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Purpose: To determine whether visual inputs from the tectothalamocortical pathway influ-
ence three-dimensional motion processing within the lateral suprasylvian (LS) area of the cat.

Methods: Tungsten microelectrodes were used for recording visual-evoked potentials
(VEPs) from the LS area of 4 cats. Random dot stereograms were used as visual stimuli.
Three-dimensional, motion-triggered VEPs were recorded from the LS area. Each motion
sequence consisted of an abrupt onset of motion disparity with a 2° amplitude followed by an
abrupt offset and a stationary phase of 900 ms. The velocity of the motion disparity was var-
ied in eight steps from 10° to 400° per second. The onset of motion disparity was used as the
trigger for recording the VEPs. Single or multiple injections (two to three) of muscimol were
made mainly into the rostral superior colliculus (SC). The amplitudes of the VEPs before
and after the muscimol injection were compared.

Results: A large negative wave ( N1) with an implicit time of 92.7 = 13.5 ms (mean * SD, n =
98) was recorded consistently. The amplitude of N1 was significantly larger on stereovision
of motion disparity than on either binocular vision of two-dimensional lateral motion or mo-
nocular vision, indicating that N1 contains neurons sensitive to motion disparity. The ampli-
tude of N1 was not altered by muscimol injection into the SC at velocities =50°s. On the
other hand, the amplitude of N1 was reduced to 66—71% of that observed before muscimol
injection at velocities =75°s.

Conclusions: These findings suggest that the LS area processes three-dimensional motion
inputs via two parallel pathways, the geniculostriate pathway and the tectothalamocortical
pathway, at velocities of motion disparity =75°s, while the three-dimensional motion inputs
project to the LS area only via the geniculostriate pathway at velocities of motion disparity =
50°/s. Jpn J Ophthalmol 2001;45:475-481 © 2001 Japanese Ophthalmological Society
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stream). The middle temporal (MT) area in the
monkey is assumed to be an important neural sub-
strate for visual motion perception in the cerebral
cortex.!® In the cat, the lateral suprasylvian (LS) vi-
sual area is the region suggested to be functionally
analogous to the MT area of the monkey.""~1°

The LS area receives visual inputs from the genic-
ulostriate pathway and from the extrageniculate sys-
tem via the tectothalamocortical pathway.!'"8 The
tectothalamocortical pathway consists of projections
from the superior colliculus (SC) to the LS area

Introduction

Recent neurophysiological studies in monkeys and
humans suggest that two general information-pro-
cessing streams exist in the visual cortex.!™ The first
stream is considered to subserve form and color vi-
sion, to lie ventrally and to terminate in the temporal
lobe (temporal stream). The other stream is consid-
ered to be specialized for visual motion, to lie dor-
sally and to terminate in the parietal cortex (parietal
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through the pulvinar and the lateral posterior nu-
cleus of the thalamus.!'-?" Recently, we reported that
the LS area processes two-dimensional (2D) motion
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inputs via the tectothalamocortical pathway and the
geniculostriate pathway at velocities >75°/s.2! The
LS area, especially the postero-medial lateral supra-
sylvian cortex (PMLS), is also involved in three-
dimensional (3D) motion processing, and it is proba-
ble that the LS area receives 3D motion signals via
the geniculostriate pathway.”> However, whether the
tectothalamocortical pathway conveys 3D motion
signals to the LS area has not been determined.

In this study, using muscimol injections, we investi-
gated the effects of SC inhibition on the amplitudes of
the 3D motion-triggered visual evoked potentials
(3Dm-VEPs) within the LS area. We attempted to
clarify whether the visual inputs from the tec-
tothalamocortical pathway to the LS area influence 3D
motion processing in the LS area by investigating the
effects SC inhibition on the amplitude of 3Dm-VEPs.

Materials and Methods
Surgical Preparations

This study was conducted on 4 cats weighing 2.5-3.5
kg. Each cat was deeply anesthetized with 2-4% hal-
othane. After the trachea and saphenous veins were
cannulated, halothane anesthesia was replaced by ket-
amine hydrochloride (initial dose, 25 mg/kg, intramus-
cular [IM]) and a-chloralose (25 mg/kg, intravenous
[IV]). The animal was immobilized with pancuronium
bromide (initial dose, 0.1 mg/kg, IV) and artificially
ventilated. Thereafter, pancuronium bromide (0.05
mg/kg, IV) was administered every 60 minutes.

The head of the animal was placed in a stereotaxic
head-holder frame. Two small holes were drilled in
the parietal skull for the later insertion of microelec-
trodes and glass micropipettes into the LS area and
the SC. All incisions and pressure points were infil-
trated with 2% lidocaine hydrochloride. Rectal
temperature was maintained at 37.5°C using a feed-
back-controlled heating pad. During the experiment,
supplemental doses of ketamine hydrochloride (15
mg/kg, IM) and a-chloralose (10 mg/kg, IV) were ad-
ministered every 30 minutes. All experimental pro-
tocols were approved by the Sapporo Medical Uni-
versity Animal Care and Use Committee and
complied with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

Visual Stimuli

The pupils were dilated with topical phenylephrine
hydrochloride. In order to determine the relative po-
sition of the area centrales, retinal landmarks, such as
the optic discs and some major blood vessels, were
projected onto a tangent screen placed 57 cm in front
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of the animal using the tapetal reflection method.?®
The visual axes of the two eyes were optically ad-
justed to converge at the center of the tangent screen.
The adjustment of the visual axes was performed at
least several hours after the pancuronium bromide
application. Contact lenses were placed on both eyes
so that the eyes were focused on the screen.

Random dot stereograms (0.5° X 0.5X square, 20
cd/m?, 99.8% contrast, and stimulus size, 15° X 15°)
and a background random dot pattern (40° X 40°)
were projected onto the tangent screen (Figure 1).
The background random dot pattern and the random
dot stereograms for the right and left eyes were pro-
jected using three different slide projectors. The ste-
reograms for the right and left eyes were moved
rightward and leftward using two mirrors attached to
two galvanometers whose movements were con-
trolled by a microcomputer. To induce stereovision,
each eye was stimulated independently using polariz-
ing filters. Each motion sequence consisted of an
abrupt onset of approaching/receding motion from 0°
disparity with 2° amplitude followed by an abrupt off-
set and a stationary phase of 900 milliseconds (Figure
1). The velocity of the motion disparity was varied in
eight steps (10, 20, 50, 75, 100, 150, 200, and 400°/s).

Recording and Muscimol Injection

Tungsten microelectrodes, insulated with Isonel
31 (Nisshoku, Osaka), were used for recording the
visual evoked potentials. The electrodes were intro-
duced into the medial bank of the LS area at an an-
gle of 30° to 35° from the vertical axis in the coronal
plane and were positioned at stereotaxic coordinates
AO0 to Al, which is the area corresponding to the
PMLS.?* Activities from single neurons were initially
recorded, and the receptive field and directional se-
lectivity of each neuron were determined. In each
cat, a neuron that was selective for motion disparity
was found, and the tungsten electrode for recording
the VEPs was positioned at this point. VEPs were
then recorded. The onset of motion was used as the
trigger for recording 3Dm-VEPs. Potentials evoked
by either approaching or receding motion were aver-
aged depending on the motion selectivity of the neu-
ron in each cat. After amplification and with a band-
pass filter of 0.5 to 100 Hz, 128 epochs of 1-second
duration were averaged and digitized with a com-
puter at a sampling rate of 10 kHz.

The concentration of y-aminobutyric acid (GABA)
is high in the SC, and neurons are inhibited by mus-
cimol (GABA agonist).?>? In the previous study, we
demonstrated that the tectothalamocortical pathway
was blocked by muscimol injections into the SC.?!
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Figure 1. (A) Schematic diagram of system for recording
three-dimensional (3D) motion-triggered visual-evoked
potentials (VEPs). (B) Random dot stereograms (0.5° X
0.5° square, 20 cd/m?, 99.8% contrast, 15° X 15° stimulus
size) and background random dot pattern (40° X 40°) were
projected onto tangent screen positioned 57 cm in front of
animal. Electrodes were introduced into lateral supra-
sylvian area at angle of 30° to 35° from vertical axis in coro-
nal plane, and positioned at stereotaxic coordinates of A0
to Al. Saline solution of muscimol was injected stereotaxi-
cally into the superior colliculus along the vertical axis on
same side as recording side of VEPs. (B) Visual stimulus
paradigm. Each motion sequence consisted of abrupt onset
of motion in depth whose amplitude was 2° followed by
abrupt offset and stationary phase of 900 milliseconds. Ve-
locity of motion disparity was varied in eight steps (10, 20,
50, 75, 100, 150, 200, and 400°/s). Duty cycle (motion phase/
stationary phase) was 10%, irrespective of velocity of mo-
tion disparity. The onset of motion was used as trigger for
recording 3D motion-triggered visual-evoked potentials.

Glass micropipettes, filled with 1 pg/pL of musci-
mol (Sigma, St. Louis, MO, USA) in saline, were in-
troduced stereotaxically into the SC along the verti-
cal axis. The projection from the SC to the LS area is
exclusively ipsilateral.”’?° However, the LS area also
receives projections from the contralateral LS area.'®
Therefore, the SC on both sides were inhibited by
muscimol. The injection sites were stained with fast
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green for later identification. Before muscimol injec-
tions, the receptive field was recorded at the injec-
tion site using glass micropipettes. Single or multiple
injections (2-3) of muscimol, spaced 0.25-0.5 mm
apart, were performed within the region of the SC
that corresponds to the area of the representation of
the visual field compatible with the receptive field
location at the recording site. The total amount of
muscimol injected ranged from 0.3 to 0.6 p.L. In the
controls, 0.3-0.6 L of saline was injected into the
SC to demonstrate the lack of an effect.

Data Analysis and Histological Processing

We evaluated the amplitudes and implicit times of
the positive and negative peaks of the VEPs for each
stimulus velocity before and after muscimol injection
into the SC. Evoked potentials were recorded 6-8
times for each stimulus velocity in each animal. The
amplitudes of the VEPs before and after muscimol
injection were compared by two-way repeated-mea-
sures analysis of variance.

After the experiments, the animals were deeply
anesthetized with pentobarbital sodium and per-
fused transcardially. Two liters of physiological sa-
line were infused, followed by 2 L of fixative solution
containing 10% paraformaldehyde and 1% glutaral-
dehyde in 0.1 M phosphate buffer (pH 7.4). Follow-
ing perfusion, the brains were exposed, blocked in
the stereotaxic plane, placed in 0.1 M phosphate
buffer containing 30% sucrose, and kept in a refrig-
erator overnight. The brains were then sectioned
into 100-pm serial coronal sections using a freezing
microtome and collected in compartmentalized
trays. The sections were then mounted on gelatin-
coated slides and stained with neutral red.

Each section was examined by light microscopy
using both low- and high-magnification under bright-
field illumination. The distribution of the injection
sites of muscimol was plotted on sheets of paper with
the aid of a drawing tube attached to the microscope.

Results

Single neuronal activities were initially recorded,
and activity from a single neuron that was associated
with motion disparity was identified in each cat. The
receptive fields of four neurons in the 4 cats were lo-
cated in the lower quadrant of the visual field on the
side contralateral to the recording side with sizes
ranging from 15° to 30° in width (Figure 2). Visual-
evoked potentials were recorded from the point
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Figure 2. Receptive fields of four neurons at recording
sites in 4 cats. Receptive fields were located on lower
quadrant of visual field on side contralateral to recording
side, with sizes ranging from 15° to 30° in width.

where the single neuronal activity was recorded in
each cat. The pattern of the VEPs recorded was es-
sentially the same for the 4 cats and was dependent
on the velocity of motion disparity. Figure 3 shows
examples of 3Dm-VEPs for various stimulus veloci-
ties in 1 cat. A large negative wave was recorded
consistently for stimuli of approaching motion but
not for that of receding motion. This wave was desig-
nated as N1.

In the following experiments, the parameters of
N1 evoked by approaching motion were analyzed.
The mean implicit time of N1 was 92.7 = 13.5 ms
(mean = SD, n = 98).

Figure 4 shows the relationship between the veloc-
ity of motion disparity and the mean amplitude of
N1 in the 4 cats for each stimulus velocity under
three visual conditions: stereovision, binocular vision
of 2D lateral motion, and monocular vision. The am-
plitude of N1 changed with the velocity of motion
disparity; it increased as the velocity of motion dis-
parity increased up to velocities of 200°s, but was
fairly constant at velocities >200°s. The amplitude
of N1 was significantly larger under conditions of
stereoscopic vision than under either binocular vi-
sion of 2D lateral motion or monocular vision. These
characteristics of N1 were consistent for all the trials
for the four cats. The amplitude under conditions of
binocular vision of 2D lateral motion decreased to
65.9-83.2% of that under conditions of stereovision.
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Figure 3. Examples of motion-triggered visual-evoked po-
tentials for various stimulus velocities in 1 cat (cat 203) before
and after muscimol injection. Large negative wave was
recorded consistently and was designated as N1 (arrow).

Muscimol (1 pg/pL saline solution) was injected
stereotaxically into the SC, and the injection sites in
the 4 cats are shown in Figure 5. For all the cats, mus-
cimol was injected into the SC at stereotaxic coordi-
nates Al-A3, and the effects of muscimol on the am-
plitude of N1 was essentially the same. Figure 3B
shows examples of VEPs after muscimol injection.
The mean implicit time of N1 after muscimol injection
was 89.15 + 23.26 ms (mean = SD, n = 183) which
was not significantly different from the value before
the muscimol injection. The waveforms were also sim-
ilar before and after the injection. The mean ampli-
tudes of N1 in the 4 cats for each stimulus velocity be-
fore and after muscimol injection are shown in Figure
6. The amplitude was significantly reduced following
the muscimol injection to 66-71% of that before the
injection for velocities =75°s. On the other hand, the
amplitude of N1 remained unchanged following mus-
cimol injection at velocities =50%s.

Discussion

The amplitude of N1 was significantly larger under
conditions of stereovision than under those of binoc-
ular vision of 2D lateral motion or monocular vision
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Figure 4. Relationship between velocity of motion dispar-
ity and mean amplitude of large negative wave in 4 cats un-
der conditions of stereovision (O), binocular vision of lat-
eral motion (®) and monocular vision (*) for each stimulus
velocity. Error bars represent standard deviations.

(Figure 4). These findings indicate that N1 repre-
sents neuronal activities related to 3D motion pro-
cessing in the LS area, and that 3D motion process-
ing in the LS area is independent of visual inputs
from the tectothalamocortical pathway at relatively
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slow velocities <50°/s (Figure 6). On the other hand,
the visual inputs from the tectothalamocortical path-
way to the LS area contribute partially to 3D-motion
processing at velocities =75%s (Figure 6). In our
study, N1 was observed consistently for stimuli of
approaching movement but not for that of receding
movements. Neurons in the PMLS have also been
reported to respond preferentially to approaching
motion,”” and our results are compatible with the
neuronal responses in the PMLS.

Previous studies have shown that disparity-sensi-
tive cells are found in the superficial layers of the
SC.3%31 Among the binocular cells in the SC, 65%
were found to be sensitive to spatial disparities. Dis-
parity-sensitive cells were prominent in the SC as
well as in the PMLS. These cells may project visual
inputs to the LS area via the tectothalamocortical
pathway.!'-!8 Our previous study also demonstrated
that visual inputs via the tectothalamocortical path-
way to the LS area contribute partially to 2D motion
processing at velocities =75°s. Toyama et al?* re-
ported that many neurons in the LS area, particu-
larly those in the PMLS, respond preferentially to
2D motion, 3D motion, or both, and that neurons in
the PMLS had broad velocity tuning. The tec-
tothalamocortical pathway contributes to the broad
velocity tuning of PMLS neurons by conveying high-
velocity motion signals to the PMLS for both 2D and
3D motion processing, although the geniculostriate
pathway is the main pathway for conveying visual
motion signals.
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Figure 5. Drawings of serial coronal sections through superior colliculus in stereotaxic plane showing locations of muscimol
injections in 4 cats. Solid black region represents extent of fast green staining. Bar = 5 mm.
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Figure 6. Relationship between velocity of motion disparity
and mean amplitude of large negative wave in 4 cats before
(O) and after muscimol injection () for each stimulus ve-
locity. Error bars represent standard deviations. *P < .01.

The results of previous studies have suggested
that the PMLS is also associated with the control of
accommodation and vergence eye movements.>3
Visual motion signals may be involved in providing
motor commands of accommodation and vergence
in the PMLS. The accommodation and vergence ar-
eas in the PMLS send heavy projections to the
SC.183¢ Recent studies suggest that the SC plays an
important role in the control of accommodation and
vergence in the brainstem.’**" Therefore, it is prob-
able that the functional linkage between the PMLS
and SC is involved not only in visual motion pro-
cessing but also in the control of accommodation
and vergence.

This work was supported by a Grant-in-Aid for Scientific Research
from the Japanese Ministry of Education, Science, Sports and Cul-
ture (04771362).

References

1. Zeki SM. Functional organization of a visual area in the pos-
terior bank of the superior temporal sulcus of the rhesus mon-
key. J Physiol (Lond) 1974;236:549-73.

2. Van Essen DC, Anderson CH, Felleman DIJ. Information
processing in the primate visual system: an integrated systems
perspective. Science 1992;255:419-23.

3. Zeki S, Watson JDG, Lueck CJ, Friston KJ, Kennard C,
Frackowiak RSJ. A direct demonstration of functional spe-
cialization in human visual cortex. J Neurosci 1991;11:641-9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Jpn J Ophthalmol
Vol 45: 475-481, 2001

. Watson JDG, Myers R, Frankwiak RSJ, et al. Area V5 of the

human brain: evidence from a combined study using positron
emission tomography and magnetic resonance imaging. Cereb
Cortex 1993;3:79-94.

. Tootell RBH, Dale AM, Sereno MI, Malach R. New images

from human visual cortex. Trends Neurosci 1996;19:481-9.

. Livingstone MS, Hubel DH. Psychophysical evidence for sep-

arate channels for the perception of form, color, movement,
and depth. J Neurosci 1987;7:3416-68.

. Payne BR. Evidence for visual cortical area homologs in cat

and macaque monkey. Cereb Cortex 1993;3:1-25.

. Spear PD, Baumann TP. Receptive-field characteristics of

single neurons in lateral suprasylvian visual area of the cat. J
Neurophysiol 1975;38:1403-20.

. Toyama K, Komatsu Y, Kasai H, Fujii K, Umetani K. Re-

sponsiveness of Clare-Bishop neurons to visual cues associ-
ated with motion of a visual stimulus in three-dimensional
space. Vision Res 1985;25:407-14.

Gizzi MS, Katz E, Schumer RA, Movshon JA. Selectivity for
orientation and direction of motion of single neurons in cat
striate and extrastriate visual cortex. J Neurophysiol
1990;63:1529-43.

Altman J, Carpenter MB. Fiber projections of the superior
colliculus in the cat. ] Comp Neurol 1961;116:157-78.

Heath CJ, Jones EG. The anatomical organization of the su-
prasylvian gyrus of the cat. Ergeb Anat Entwicklungsgesch
1971;45:1-64.

Kennedy H, Baleydier C. Direct projections from thalamic in-
tralaminar nuclei to extra-striate visual cortex in the cat traced
with horseradish peroxidase. Exp Brain Res 1977;28:133-9.

Hughes HC. Thalamic afferents to two visual areas in the lat-
eral suprasylvian sulcus of the cat. Anat Rec 1978;190:426-7.

Kawamura S, Fukushima N, Hattori S, Kudo M. Laminar seg-
regation of cells of origin of ascending projections from the
superficial layers of the superior colliculus in the cat. Brain
Res 1980;184:486-90.

Sherk H. Location and connections of visual cortical areas in
the cat’s suprasylvian sulcus. J Comp Neurol 1986;247:1-31.

Lowenstein PR, Somogyi P. Synaptic organization of cortico-
cortical connections from the primary visual cortex to the pos-
teromedial lateral suprasylvian visual area in the cat. J Comp
Neurol 1991;310:253-66.

Maekawa H, Ohtsuka K. Afferent and efferent connections of
the cortical accommodation area in the cat. Neurosci Res
1993;17:315-23.

Berson DM, Graybiel AM. Parallel thalamic zones in the LP-
pulvinar complex of the cat identified by their afferent and ef-
ferent connections. Brain Res 1978;147:139-48.

Berson DM, Graybiel AM. Organization of the striate-recipi-
ent zone of the cat’s lateralis posterior-pulvinar complex and
its relations with the geniculostriate system. Neuroscience
1983;9:337-72.

Ogino T, Ohtsuka K. Effects of superior colliculus inhibition
on visual motion processing in the lateral suprasylvian visual
area of the cat. Invest Ophthalmol Vis Sci 2000;41:955-60.

Toyama K, Fujii K, Umetani K. Functional differentiation be-
tween the anterior and posterior Clare-Bishop cortex of the
cat. Exp Brain Res 1990;81:221-33.

Pettigrew JD, Cooper ML, Blasdel GG. Improved use of
tapetal reflection for eye-position monitoring. Invest Oph-
thalmol Vis Sci 1979;18:490-5.

Palmer LA, Rosenquist AC, Tusa RJ. The retinotopic organi-
zation of lateral suprasylvian visual areas in the cat. J] Comp
Neurol 1978;177:237-56.



K. OHTSUKA AND T. OGINO
SC INHIBITION ON 3D MOTION PROCESSING

25.

26.

27.

28.

29.

30.

31.

32.

Araki M, McGeer PL, McGeer EG. Presumptive y-aminobu-
tyric acid pathways from the midbrain to the superior collicu-
lus studied by a combined horseradish peroxidase-y-aminobu-
tyric acid transaminase pharmacohistochemical method.
Neuroscience 1984;13:433-9.

Hikosaka O, Wurtz RH. Modification of saccadic eye move-
ments by GABA-related substances. 1. Effect of muscimol
and bicuculline in monkey superior colliculus. J Neurophysiol
1985;53:266-91.

Graybiel AM. Some extrageniculate visual pathways in the
cat. Invest Ophthalmol Vis Sci 1972;11:322-32.

Graham I. An autoradiographic study of the efferent connec-
tions of the superior colliculus in the cat. J Comp Neurol
1977;173:629-54.

Tong L, Kalil RE, Spear PD. Thalamic projections to visual
areas of the middle suprasylvian sulcus in the cat. J] Comp
Neurol 1982;212:103-17.

Berman N, Blakemore C, Cynader M. Binocular interaction in
the cat’s superior colliculus. J Physiol (Lond) 1975;246:595-615.

Bacon BA, Villemagne I, Bergeron A, Lepore F, Guillemot
I-P. Spatial disparity coding in the superior colliculus of the
cat. Exp Brain Res 1998;119:333-44.

Bando T, Tsukuda K, Yamamoto N, Maeda I, Tsukahara N.
Cortical neurons in and around the Clare-Bishop area related
with lens accommodation in the cat. Brain Res 1981;225:195-9.

33.

34.

35.

36.

37.

38.

39.

40.

481

Bando T, Yamamoto N, Tsukahara N. Cortical neurons re-
lated to lens accommodation in posterior lateral suprasylvian
area in cats. J Neurophysiol 1984;52:879-91.

Sawa M, Maekawa H, Ohtsuka K. Cortical area related to
lens accommodation in cat. Jpn J Ophthalmol 1992;36:371-9.

Toda H, Takagi M, Yoshizawa T, Bando T. Disjunctive eye
movement evoked by microstimulation in an extrastriate cor-
tical area of the cat. Neurosci Res 1991;12:300-6.

Ohtsuka K, Sato A. Descending projections from the cortical
accommodation area in the cat. Invest Ophthalmol Vis Sci
1996;37:1429-36.

Sawa M, Ohtsuka K. Lens accommodation evoked by micro-
stimulation of the superior colliculus in the cat. Vision Res
1994;34:975-81.

Sato A, Ohtsuka K. Projections from the accommodation-
related area in the superior colliculus of the cat. J] Comp Neu-
rol 1996;367:465-76.

Ohtsuka K, Nagasaka Y. Divergent axon collaterals from the
rostral superior colliculus to the pretectal accommodation-
related areas and the omnipause neuron area in the cat. J
Comp Neurol 1999;413:68-76.

Jiang H, Guitton D, Cullen KE. Near-response-related neural
activity in the rostral superior colliculus of the cat. Soc Neuro-
sci Abstr 1996;22:662.



