dashed lines indicate 0°/s. )
Note that the same stimulation site and parameters had different effectsSh STIMULATION AND THE VOR. We next tested whether rostral

pursuit depending on the speed of target motion. SC stimulation affected smooth eye movements simply be-
se the stimulation affected all smooth eye movements or

modest effect on the later phase of the 15°/s ipsiversive pur ecause the effects of stimulation were specific for smooth-

(ipsilateral and contralaterdP, = not significant).
Finally, as a correlate to the behavioral experiments where ipsiversive contraversive

speed perturbations were imposed during both pursuit and

fixation, we tried to stimulate the SC during fixation to see if

we could evoke smooth-pursuit eye movements under similar

conditions. At sites where stimulation affected both saccades A

and pursuit, presentation of electrical stimulation during fixa-

tion never evoked a smooth-pursuit response, even at currents

exceeding threshold for producing effects on saccades (not ;s

shown). e
In summary, the effects of SC stimulation depend on the o 200 400 600 80 1000 0 200 400 600 800 1000

speed of pursuit, consistent with the SC stimulation affecting Time (ms) Time (ms)

the visual processing stages of smooth pursuit rather than latefc. 9. Stimulation of the SC influences maintained smooth pursuit. Aver-

stages of the pursuit pathway. The effects are not exclusivelye eye-velocity traces are shown for stimulation and no-stimulation trials for

motor either since electrical stimulation of the SC did ndgsiversive #) and contraversiveB) directions of pursuit. Portions of the

. . . eye-velocity traces containing saccades have been removedi§seens).
evoke smooth-pursuit eye movements during fixation such AR black bars indicate the onset and duration of the SC stimulation. Hori-

seen in the frontal eye field smooth-pursuit region (Gottlieb géntal dashed lines indicate 0°/s. Thick lined traces, with stimulation; thin
al. 1993). Additionally, as seen with a single target speed, tlived traces, without stimulation.

10 deg/s
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difference between the 2 traces. This was
done for both speeds of pursuit, 5 and 15°/s,

0 &% ——— 0 '———%%a ——————————— o~ R .
% (o1 o as well as both directions of pursuit. We then
%

ipsiversive 5 deg/ contraversive
eg/s
21 A 2B
0 1 11 FiG. 10. Effects of stimulation on main-
4 ? tained pursuit for all sites. The difference in
i 01 S LJe) average eye speed with and without stimula-
[ T 5 } L tion is plotted for 16 sites of SC stimulation
T é) site in 2 monkeys. The arrangement of this
8 1] § figure is the same as in Fig. 4. Points falling
'z [) -1 along the dashed line indicate no difference
.§ * between the 2 conditions. Points falling be-
A 2 2 low the line indicate suppression and points
T falling above the line indicate facilitation of
g’_ 0 1 2 3 4 5 0 1 2 3 4 5 maintained pursuit. We quantified the main-
4 tained pursuit effects by calculating the dif-
g 15 deg/s ference between the stimulation and the no-
g 6 - 6 - p<005 @ stimulation eye-velocity traces millisecond
4 C D p>0.05 O by millisecond for a 20 ms interval begin-
o 4 4 ning 100 ms after the onset of the SC stim-
® ulus train. The duration of the SC stimulation
£ 5 2 was 300 ms. We then calculated the average
]
£
o

2 | ¢ 2 | [ plotted the difference in the average eye
é speed as a function of the location of the site
-4 -4 é of stimulation within the SC.
-6 - -6 "
1 2 3 4 5 0 1 2 3 4 5
SC site (deg) SC site (deg)

pursuit eye movements. We did this by comparing the effeatsthin the intermediate and deep layers. Despite this, it is
of stimulation during smooth eye movements evoked by hepdssible that the effects on pursuit resulted from activation of
rotations—the vestibular-ocular reflex (VOR)—to the effectthe overlying visual neurons within the superficial layers of the
of stimulation obtained during smooth-pursuit eye movementsC as well. The significance of stimulating the superficial
For pursuit in these experiments, we presented monkeys withagher than the intermediate layers is particularly important
target moving sinusoidally at 0.4 Hz and a peak-to-peak amjecause it is known that cortical areas encoding visual motion
plitude of 20°. To generate the VOR, monkeys fixated straighfgnals project directly to the SC superficial layers (Ungerlei-
ahead in the dark while the chair was rotated sinusoidally at Qjdr et al. 1984) and that superficial layer visual neurons them-
Hz with a peak-to-peak amplitude of 20°. On interleaved trialgelves convey motion signals (Davidson and Bender 1991).
SC stimulation was introduced for 400 ms beginning during the To explicitly test the hypothesis that the pursuit effects
phase in which the ipsiversive and contraversive eye velociysylted from activation of the overlying visual neurons in the
was maximal. Stimulation within the SC during sinusoidasc, we measured smooth-pursuit eye movements in response
pursuit when the peak eye velocity was maximal in the diregg target ramps of 15°/s in two conditions. In the first condition,
tion ipsilateral to the stimulation suppressed smooth-pursyionkeys pursued a moving target, and on interleaved trials, we
eye velocity (Fig. 1A; note that when the velocity trace begingresented a train of stimulation to the intermediate layers of the
to turn downward, this reflects the time when the eye velociyc at sites where saccades could be affected at low thresholds.
peaks and then declines indicating the turn around of thig¢the second condition, we moved the electrode dorsally, into
sinusoidal movement). At the same SC site and stimulatighe superficial layers, confirmed that the electrode was located
conditions but during the VOR, there was only a modest effegfthin the same region of the visual field representation by
on smooth eye velocity (Fig. B). There were no effects onrecording multiunit activity, and then interleaved stimulation
contraversive pursuit or VOR at this site (not shown). Acroggials using the same parameters. In both conditions, the stim-
our sample of seven sites, six showed significantly differegfation was presented simultaneously with the onset of the
effects of stimulation in the ipsiversive sinusoidal pursuit angrget motion.

VOR conditions (Fig. 1C). Thus the effects of electrical Comparing smooth-pursuit eye speed with and without stim-
stimulation differ for pursuit and VOR eye movements anfjation of the SC in a single penetration revealed different
argue against the possibility that the SC stimulation is a genegigects on the eye movement depending on whether the stim-
inhibitory signal that affects all smooth eye movements simifation occurred within the superficial layers or the intermedi-
larly. ate and deep layers of the SC (Fig. 12). Stimulation of the
STIMULATION OF SUPERFICIAL SC LAYERS. Since our sites of superficial layers of the SC at a site very close to the repre-
stimulation in the SC were at locations where low-threshokkntation of the fovea, increased ipsiversive pursuit speed (Fig.
stimuli evoked saccades, it seems likely that the pursuit effedt2A, top lef), whereas contraversive pursuit was relatively
resulted from activation of the premotor neuronal elementmaffected (Fig. 18, top right). In marked contrast, stimula-
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A differences in eye speed between stimulation in the intermedi-
ate and deep layers compared with the superficial layers. For
contraversive pursuit, seven of the eight sites were significantly
different in the two conditions. Thus the pursuit effects we
ipsiversive pursuit report cannot be explained by the activation of superficial layer
—————————————— i visual neurons.

SC stimulation

Muscimol inactivation of the SC

In contrast to electrical stimulation, which activates the
underlying neuronal elements, muscimol injections should re-

ipsiversive VOR ﬁn
) ) g
SC stimulation S superficial layers
w
500 ms )
superficial layers g
2
g’ | I
© -100 0 100 200 300 -100 0 100 200 300
S C
4 Y
8
£ 3 ipsiversive contraversive
i3 [ ]
2 -2 1
3 ® int/ deep layers
g 14 * 0.05
° - o p<0.
@ int/ deep layers
=0
2]
= [ J
2 1 . . , I |
g 1 0 A 2 3 4 -100 0 100 200 300 -100 0 100 200 300
o
§ Difference in VOR eye velocity (stim-control deg/s) B ¢
[
o 41
Fic. 11. Differential effects of SC stimulation on vestibular-ocular re- 2] ipsiversive
flex (VOR) in the dark and sinusoidal pursui: eye velocity during 0 ? 9
sinusoidal smooth pursuit (0.4 Hz, 20° peak-to-peak amplitude) ipsiversive l
to the site of SC stimulation is plotted with and without stimulati&n. 2
ipsiversive eye velocity in response to whole body passive rotation in the .
dark (0.4 Hz, 20° peak-to-peak amplitude). Thick lined traces, with stim- i
ulation; thin lined traces, without stimulation. Saccades have been removed 6
(seemeTHODS) Horizontal dashed lines indicate 0°/s. Filled bars indicate
the duration of the SC stimulatio®: the average difference in ipsiversive O superficial

pursuit eye velocity between stimulation and no-stimulation trials mea-

sured over the 150-ms interval of SC stimulation beginning 100 ms after
the onset of the stimulation is plotted against the average eye velocity over
the same interval during VOR. Six of the 7 cases had significantly different

effects of stimulation between pursuit and VOR. In all cases, the VOR

effect was smaller. For this example case, there was a statistically signif-
icant difference in eye velocity with SC stimulatioR & 0.014). None of

the other 6 cases was statistically significant.

@ intermediate

2 E contraversive
Y A A S
tion right below this site in the intermediate and deep layers
suppressed pursuit eye speed in both directions (Fig\, 12 °
bottom). Thus for this site, the effect of superficial layer stim-
ulation on ipsiversive pursuit wagppositethat seen for the
same direction of pursuit with intermediate and deep layerric. 12. Differential effects of intermediate and superficial layer stimula-

stimulation, and there was no effect on contraversive pursfigf of the rostral SC on pursuit eye velocith pursuit eye velocity with
. . -~ . Stimulation (thick lined traces) and without stimulation (thin lined traces) for
with stimulation of the superficial layers.

h . ) . . . both directions of pursuit. The filled bars indicate the duration of the SC
We replicated this experiment at eight sites in two monkeggmulation.Top traces are with intermediate layer stimulatiottom traces
and found similar effects in all cases. We plotted the differeneee with superficial layer stimulatio: the average eye speed in the 2nd 50

in eye speed between the stimulation and no-stimulation cdpg of pursuit initiation is plotted as a function of SC stimulation siep.

i ; ; ; s iversive pursuitpottom contraversive pursuit. Eight of 8 ipsiversive cases
ditions for each of the palred sites, one in the SUperfICIal Iayéf?z?d significantly different effects on the eye movement between the superficial

and one in the intermediate and deep layers (Fi@)1Eor anqg intermediate layer stimulation. Seven of 8 cases differed significantly in
ipsiversive pursuit, all eight sites had statistically significanite contraversive direction.

Difference in eye speed (stim - control deg/s)
o .

00 05 10 15 20 25 30
SC location (deg)
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duce the activity of the underlying neurons and produce opp@vithin 5 min), a static fixation offset into the ipsilateral
site behavioral effects. Therefore if the signal generated by ®€mifield developed (see also Hikosaka and Wurtz 1983).

neuronal activity is used by the smooth-pursuit system, Wgrsuir. We made eight unilateral SC injections in two mon-
expect unilateral inactivation of the SC to produce a reducggdys. Seven of the injections were between 0.2° and 3.5° sites.
smooth eye velocity when the pursuit target is located withi§pe injection was made at an 8.8° site (see Table 1). Eye-
the region of visual space represented by the inactivated par{,focity traces before and after a single muscimol injection into
the SC (Fig. 13). To determine this, we inactivated the SC whilge rostral SC are shown in Fig. 14 and reflect a typical finding.
monkeys performed smooth-pursuit eye movementsaith di- For contraversive pursuit initiation, reduced eye velocity was
rections. For these experiments, we switched to the step-ragiyerved, sometimes even when the target started slightly in
paradigm so that we could independently assess the intefgfs ipsilateral hemifield (Fig. 13). For large steps into the
tions between the location of the target step and the directipijjateral visual field, pursuit was frequently enhanced (Fig.
of target motion with the location of the SC map mactlvatech:‘":)' In contrast, an injection made more caudally had no
saccapes. As we did with electrical stimulation, we first effect and an injection made in the superficial layers had effects
confirmed that our muscimol injections affected saccade gesf-the opposite sign (not shown).

eration as has been reported previously (e.g., Aizawa andro quantify the effects of inactivation of smooth-pursuit eye
Wurtz 1998; Quaia et al. 1998). To do this, we interleaved withovements, we measured pursuit eye velocity in the second 50
the pursuit trials target step trials with stimuli located at 2, $ns of the initial 100 ms, open-loop pursuit response. We made
10, and 20° along the horizontal meridian in both hemifieldbis measurement before and after the injections of muscimol
and measured the saccades made to the target steps beforaaddglotted the average eye speed after the injection against the
after the injections. We observed effects on saccades similaaterage eye speed before the injection. We divided the data
those reported previously. First, contralateral saccades wpgents into four categories corresponding to the four plots in
hypometric, had reduced velocities and increased latenciEgy. 15. The categories were: data in which the target stepped
Second, for many sites, even though the injection was centenetd the contralateral hemifield and moved contraversively
on a site evoking a 1° saccade with stimulation, saccades(Biy. 154), data in which the target stepped into the contralat-
large as 10° were affected by the muscimol. Third, in somezal hemifield and moved ipsiversively (Fig. B data in
cases, ipsilateral saccades occurred with a slightly shortenich the target stepped into the ipsilateral hemifield and
latency (data not shown). Finally, shortly after the injectiomoved ipsiversively (Fig. 16), and data in which the target

target velocity | \

15,
2 B 15,C ot —
5 Ve veloci
2101 eye velocity
=10 target position * 10
P N eye position 8
o} 9
2 57 ' 3
(o) o 51
5 o
© o)
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Fic. 13. A schematic representation of what would be expected of pursuit if the signal generated in the SC were removed with
muscimol.A: the ovals represent the SC map showing an example injection site in the right SC where stimulation would evoke a
2.0° leftward saccade. This is a schematic injection and does not indicate the actual spread of muscimol, particularly since injections
centered on this location affected saccades as large as 1(Res@agy). B: the vertical line indicates the degrees of visual angle
with negative values indicating leftward positions represented in the right SC. The effect on pursuit is represented by the position
traces; thick lines, eye position expected after the injection; thin lines, the eye position before the injection. Upward traces are
rightward eye movements. With a visual target moving 20°/s leftward (dotted line beginning at “target onset”) and inactivation of
2.0° leftward site in the SC, we would expect to slow down leftward pursuit. In contrast, rightward pursuit would remain
unchangedC: the same example is provided but in the velocity domain. The conventions are the sant as in
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5 2 0 2 5 5 2 0 2 5 point in the contralateral-contraversive condition falls above
the line, indicating that the eye speed was enhanced (FA). 15
(<<« > Additionally, in the ipsilateral-ipsiversive condition one point,
o , which was statistically significant, falls below the line, indi-
Ipsiversive contraversive cating pursuit eye speed was reduced. These points come from
muscimol the same injection that was made slightly more dorsal to the
A T F “ site influencing saccades. This result may have occurred due to
f inactivation of superficial layer neurons. Second, in the con-
-Sdegstep  wwwwetooo tralateral-ipsiversive plot (Fig. B, there is one statistically
significant point above the unity line, indicating pursuit eye
B “‘"\‘ """" G speed was enhanced. This injection site was centered on a
> doq st ﬁ location very close to the fovea (0.2°) and may reflect an
-2degstep 00000 oo

inactivation of neurons coding slightly ipsilateral target loca-
tions, tuning that is seen in some rostral SC neurons (Krauzlis
C ‘t" H et al. 1997c, 2000). Alternatively, since the injection site was
0 deg step /ﬁ _________ so close to zero and the step location was Iarge for this point,
the result may reflect a disinhibition of SC locatidreyondhe
D | inactivated region (Munoz and Istvan 1998). Finally, there are
"""""" two statistically significant points falling below the unity line
2 deg step _‘jﬁ{/’:_ in the ipsilateral-contraversive plot (Fig. D} demonstrat!ng
that pursuit eye speed was reduced. Both of these points are
» from two different cases in the condition in which the target
E J [?; step was 2°. With the static fixation offset resulting from the
T
(o}

""’K;;;;" injection averaged across trials, the target step was actually
5 deg step

_________ located at 1° ipsilateral. Except for the fact that the target

T N e A would soon be in the contralateral hemifield, it is unclear why
0 200 400 600 0 200 400 600 this resulted in a reduction in pursuit eye speed.
Time (ms) Time (ms) In sum, after inactivation of the rostral SC, contraversive
FiG. 14. Muscimol inactivation of the SC influences smooth pursuit. THRUrSUit is reduced and ipsiversive pursuit is frequently en-
schematic depicts the location of the target onset and direction of tardg@nced. For most points, the location of the target step was a
motion. Negative values indicate target steps into the ipsilateral hemifield apétter predictor of the pursuit deficit than was the direction of
ey ases e b oo, s e oo e o TS An injection made more dorsally ncreasing the like-
Left ‘ipsyiversive z)lursuit velocitiescighjt: confraversive éye veIocities.JThe thood of affectl_ng superficial |,ayer n_eurons’ affected pU!’SU'It in
traces were truncated at the time of saccade occurrence. Horizontal dashd@ianner predicted by the stimulation results namely, ipsiver-
lines indicate 0°/s. sive pursuit wassuppressedand contraversive pursuit was
enhancedFinally, an injection located in the more peripheral
stepped into the ipsilateral hemifield and moved contravegpresentation was ineffective at influencing pursuit eye move-
sively (Fig. 19). This allowed us to determine whether thenents, also consistent with the stimulation results and indicat-
effects of rostral SC inactivation depended on the direction ipig that the inactivation is not a nonspecific effect of reduced
pursuit or the location of the target step, similar to but n@C activity. Inactivation of the rostral SC influences pursuit in
identical to, the directional and retinotopic distinctions found manner opposite the effects resulting from electrical stimu-
with MT and MST lesions (e.g., Dateler and Wurtz 1988; lation, namely pursuit in the ipsilateral hemifield is reduced
Dursteler et al. 1987). with electrical stimulation and pursuit in the contralateral
The reduction of pursuit eye velocity when monkeys trackdtemifield is occasionally enhanced with electrical stimulation.
a target moving in the contralateral hemifield was evident ifhus we conclude that the activity of the rostral SC influences
virtually every case (Fig. 1&). Furthermore many of the smooth-pursuit eye movements.
injections (not in the example case shown) revealed that eye
speed was enhanced during ipsiversive pursuit (FigZ)15 DISCUSSION
suggestive of a directional deficit in smooth-pursuit eye move-
ments. However, comparing the cases when the target steppetihe results of our experiments demonstrate that the rostral
into the contralateral hemifield and moved ipsiversively re&sC influences smooth-pursuit eye movements. Activation of
vealed a trend toward a reduction in pursuit eye speed, inthe rostral SC with electrical stimulation modifies pursuit in a
cating that step location was important (Fig.Bl5When the manner similar to that for saccades (Fig. 2). Such stimulation
target stepped into the ipsilateral hemifield and moved contr@duces smooth-pursuit eye velocity ipsilateral to the site of
versively, a trend toward enhanced pursuit eye speed vgisnulation and in some cases, also contralateral. Depending on
evident (Fig. 1®). In sum, these results suggest that directiathe site of the stimulation, contraversive smooth eye velocity
and location are both affected by SC inactivation. However, tla¢so could be slightly enhanced. We demonstrated a number of
direct comparison of both variables reveals a dominant effestimulation effects: the stimulation effects vary with the loca-
from the location of the step (cf. Fig. 1B, andD). tion of the stimulation on the SC map with most rostral sites
There are a few points in the plots inconsistent with thatroducing the most effective suppression of ipsiversive pursuit
interpretation; however, consideration of additional facts r¢Figs. 4 and 5); the effects can occur immediately with the
veals most are consistent. First, one statistically significammiset of pursuit (Figs. 6); pursuit eye movements are more
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| contralateral step | contralateral step
10 {1 contraversive pursuit 10 { ipsiversive pursuit

for the ramp condition when the target mo-
tion began at the fovea. The data are taken
from 7 injections in 2 monkeys. The injec-
tion site at 8.8° on the SC map is not indi-
cated.A andC: data from ipsiversive pursuit
trials; B andD: data from contraversive pur-
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affected as pursuit speed increases and are not evokedphysuit of targets moving in the ipsiversive direction, activation
stimulation during fixation (Figs. 7 and 8); the stimulatiorf the rostral SC slows pursuit of moving targets just as such
effects are evident for both pursuit initiation and maintenane@mulation suppresses saccades to ipsilateral stationary targets.
(Figs. 9 and 10); the effects are not due to a generalizgflcontrast, for pursuit of targets moving in the contraversive
suppression because smooth eye movements evoked by hgasttion, activation of the rostral SC either increases pursuit
rotations are largely unaffected (Fig. 11); and it is the intekpeed or has little effect just as such stimulation has less effect
mediate and deep layers of the SC that are responsible for §i¢ saccades made to large, contralateral stationary targets.
effects since superficial layer stimulation had either the opp@shen the SC is inactivated by muscimol injections, the results
site or no effect on pursuit (Fig. 12). In contrast to the stimiyge |argely opposite the stimulation results for both pursuit and
lation, reduction in the activity of the rostral SC by injection o§5ccades. Inactivation of the rostral SC leaves pursuit of ipsi-
muscimol affects pursuit in an opposite manner; such injegarsjve targets unaffected or speeds it. Saccades to stationary,
tions reduce contraversive pursuit velocity and ipsiversive pygsilateral targets are largely unaffected or occur with a slightly
suit velocity is frequently enhanced (Figs. 14 and 15). ThegBorter latency (see also, Aizawa and Wurtz 1998; Quaia et al.
resu_lts _of activating and |r_1qct|vat|ng the neurons in t_he YOStffdags), Inactivation decreases pursuit speed to contraversive
SC indicate that the activity of SC neurons contributes {grgets and small, contralateral saccades are hypometric. Our
smooth-pursuit eye movements. Moreover the results are c@gneriments show that activation and inactivation have oppo-
sistent with the interpretation that the SC _prowdes a positife effects on pursuit, that these effects are different for
signal that can be used to drive the pursuit response. ipsiversive and contraversive movements, and that the type of
The relationship of the results to the predictions of thghange is similar for both pursuit and saccades. Thus the
position signal hypothesis outlined in the previous paper is NQirrent results provide evidence that the activity in rostral SC
always obvious so we will consider the relationship in severgfiyences pursuit comparable to the previous evidence that this
steps. First, we will compare the effects of the rostral Sfegion influences saccades. Moreover these results suggest that
alterations on pursuit with those we obtained for saccadesi two types of eye movements are influenced by the same
compare the deficits'of 'ghe pursuit system to those of .tigf-gna| coded by rostral SC neurons.
saccadic system, which is known to be driven by positionThe pature of the activity in the rostral SC fixation neurons
signals. Next we will consider the extent to which the results ghs peen proposed to signal attentive fixation (Munoz and
the pursuit experiments fit with the position signal hypothesigyyrtz 1993a,b). The tonic activity of rostral neurons during
Finally, we consider the possibility that the signal we argxation, the pause in activity of these neurons during saccades,
altering in the SC is a motion signal rather than a positigle suppression of saccadic eye movements with electrical

signal. stimulation, and the shorter latency of large saccadic eye
movements resulting from temporary inactivation of these neu-
Pursuit and saccade effects are similar rons support that interpretation. Our results on pursuit are very

similar to those for saccades, and it is therefore possible that

The first indication that effects on pursuit result from S@he effects we see on pursuit result from a general signal that
activity related to position is the similarity of activation andacts to suppress eye movements—pursuit as well as saccades—

inactivation of the rostral SC on pursuit and saccades. Famd produce fixation. In the present experiments, when the
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stimulation was as close to the representation of 0° eccentrictyO ms of presentation of the target motion. For example, a
on the SC map as was possible, we also found suppressiornanfiet would initially step to the left and then ramp to the right
pursuit and saccades both ipsiversively and contraversivedy.constant velocity. At different times during the presentation
We think this activity reflects small target positions adjacent wf the constant velocity target motion the target position was
the fovea as described in our previous papers (Krauzlis et e@hanged either forward in the direction of ongoing target
1997, 2000) rather than a static fixation command for threeotion or backward, opposite the direction of ongoing target
reasons. First, despite a suppression of pursuit in both dir@eetion. When the target stepped forward, pursuit was initiated
tions, the effects were asymmetrical—stimulation reliably supvith a slightly higher velocity than when no target step was
pressed ipsiversive pursuit more than contraversive pursygitesented. In contrast, when the target stepped backward, pur-
Second, for some stimulation sites where fixation neurossit was initiated with a much slower eye velocity relative to
could be recorded, stimulation suppressed ipsiversive saccaithesno step condition.

and pursuit but facilitated contraversive pursuit, albeit mod- A number of our results with SC manipulation are consistent
estly. Thus one stimulation site both increased and decreaseth the interpretation that the stimulation is acting to impose
pursuit. Third, smooth eye movements produced by head eslight contralateral visual position error that influences the
tations were largely unaffected by rostral SC stimulation, preesponse of the pursuit system. First, neurons in the rostral SC
cluding the interpretation that these neurons code a signalat@ tuned for small contralateral target positions in both their
fixate or to suppresall eye movements. It is important to notevisual and premotor responses (Krauzlis et al. 1997, 2000).
therefore that we interpret the present pursuit result and tS8econd, we obtained different effects of SC stimulation at
previous saccade result in the same fashion. Specifically, tfiferent locations on the map where different target positions
stimulation mimics a small, contralateral target position signate located. For example, sites very close to the fovea sup-
that interacts with the actual visual target. Thus during a 1pfessed pursuit bilaterally but the effects were always greater
eccentric ipsiversive saccade, or during pursuit of a tarder ipsiversive than contraversive pursuit. This is consistent
moving at 15°/s, stimulation of the rostral SC representingveith imposing a small contralateral position signal producing a
small, contralateral target provides a position signal in thmackward position error for both directions of pursuit but a
direction opposite the one indicated by the visual stimulus afatger backward error for ipsiversive pursuit and thus a larger

results in a reduced or suppressed movement. slowing of eye velocity. A site slightly further caudal, repre-
senting a slightly more contralateral position signal, suppressed
SC provides a position signal for pursuit only ipsiversive pursuit, consistent with providing a large

backward position error for ipsiversive pursuit and no net

Since the SC has long been known to provide a positigosition error for contraversive pursuit.
signal for the saccadic system, the most likely interpretation ofIn humans, position offsets created with retinal afterimages
the effects of electrical stimulation and reversible inactivatiotaninitiate pursuit (Heywood and Churcher 1971, 1972; Pola
of the rostral SC on pursuit eye movements is that it affectsaad Wyatt 1980), whereas in monkeys, position offsets alone
position signal that is used by the pursuit system. We shall fieste less likely to initiate pursuit (Morris and Lisberger 1987).
describe the behavioral effects of imposed position signals @ur observations are consistent with this since stimulation of
pursuit and then describe how we think the results of otlie SC during fixation either evoked small saccades or failed to
experiments are consistent with this interpretation. evoke any response. We were never able to initiate smooth

The smooth-pursuit response is generated primarily by yaursuit with stimulation of the rostral SC during fixation. This
sual motion signals (see for review Lisberger et al. 1987% in contrast to the findings in cat in which SC stimulation may
There is evidence in both humans (Barnes and Asselman 1982pke smooth eye movements (Missal et al. 1996; but see also
Barnes et al. 1987; Carl and Gellman 1987; Heywood amteznen and Gnadt 1997). Moreover, Segraves and Goldberg
Churcher 1971, 1972; Pola and Wyatt 1980) and monke{994) demonstrated that position signals as large as 3° can
(Krauzlis and Miles 1996; Morris and Lisberger 1987; Sednfluence pursuit and we obtained maximal effects on pursuit
raves and Goldberg 1994) that smooth-pursuit eye movemewithin this region of the SC map. Although we did not sys-
are also influenced by visual position signals. For example, tiematically test sites further caudal on the map, one site where
humans, stepping a target to either side of the fovea creating/@ injected muscimol at 8° failed to influence our step-ramp
small offset of the target with respect to the fovea results @onfiguration of pursuit trials.
changes in smooth eye velocity in the direction of the targetFinally, the results of our muscimol injections are also
displacement (Pola and Wyatt 1980). Similarly, in monkeyspnsistent with the position signal hypothesis. For example,
during open-loop pursuit of a stabilized image, small steps when the target was stepped into the contralateral hemifield, in
the direction of target motion producing a static displacemestiep-ramp pursuit trials, pursuit was suppressed in both direc-
of the target relative to the fovea result in slight increases fions. This demonstrates that the effects of the SC stimulation
smooth eye velocity. Similarly stepping the target in the direon pursuit is less influenced by the direction of pursuit but
tion opposite the ongoing target motion results in large deather mostly depends on the location of the target step.
creases in smooth eye velocity (Morris and Lisberger 1987). Indeed the idea that a position signal is used to drive a

Whereas these results in monkeys demonstrate the use pliesuit response is not new. A number of models of the pursuit
position signal duringnaintainedpursuit of a stabilized image, system incorporate a position-error signal as a drive for the
recently position signals were shown to influence pursuit dysursuit system (see Lisberger et al. 1987; Pola and Wyatt 1980).
ing initiation in monkeys as well (for similar experiments inMore recent models of oculomotor control haweorporated
humans, see also Carl and Gellman 1987; Krauzlis and Milesth the position-error signal and the idea that the SC was
1996). During step-ramp target motion, small perturbations providing the position-error signal necessary to drive both
target position were imposed at different times during the firstpes of movements (Cova and Galiana 1995; \uafect al.
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1994). Our single neuron evidence, that the neurons are tunieth experiments are still acting on a visual motion signal but
for small positions of a visual target close to the fovea (Krauthat motion signal is in the intermediate and deep layers of the
lis et al. 1997, 2000), and the stimulation effects on pursuit &C. This possibility is relevant because recent experiments
well as the inactivation of these neurons resulting in pursiiaive shown that neurons in the intermediate and deep layers of
deficits lend significant support to the hypothesis that thke SC can, with extensive training in a visual motion discrim-
rostral SC is involved in pursuit and that the SC providesination task, display responses to motion and directional tuning
position signal that assists in the drive for smooth-pursuit eydorwitz and Newsome 1999). If we were altering a visual

movements. motion signal in the intermediate and deep layers, then we
should get the same effects with stimulation as those seen in
Motion signal in SC? MT and MST where the neurons are clearly related to the

direction and speed of motion. We see the opposite. In MT/

We think that the effects of activation and inactivation ar®IST stimulation of the foveal region leads to atrease in
consistent with a role for the SC in smooth-pursuit eye movassiversivepursuit speed (Komatsu and Wurtz 1989), whereas
ments based on a position signal conveyed by neurons in the find that stimulation of the rostral SC leads tdexrease in
rostral SC (Krauzlis et al. 1997c, 2000). However, it is stilpsiversivepursuit speed. Similarly, inactivation of foveal MT/
possible that our experiments alter a visual motion signal, aMET leads to a decrease in pursuit speed to ipsiversive targets
there are several ways in which this might come about.  (Dursteler and Wurtz 1988), but we frequently obtained an

First, the manipulation of the rostral SC may be efficaciouscrease in ipsiversive pursuit. These observations make it
on pursuit due to the anatomical proximity and connectionslikely that the effects of activation and inactivation of the
(Biuttner-Ennever et al. 1996) with the nucleus of the optic trapbstral SC are the result of altering the processing of motion
(NOT), a structure intimately involved in smooth eye-movenformation.
ment generation (Schiff et al. 1988, 1990). Our results cannotThe role played by these neurons in pursuit seems to be
be explained by this possibility for a number of reasons. Firgimilar to that played in saccades; they convey a position rather
stimulation of NOT produces ipsiversive slow eye movementsan a motion signal. This position signal used by both the
while the monkey fixates, consistent with its role in generatirgaccadic and pursuit systems might reflect a mechanism for
the slow phase of optokinetic nystagmus (Schiff et al. 1988nodulating the gain of pursuit eye movements seen with sac-
We were never able to evoke smooth eye movements with stioadic eye movements (Lisberger 1998). Alternatively, and
ulation of the SC while the monkey was maintaining fixatiorsince we demonstrated that the signal is independent of the
Second, stimulation of NOT produces ipsivergigsuit (Schiff actual movement made, this position signal might reflect a
et al. 1988)while the effects of SC stimulation typically producemechanism for selecting visual targets to serve as common
the opposite, auppressiorof ipsiversive pursuit. Third, musci- goals for these two eye-movement systems (Krauzlis and Stone
mol inactivation of NOT impairs ipsiversivemooth eye move- 1999; Krauzlis et al. 1997c). Increasing the activity of the
ments (Schiff et al. 1990), whereas muscimol inactivation @eurons results in biasing both the saccadic and pursuit systems
the SC,impairs contraversivesmooth pursuit. Fourth, NOT toward the location of target represented by the stimulation.
inactivation very rapidly (within 5 min) produces nystagmuSimilarly, reducing the activity of the neurons biases the two
with contralateral slow phases (Schiff et al. 1990), whereas,ége movement systems away from the target location repre-
our experiments, if nystagmus developed it occurred typicalbented by the zone of inactivation. Finally it is worth noting,
30-45 min after an injection, consistent with diffusion intahat for the activation or inactivation of the brain areas we have
NOT. Thus our results are not at all consistent with the inteconsidered, the effects fall into two categories depending on
pretation that the effects result from invasion of NOT. whether the area carries a position or a motion signal. The

A second possible way in which our experimental alteratiordfects of altering these areas are so different that they might be
in neuronal activity might reflect changes in motion signalseful for diagnosis of damage in the oculomotor pathways, at
processing is by altering the activity of superficial layer neudeast in the cortex and upper brain stem. If the error conveyed
rons. The superficial layers of the SC are known to receiby a region is one of position, the deficit will be greater for
inputs from visual cortical areas where the neurons are cleanypvement to theontralateral fieldfor either saccades or for
related to the direction and speed of target motion as well asgorsuit guided by position. If the signal conveyed by an area is
pursuit eye movements such as MT and MST (Boussaoud etaie for motion, the deficit will be greater for movement in the
1992; Ungerleider et al. 1984). Moreover neurons in the sipsiversive directionPursuit may show a deficit in either the
perficial layers show an effect of relative motion (Davidsonontralateral field or the ipsiversive direction depending on the
and Bender 1991), and this may explain the results we obtairggnal used or compromised by damage.
on pursuit.When we tested the hypothesis that the visual super-
ficial layers were responsible for the effects on pursuisbg- We thank our colleagues at the Laboratory of Sensorimotor Research for

ulating the superficial layers directly, we found that this effegbmments on the manuscript. Additionally, we thank T. Ruffner and N.

on pursuit was opposite to the stimulation of the intermediatéchols for machine shop assistance, J. McClurkin for data analysis software,

and deep layers. Furthermore our one muscimol Imection K e e s oDy

cated mo.re dorsally, perhaps mactwa‘ung the superficial Iayéi)gstic RadiologyJResearchpat the National Institutes of Health forthg magnegtic

preferentially, also had opposite effects to those seen af?@gonance images.

inactivation of intermediate and deep layer neurons. Therefore

we are confident that the effects on pursuit with manipulation

of the intermediate and deep layer SC neurons in our expetEFERENCES
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