Neuronal

ptic flow provides a moving observer with
information about heading and the 3-dimensional

ayout of the environment. Passive viewing of optic flow
by a passenger is a very different experience than active
steering of optic flow by a driver, although the same optic
flow fields are seen. The driver would seem to be more
engaged in visual motion processing in order to actively
steer the heading direction, as compared to the passenger.
In addition, optic flow might be analyzed by perceiving
the global pattern of motion or by responding to a local
patch of motion in the pattern. Medial superior temporal
(MST) neurons show optic flow selective responses
with tuning for the simulated heading of observer self-
movement.! We have now compared MST neuronal
responses to optic flow during global and local motion
processing of passive viewing and active steering of the
simulated heading direction of optic flow.

The data suggest that MST neuronal responses to
optic flow are influenced by tasks that require real-time
visual analysis. Passive and active observers both process
optic flow, but their responses to those stimuli differ. Top-
down mechanisms may enhance MST responses when the
subject uses global motion and actively suppress responses
when using local motion strategies. These motion strategies
may be particularly relevant when local and global motion
are incongruent, such as tracking the path of a deer as it
crosses one’s path.

The results indicate that most MST neurons respond
differently to optic flow during passive and active
conditions when the monkey uses global motion. The most
robust effects are the enhancement of MST responses in
the active steering condition and the suppression of MST
response in the passive viewing condition. In addition,
we speculate that the use of a local motion strategy to
process optic flow tends to suppress MST, while a global
motion strategy enhances MST response. This response
suppression (local) and enhancement (global) is not
limited to the preferred stimulus direction and is evident
under both passive and active steering conditions.
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Optic Flow Perception

In 1950, J.J. Gibson coined the term “optic flow” to
refer to the patterned visual motion by a moving observer.?
Gibson studied how observers estimate their position and
orientation in space, suggesting that optic flow provides
the observer with information about his movement and
the 3-dimensional layout of his environment to guide
self-movement. In his schematic illustration of optic flow
(Figure 1), he depicted the optic flow seen by a pilot trying
to land a plane on a landing strip. As the plane moves
forward, stationary objects are seen to move radially with
increasing speeds towards the peripheral visual field. The
center of this expanding radial pattern is called the focus
of expansion (FOE) and indicates the observer’s heading
direction.

Figure 2 shows the overhead view of the observer’s
movement (left panels) and the retinal pattern of optic
flow (right panels). If the observer moves forward while
looking straight ahead (A, left), a radial pattern of optic
flow (arrows) is projected onto the retina and the FOE
indicates the direction of the observer’s movement (A,
right). When the observer moves right-forward (B, left),
the observer sees a radial pattern in which the focus of
expansion is displaced to the right of gaze, indicating a
rightward heading direction.?

Studies have shown that in order to guide ordinary
locomotive activities like skiing or running, one must
estimate heading within 1-3 degrees. Other findings have
indicated that observers judge their heading with great
accuracy; thresholds are at least as low as 0.5 degrees when
viewing optic flow.>® The length of exposure to the optic
flow seems to be important also, as performance improves
with increased viewing times of optic flow.”

Smooth pursuit eye movements made in order to
track objects during self-movement add to the optic flow
image, resulting in an FOE that is shifted towards the
direction of eye movement. Therefore, during pursuit,
heading estimation from optic flow is more complicated.®
Psychophysical studies have indicated that humans can
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still estimate their direction of heading from the resulting
retinal motion, although this heading estimation during
pursuit improves with the addition of multiple depth
planes in optic flow.”!"!

Recentstudies have shed light on the neural mechanisms
of optic flow perception. In particular, studies have shown
that when an observer is presented with a random dot
display, his sensitivity to the direction of motion enhances
as the area of the display increases. This psychophysical
result provides further evidence for spatial integration and
summation of optic flow over large regions of space within
the visual system. In addition, the sensitivity to the motion
of optic flow seems to be sharply tuned for speed, which is
consistent with the physiology of MST neurons.!? Duffy
and Wurtz have proposed that this sharp tuning for speed
allows for the integration across multiple depth planes
during combined self-movement and pursuit.'?

Optic Flow Neurophysiology

MST is categorized into two distinct regions: lateral
(MST]) and dorsal (MSTd).">!* In general, MSTI neurons
have smaller receptive fields than MSTd cells. Some
MTSI neurons are suited for discriminating a moving
object from the background because they exhibit center-
surround disparity selectivity. MSTd neurons have very
large receptive fields; many neurons respond to stimuli
within a full quadrant or a complete hemi field.'>!>17

Saito et al. used anesthetized and paralyzed monkeys
to study the visual response properties of neurons in the
cortical area surrounding the middle temporal area (MT)
in the superior temporal sulcus (STS)." Their findings
indicate a functionally distinct region where three classes
of directionally-selective cells with large receptive fields
cluster: MSTd. One class of cells responded to a straight
movement of patterns in the fronto-parallel plane with
directional selectivity (51.4%), the second class of cells
selectively responded to an expanding or contracting size-
change of patterns (15.7%), and the third class of cells
responded only to a rotation of patterns in one direction
(13.7%). They suggested that these cells integrate motion
information extracted by MT cells.

Duffy and Wurtz suggested that the selective responses
of many MSTd neuronsto the rotational and translational
components of optic flow deemed them important in
contributing to the analysis of optic flow fields.'"® When
they investigated whether neurons that respond to radial
and circular motion respond differently when the center
of motion was shifted to different regions of the visual
field,' they found that about 90% of the neurons studied
responded differently when the center of motion was shifted
away from the center of the field. In addition to showing
selective responses to simulated heading direction in optic
flow, these MSTd neurons also displayed sensitivity to
speed gradients.'? In addition, Bradley et al. demonstrated
that MSTd neurons have different FOE preferences for
optic flow presented during fixation and pursuit.'” Overall,
MSTd neurons are assumed to respond to movement of
the observer, which is important in navigation and spatial
orientation.?

Lesion studies help confirm MT and MST’s role in
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Figure 1: Gibson’s Depiction of Optic Flow: This schematic illustration depicts images
of objects and their motion patterns seen by a pilot during runway approach. As
the plane approaches, objects appear to radiate outwards from the heading direction,
called the focus of expansion (FOE). The radial speeds of the objects increase as they
move from the FOE, depending on the distance to the observer. The location of the
FOE could be used to navigate a successful landing.

motion perception. Chemical lesions made to area MT in
conjunction with psychophysical tasks were used to assess
sensitivity to motion. Results indicated that the lesions
into MT caused striking elevations in motion thresholds,
suggesting that neural activity in MT contributes
selectively to the perception of motion.?' Bilateral lesions
of areas MT/MST of varying intensity caused a temporary
disruption, followed by at least partial recovery, of most
motion thresholds. Permanent effects of the lesions on
visual sensitivity were graded with lesion extent. In general,
these results demonstrated that MT/MST areas make an
important contribution to the performance of various
motion perception tasks including the discrimination of
differences in direction and speed, and the perception of
global motion in the presence of directional noise.?
Salzmanetal. tested theeffectsofcorticalmicrostimulation
on perceptual judgements of motion direction on rhesus
monkeys.?? They determined that microstimulation biases
the monkey’s behavior in a direction that is predicted by the
neuron near the stimulating electrode. This demonstrates
afunctional link between the activity of direction-selective
neurons and perceptual judgements of motion direction.?
Celebrini and Newsome electrically stimulated clusters of
directionally selective neurons in MST in Rhesus monkeys
during a direction discrimination task and found that
microstimulation biased the monkeys choices toward
the direction of motion encoded by MST neurons at
the stimulation site.?® Since receptive fields in MST are
typically much larger than those in MT, Celebrini and
Newsome determined that stimulation of a single site in
MST can influence judgements over a much larger portion
of the visual field than equivalent stimulation in MT.%
Britten and van Wezel tested the hypothesis that MST
is involved in the analysis of self-motion by electrically
microstimulating MST while monkeys performed a
visual heading discrimination task.” They found that
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Figure 2: Overhead view of the observer’s movement (left panels) and the
optic flow (right panels). If the observer moves forward while looking straight
ahead (A, left), a radial pattern of optic flow (arrows) is projected onto the
retina and the FOE indicates the direction of the observer’s movement (A,
right). When the observer moves right-forward (B, left), the observer sees a
radial pattern in which the focus of expansion is displaced to the right of gaze,
indicating a rightward heading direction. (Adapted from Duffy et al., 2003)
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Figure 3: The monkey maintained centered fixation while the
heading in optic flow changed from one of 8 eccentric directions to
the straight-ahead centered heading.
Passive Viewing: The monkey did not touch the joystick while
the heading in optic flow transitioned toward the center.
Active Steering: The monkey used the joystick to actively steer the
heading to the centered heading direction.

in a majority of the experiments,
induced a
significant bias in the monkey’s
decision. This result suggests that
MST signals representing heading

microstimulation

are used by the monkey in forming
heading judgments.®

More recently, Eskandar and
Assad examined neuronal signals in
the monkey area MST during visually
guided hand movements and tested
whether the direction selectivity
depended on the direction of the
stimulus spot or the direction of the
hand movement.”® They trained
animals to use a joystick to guide a
spot to a target and found that many
neurons responded in a direction-
selective manner in this guidance
task. One of the tasks involved
recording the movement of the spot
while the monkey actively steered it,
and then playing back that movement
in a passive trial during fixation.

Their results indicated that MST
neurons were active and directional
in both joystick-movementmode and
playback mode and were not affected
by the direction of hand movement.

Overview of Thesis

The present study attempts to
address MST neuronal responses to
optic flow viewed passively or during
the active steering of the stimulated
heading direction. We hypothesize
that MST neuronal responses will
be inhibited during passive trials and
enhanced during active trials. During
the active trial, we assume that MST
neurons are actively engaged in
the global motion perception and
steering of the simulated heading
direction, while in the passive trial,
MST neurons are not as responsive to
the heading direction.

In experiment 1, we analyzed
MST responses  from

neuronal

passive movement of heading in
optic flow from one of eight eccentric
directions to the straight-ahead
centered heading, while the monkey
maintained centered fixation. We
compared this to MST neuronal
responses during active steering, in
which the monkey used a joystick
to actively steer the heading to the
centered heading direction, while also
maintaining fixation.

Experiment 2 was identical to
Experiment 1, except that a total of
sixteen optic flow stimuli were used,
eight outward and eight inward radial
patterns requiring the monkey to use
global motion processing of the entire
scene rather than local processing at
the center of the screen. Again, we
compared MST neuronal responses
during active steering and passive
fixation.
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Experiment 1: Local Motion

Dot motion in the optic flow
presented in Experiment 1 simulated
the observer’s movement with respect
to a remote fronto-parallel surface as
an outward radial pattern emanating
from a focus of expansion (FOE).
Eight optic flow stimuli were used
that contained FOEs displaced 20°
from the center, and distributed at
45° intervals around 360°. During
active steering trials, the monkey’s
task was to use the joystick to actively
steer the heading of the optic flow
to the centered heading direction
(Figure 3). During passive trials, the
displaced FOE moved in a straight
line to the center. These passive optic
flow stimuli were averages of active
displays. Active and passive trials
consisted of eight conditions that were
randomly interleaved within altering
blocks of either active or passive trials.
Four to six trials for each condition
were successfully completed for each
recording session.

Most MST neurons responded
differently to optic flow during passive
and active conditions. The most robust
effects were the suppression of activity
in the active steering condition. In
some directionally selective neurons,
this effect was seen in the absence
of a change in directionality of the
neuron, suggesting a general increase
in response for the preferred heading
during active steering compared to
passive viewing.

In other neurons, active steering
influenced the strength of directional
responses by changes in response
amplitudes, despite the overall
decrease in activity during active
trials. This suggests that the increased
responses in the passive condition
cause neurons to lose their directional
sensitivity as a generally high firing
rate is observed for all heading
directions.

In the population sample of
MST neurons, preferred heading
and heading selectivity did not seem
to change with passive viewing or
active steering. However, many MST
neurons showed an increased strength
of directional responses and peak
responses during passive viewing, as

compared to active steering. These
findings led us to consider whether
the monkey might be using local
motion cues to steer the FOE. This
speculation is consistent with our
findings, but it is not obvious why
this should suppress MST neuronal
activity as local motion processing
might proceed very well without
suppressing MST.

Experiment 2: Global Motion

Optic flow stimuli and behavioral
tasks in Experiment 2 were the same
as that of Experiment 1 except that
eight inward radial optic flow patterns
were added to the stimulus set (Figure
4). These simulated the movement
of the observer away from a remote
fronto-parallel surface with dot
motion inward toward the focus of
contraction (FOC).Passive playback
was identical to previous active trial
for each optic flow pattern. Active
and passive trials were block-wise
interleaved and four to six trials of
each condition were successfully
completed for each recording session.

We proposed the local motion
hypothesis about the monkey’s
perceptual strategy in Experiment
1. This is based on the view that
optic flow might be analyzed either
by perceiving the global pattern of
motion or by responding to a local
patch of motion in the pattern.
We speculate that MST might be
suppressed during active steering if
the monkey is using a local motion
strategy, rather than processing the
global pattern of optic flow.

Training with in/out optic flow
promoted the monkey’s use of the
global pattern rather than the use
of ambiguous local motion cues
during active steering. Contrary to
results obtained from Experiment 1,
some MST neurons showed a robust
enhancement of neuronal activity
in the active steering condition
in Experiment 2. In addition,
response enhancement (global) and
suppression (local) was not limited to
the preferred heading direction. These
results supported our hypothesis that
MST neuronal activity would increase
during active steering of a simulated

optic flow heading, as compared to
passive viewing of the optic flow.

MST, Navigation, and Spatial
Orientation

Passive and active observers both
process optic flow, but their responses
to those stimuli often differ. Given
the change of responses in MST
neurons during simulated optic flow
heading in passive viewing and active
steering conditions, we find that MST
neuronal responses to optic flow are
influenced by tasks that require real-
time visual analysis.

In particular, active steering by
global motion enhances MST’s optic
flow responses. We suggest that top-
down mechanisms may enhance
MST responses when the subject
uses global motion and actively
suppress responses when using
local motion strategies. We believe
that a local motion strategy may be
better served by MT’s smaller, more
central, direction selective receptive
fields. These differences in motion
strategies may be particularly relevant
when the local and global motion are
incongruent. This may be important
when tracking the motion of an object
as it crosses one’s path.

MSTd’s Role in Papez’s Circuit
for Navigation and Orientation

Movement through the
environment is accompanied by a
diverse array of sensory cues about
observer direction and speed. MSTd
neurons combine visual and vestibular
cues about self-movement with
oculomotor signals about pursuit eye
movements to create a wide variety of
response properties. The population
response in MSTd estimates the
direction of observer self-movement
with greater accuracy in light than
in darkness and without significant
detrimental effects of concurrent
pursuit eye movements.

As previous studies have shown,
MSTd neurons are involved in
determining self-movement direction.
However, they also show selectivity
for particular paths. In addition, some
MSTd neurons show place specific
responses both during translational
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Figure 4: Optic flow stimuli with heading direction indicated
by FOE (a) and FOC (b): (a) Optic flow simulates the
observer’s movement with respect to a remote fronto-parallel
surface as an outward radial pattern emanating from a focus of
expansion (FOE), or (b) as an inward radial pattern emanating
from a focus of contraction (FOC). Experiment 1 used only
FOEs originating from one of eight eccentric directions, which
the monkey passively viewed or actively steered to the centered
heading while experiment 2 used both FOEs and FOCs in the
same task.

movement and when the animal is
held at a stationary position in the
room.” Thus, MSTd neurons are
capable of integrating sensory and
oculomotor information to represent
self-movement, guide locomotion,
and contribute to spatial orientation.
Recently, Duffy et al. suggested that
the posterior parietal cortex may
engaged in a navigational circuit
with reciprocal interactions with
hippocampal, thalamic, and other
cortical centers that create a cortical-
subcortical system that is parallel
to Papezs emotional circuit but is
devoted to information processing for
navigation and spatial orientation.?®
They propose that Papez’s circuit

for navigation might be thought of
as beginning in dorsal extrastriate
visual cortical areas that combine
visual, vestibular, and other signals
relevant to self-movement perception
and to spatial orientation.®?!
These  parieto-temporal
are reciprocally connected with
parahippocampal cortices®**® that
then connect reciprocally with the
hippocampus.*** The place neuron
responses in the hippocampus might
be the result of spatial activity in the
hippocampus. -4

Parahippocampal and subicular
areas project to the anterior and
lateral dorsal thalamus via the fornix

areas

and the mammillo-thalamic tract.”
These connections may contribute
head direction sensitivity. Reciprocal
projections from the anterior and
lateral dorsal thalami to posterior
cingulate and retrosplenial cortical
areas®> engage these cortical areas in
spatial processing.” These projections
then connect reciprocally to posterior
parietal cortical areas, completing the
cortico-subcortical  circuit. #5053
Thus, Duffy et al. proposes a
“bidirectional  information  flow
supporting navigation and spatial
orientation.”

Thus, the involvement of cortical
and subcortical systems allows for the
integration of memory and motivation
to influence MST neuronal responses.
In particular, MSTd’s engagement
in reciprocal interactions with
hippocampal, thalamic, and other
cortical centers creates a system that
is parallel to Papez’s emotional circuit
for information processing. With the
influence of memory and motivation
from this cortical-subcortical system,
MSTd neurons integrate sensory
and oculomotor information for
navigation and spatial orientation.
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