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Visual processing in the cerebral cortex is carried out in a series of extrastriate visual
areas (Felleman and Van Essen, 1991). Within these extrastriate areas, Ungerleider
and Mishkin (1982) identified two pathways, a dorsal one, projecting to posterior
parietal cortex, and a ventral one, projecting to the inferior temporal cortex. Based
on deficits found in patients with damage to these areas, and the results of selective
lesions of the terminal areas of these pathways, they argued that the function of
the two pathways was quite different: the dorsal pathway is related to determining the
relative location of objects whercas the ventral pathway is involved in determining
the characteristics of these objects. Based on abservations of patients with selective
parietal and temporal lesions, Goodale and Milner (1992) have suggested that the
dorsal pathway is more closely related to the control of movement while the ventral
pathway is more closely related to perception. While there is considerable discussion
about the functions and independence of these pathways, that there are differences
between them, is well established (Merigan and Maunsell, 1993).

One of the most intensively studied areas in the dorsal pathway is the middie
temporal area (MT) where a large fraction of the cells are selective for visual motion.
Such selectivity for visual motion is not limited to MT, nor are MT cells responsive
only to motion (Cheng e¢ al., 1994). However, a combination of selective lesion and
single cell studies have strengthened the conclusion that this area is critical for motion
processing. Lesions limited to area MT produce a deficit in the monkey's ability to
make pursuit eye movemenis to follow moving targets (Newsome et al, 1985) and to
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discriminate the direction of motion in random dot patterns {Newsome and Pare,
1988). Possibly the most compelling observation on MT, is that microstimulation
among cells preferring a given direction of motion shifts the monkey’s perceived
direction of motion in a visual display toward the direction preferred by these cells
(Salzman et al, 1990). These characteristics of MT cells, along with the relatively small
size of their receptive fields, are consistent with the detection of motion in a limited
part of the visual field such as that produced by an object.

The next area in the dorsal pathway, the medial superior temporal area (MST),
contains many cells that respond to such object-like motion, particularly in the
lateral-ventral region of the area, MST] (Komatsu and Wurtz, 1988). In contrast, cells
in the dorsal-medial region of MST (MSTd) have large receptive fields {10-100°) and
respond preferentially to the motion of large-field stimuli rather than to small-spot
stimuli. Because of this large-field motion preference, these cells appear to be
particularly appropriate for the analysis of the motion of the whole visual field. This
full-field motion occurs most frequently when observers move through the environ-
ment, and may convey information about self movement. James Gibson (1950, 1986)
referred to this self-generated visual motion as optic flow. Gibson emphasized the
potential importance of the information contained in the flow field for determining
the heading of self movement, perceiving the three-dimensional structure of the
environment, and the stabilizing of posture. The contribution of MST to optic flow
fieid analysis may be one of the most direct lines of evidence so far to support the
involvement of the dorsal cortical pathway in visua! orientation, )

While a number of investigations have concentrated on the contribution of motion
processing to the control of movement, particularly the control of pursuit eye
movements {Newsome er al., 1985; Diirsteler et al., 1987; Diirsteler and Wurtz, 1988;
Komatsu and Wurtz, 1989), the relation of motion to the capacity for visual localization
has been less clear. In this respect, optic flow is of particular interest because, while
it is derived from motion, it can be used to determine where one is heading in the
environment and where one part of the environmental scene is located with respect
to another. Thus, studies of optic flow offer one of the first opportunities to test the
notion that steps along the dorsal pathway are related to the control of self movement
and the perception of where the observer is'in the environment.

As we have noted, because of the characteristics of MST cells, this area has been
the one most intensively investigated by those interested in the neuronal correlates of
optic flow {Andersen er al,, 1990; Duffy and Wurtz, 1991a, b, 1995; Orban et al, 1992;
Graziano et al, 1994; Lagae et al,, 1994). Up to now these efforts have concentrated
on the relation of the response of cells in monkey area MST to the visual motion
components of optic flow stimuli, but there has been no evidence that these simulated
optic flow components actually influence the monkey’s behavior. In the present
experiments, we have begun to study the behavioral responses of monkeys to simulated
optic flow fields to see whether these stimuli modify the monkey’s behavior.

We chose the effect of optic flow on the monkey’s posture because it is one of the
most straightforward behaviors altered by optic flow. Shifts in posture can be objec-
tively measured, and experiments in humans leave no doubt that posture is affected
by optic flow (Paulus er al,, 1984; Stoffregen, 1985, 1986; van Asten ef af,, 1988a, b).
Our goals were to determine whether we could alter the posture of the monkey by
presenting the same simulated optic flow patterns that produce responses in MST
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neurons. We also have tested whether damage to the motion areas within the superior
temporal sulcus (including MT and MST) alter these postural responses.

Methods

We measured the postural responses of two Rhesus monkeys by training them 1o stand
on a platform while viewing computer generated optic flow field stimuli (Fig. 1, right).
The monkeys were free to move about in a box having a floor 75 ¢m square and 97
em high. Water delivered for behavioral reinforcement and the leads connected (o the
implanted eye coils extended into the box in a flexible tube. The tube connected to a
cap which was attached to the headholder implanted on the monkey's skull. The
implant contained a head holder, eye coil ptug, and two recording chambers positioned
to allow recording from MST on both sides of the brain. The implant was put in place
under general anesthesia and this and all other procedures were as recently described
{Duffy and Wurtz, 1993). All aspects of the experiment were approved by the Institute
Animal Care and Use Committee and complied with U.S. Public Health Service Policy
on the humane care and use of laboratory animals.

The monkeys were trained to look at the center of a 100° x 100° screen using the
magnetic search coil technique for monitoring eye position. The monkeys were also
trained to maintain bipedal posture during the presentation of visual motion stimuhi.
We endeavored to find a posture that would not be so stable that it would be immune
to any alteration in simulated optic flow, and found that an upright bipedal posture
of the monkeys was suitable.
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Frg. t. Test of the effect of optic flow stimult on monkey posture. On the right is a side view of the
monkey standing on a platform and facing the screen on which the optic flow stimuli were projected.
On the left is a rear view of the monkey facing the screen,
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The start of a trial was indicated by a continuous lone, and if the monkey then stood
on the platform and faced the screen, the trial continued. A fixation point then appear-
ed in the center of the screen for 1.5 s before the visual stimulus appeared, The cage
was dark between trials and during trials was illumninated only by the optic flow stimuli
on the front of the chamber. The monkey received a reward on each trial if it did all
of the following: maintained eye position (measured by the magnetic search coil tech-
nique} in the central 20° of the screen; held on to both of the handles, and kept both
feet and tail from touching the floor beneath the platform. If the monkey did not meet
all of these criteria the trial was terminated and an interrupted tone was sounded,

The platform on which the monkey stood was 14 cm square and had two rods that
required the monkey to position its feet 10 cm apart, The handles were connected to
the platform by a frame (Fig. 1, left) so that any postural forces exerted on the handles
were transmitted to the platform. Two sets of strain gauges (FAET-25b-35, 350 ohm;
BLH Electronics, Canton, MA) were mounted on a half-inch diameter rod that
supported the platform on which the monkey stood, and these were positioned so as
to be maximally sensitive to either the antetior-to-posterior or the side-to-side sway
of the monkey. The resistance changes from the strain gauges were filtered online with
a high cut-off at 100 Hz, digitized at 500 Hz, and stored using the REX system (Hays
et al., 1982) which also controlled the presentation of the stimuli. Offline data display
and analysis used a low-pass filter having its 3 db point at 5 Hz. The full-scale deflection
of 50 units on the strain gauges was produced when a 242 g weight on the platform
was deflected 10 cm to the side.

Figure 2 shows a representation of the optic fidw field stimuli used in these studies.
Radial {A} or circular (B} patterns of motion were projected onto a translucent surface
forming the front wall of the chamber and subtended 100° x 100° of visual angle as
viewed from the platform, The radial patterns alternated between outward and inward
motion, the circular patterns alternated between counterclockwise and clockwise
motion. The speed of motion for both stimuli averaged 45°/s. These stimuli and the
viewing angle and distance of the monkey were identical to those used in our previous
experiments for determining the relation of optic flow stimuli to the response of MST
neurons (Duffy and Wurtz, 1991a, b, 1995).

Postural responses

Both monkeys showed postural responses that were specific to the type of optic flow
stimulus presented. Figure 3(A) shows that circular motion evoked more lateral sway
than anterior-posterior sway. In contrast, Fig. 3(B) shows that radial motion evoked
more anterior-posterior sway than lateral sway. In spite of the nearly equal sensitivity
of the anterior-posterior and lateral channels, the responses recorded from the
anterior-posterior channel were usually stronger than the responses recorded {rom the
lateral channel. We found these responses to radial and circular flow stimuli in both
monkeys during tests run over a period of several months.

To begin an analysis of the temporal characteristics linking postural responses to optic
flow, we alternated the optic flow field stimuli at several frequencies. Figure 4 shows
the anterior—posterior sway recorded during the presentation of radial optic flow field
stimuli alternating at 0.75 Hz (A: 0.67 s in, 0.67 s out), at 0.50 Hz (B:- 1.0 5 in, 1.0's
out}, or 0.25 Hz (C: 2.0 5 in, 2.0 s out). The postural response frequency approximates
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Fia, 2. Optic Now stimuli. Qutward and inward radial stimulation were alternated (A} as were counter
clockwise and clockwise stimuli (B).

the stimulus frequency over this range. On many occasions, however, response
frequency appeared to reflect both the stimulus frequency and some natural sway
frequency that the monkey commoenly exhibited under these conditions. In addition,
we found no reliable link between the direction of sway (forward or backward} and
the direction of stimulus motion (in or out). This phase relationship commonly varied
within a single stimulus trial as has been reported for human posture (van Asten
et al., 1988). .

The records shown in Fig. 5 illustrate some common features of the postural sway
of the monkey. The postural responses to optic flow fields showed substantial
variability from trial to trial; although robust responses could be obtained, their
presence was usually transient and unpredictable. Even with a fixed set of stimulus
parameters the responses varied widely. The ten consecutive responses shown in Fig,
5 were all recorded while the monkey viewed a 0.5 Hz radial stimulus, but some trials
evoked strong responses whereas others evoked no discernible response. This is not
a typical set of ten trials; it is unusual for such a high percentage of postural responses
to be evoked. Figure 5 also illustrates a frequently observed change in the sway within
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Ftg, 4. Change in the frequency of postural shifts with the frequency of radial stimulus alternation.

Same conventions as in Fig. 3.
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Fis. 5. Variation in postural responses Lo the same stimulus over a series of trials. Alternating radial
stimuli produced the anterior-posterior responses. Same conventions as in Fig. 3.

a trial. The amplitude often built up over a number of cycles of the alternating stimuli
and only infrequently began with the first few stimulus cycles.

This variability is hardly surprising since posture is strongly influenced by vestibular
and proprioceptive input which remain unaitered. In our experiments, not only is the
optic flow stimulation a visual pattern that is devoid of all cues other than the motion
vectors of the dots, but it is actually in conflict with vestibular input and proprioceptive
cues that cotreetly indicate that the monkey is not moving. That there is a response
to the simulated optic flow stimuli at all is remarkable and provides evidence for the
robust influence of the optie Now stimulation on postural control,

Optic Flow, Posture, and the Dorsal Visual Pathway 71

In tight of the variability in the behavioral response, we investigated further several
factors in our cxperiments that might be influencing the consistency of the postural
responses. We increased the size of the visual stimulus by adding more planar motion
in the peripheral fields which extended our stimuli another 45° on both sides of the
frontal screen. We saw no evidence that this increased the frequency of the postural
responscs. [n most trials we also began with the onset of a fixution paint and we

thought that this small localized stimulus might produce stability in the presence of

optic flow. When we removed this fixation point, we again saw no change in the
variability of the postural responses. We also halved or doubled the speed of the
average motion in the radial and circular optic flow patterns feom 45 1o 22.5 or Y0%s,
but again we found no consistent qualitative change in postural sway.

In addition to modifying the visual stimulus, we also attempted (0 reduce the
effectiveness of other influences on postural stability such as proprioception and
vestibular sensation. We aitered proprioceptive input by vibrating the platform at
120 Hz. We saw little cffect of the vibration on postural changes as indicated in
Fig. 6(D). In onc monkey, we attempted to reduce the vestibubar input by administer-
ing streptomycin (1.5 g intramuscularly per day) to induce ototoxicity (Nagaba. (966).
We monitored the effect by measuring the temperature threshold for nystagmus
induced by the instillation of cool water into the external auditory canal as is dore in
routine caloric testing, and saw & dramatic-decline in the threshold over the period of
administration (21 days). When the monkey's spontancous behavior was fully
accommodated so that it had normal capacity to perform in the postural testing, we
found no discernible change in the consistency of the postural response to optic How
stimuli,

In addition to the induced postural sway to the optic How stimuli, we also recorded
abrupt postural shifts which appeared to be spontaneous but occurred while the
monkeys were standing on the platform (Fig. 6A—C). These shifts were largest on the
anterior-posterior channel, and consisted of rapid (less than 200 ms in duration)
changes in static posture. Postural shifts were often paired so that one shift would be
followed in 1-5 s by an approximately equal-sized shift in the opposite direction. The
result was a square wave postural deflection with the animal alternating between two
stable postures.

As shown in Fig. 6(D), spontaneous postural shifts were most common when the
monkey was in darkness and were substantially reduced when the monkey viewed a
stationary dot pattern. We also found that random motion of the dots increased the
frequency of spontaneous postural shifts; radial flow fields all but eliminated these
shifts. The frequency of spontancous postural shifts increased during optic flow
stimulation by the addition of 120 Hz vibration of the platform and by streptomycin
ototoxicity.

We do not think that the variation in postural responses was due to variations
in the level of arousal of the monkeys since performance of the task itself required a
high level of alertness. The task was sufficiently demanding that the monkeys
were frequently unable to meet all of the criteria required to continue a trial. and
the monkeys would then step off the platform for a period of time. A decrease in alert-
ness interrupted the series of trials rather than degrading performance on individual
trials.
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Bilateral lesions alter postural shifts

We also conducted some preliminary studies of the contribution of visuat motion arcas
in the superior temporal sulcus to the control of postural stability. We produced
reversible lesions of these areas using o Faminobutyric acid (GABA) agonist
(muscimol} which pharmacologically increascs the inhibition within the ares and
temporarily inactivates the neurons. To do this we returned the monkey to a primate
chair in which its head was restrained. We located MST by single cell recording using
the same rtethods as those recently described in studying the response of MST cells
to large-field stimulation (Duffy and Wurtz, 1995). In each hemisphere we injected
5 ug of muscimol (5 ug/ul) at cach of three sites where we had clearly recorded cells
with characteristics indicating that they were in MST (Komatsu and Wurtz, 1988),
Since the stimuli that we were presenting to the monkey were bilateral large-ficld
stimuli, we considered it essential o remove MST on both sides of the brain and to
remove all of MST, and the lesion we made must certainly have extended beyond MST
within the superior temporal sulcus. Because these were reversible lesions, we did not
obtain direct histological verification of the leston size. However, in one of the monkeys
(30Z), we subsequently made injections of the neurotoxin AMPA at exactly the same
injection sites shortly before ending the experiments on the monkey, and we therefore
were able to estimate the size of the previous reversible lesions. Reconstruction of
these lesions showed removal of the anterior and posterior banks of the superior
temporal sulcus with damage extending a few millimeters onto the dorsal sutface of
the cortex. The lesions included all of the dorsal region of MST in both hemispheres.
spared only a small lateral area of MT in the right hemisphere, and a small portion
of the lateral-ventral extent of MST in both hemispheres. The region of MST in which
we had studied neuronal respenses to optic flow stimuli was completely removed.

Three reversible lesions were made in the two monkeys. All showed an array of
behavioral effects with clear signs of postural instabitity. But these changes wete not
the more subtle postural oscillations and shifts in posture that we observed before the
injections, but rather the deficit was in the monkey’s inability to stay on the platform
for the duration of the 24-s trial. Typically, the monkeys prematurely terminated the
trial by stepping off the platform, releasing the handles, or looking away from the stimu-
lus. Figure 7(A, B} shows samples of these interrupted trials compared to sampies of
completed trials, all from trials taken after the injections. The monkey (30Z) repeatedly
aborted trials by stepping off the pedestal. These aborted trials often seemed attribut-
able to the beginning of postural sway which led to the inability to stay on the platform.
As shown in Fig. 7(B), the monkey still showed some responses ta the alternating optic
flow field stimuli: both radial and circular stimuli still occasionally evoked postural
swaying. The frequency of trials completed proved to be a useful measure of the effect
of the muscimol on posture, and Fig. 7(C) shows the percentage of completed trials
for the three injections. The monkey largely recovered after each injection.

The disruption of postural control was not limited to the trials with optic flow
stimulation. When the monkey attempted to do the task in the dark, the number of
completed trials was also reduced; the number of completed trials was not significantly
different from those observed in the light. This suggests that there was a disruption
of postural control following the injection that went beyond the visual influence on
posture.
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Summary and conclusions

The optic flow stimuli we used in these experiments were identical in content, speed.
and distance from the monkey to those we have used to activate neurons in area MST
(Duffy and Wurtz, 19914, b, 1995). We have seen postural sway that is dependent on
the pattern of the optic How stimulation which shows that the sway direction and
frequency are related o stimulus dircction and frequency. These findings suggest that
the stimuli used in our phystological experiments ure appropriate simulations of optic
flow stimuli. This effect of the optic flow stimukation on this postural behavior provides
support for the notion that the processing of information along the dorsal cortical
pathway provides information for the control of movement,

On the other hand, the large number of trials in which posture was not altered by
optic flow stimulation emphasizes that other factors also infuence posture. These
factors would certainly include proprioceptive and vestibular inputs that are probably
the dominant influences under these experimental conditions since they provide
retiable information about posture whercas we have deliberately made optic fow
stimulation an independent factor. Nevertheless, the present experiments show that
the simulated optic flow stimuli can’be used for the analysis of the visual mechanisms
of postural stabilization in the monkey.

Bilateral lesions in the superior temporal suleus led to postural instability
indicating that the visual motion areas in this sulcus probubly contribute 1o the control
of posture. We expected that the monkey might simply be unresponsive to optic flow
stimulation after the lesion because relevant motion processing areas were
inactivated, but that clearly was not the case. Our results were more consistent with
adisruption of the normal visual motion processing which might have led to degraded
postural control signals. We do not know whether this is the case nor do we know
whether more extensive or more selective lesions would produce different effects. Qur
evidence must be considered preliminary because the extent of the lesions necessary
to produce the deficits is not certain,

. Another interpretation of these findings is that the lesions induce a geperal disability
of the monkey that is not at all specific to posture. We think this is unlikely since the
monkey was consistently able to initiate the trials in this complex task which demands
considerable coordination. It is only after the trial has begun, as the need to maintain
a stable posture persists, that the monkey fails in the task. We think this argues for a
difficulty in postural control rather than a difficulty in doing the task.
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