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Mechanisms of Heading Perception
in Primate Visual Cortex

David C\. Bradley, Marsha Maxwell, Richard A. Andersen,*
Martin S. Banks, Krishna V. Shenoy

When we move forward while walking or driving, what we see appears to expand. The
center or focus of this expansion tells us our direction of self-motion, or heading, as long
as our eyes are still. However, if our eyes move, as when tracking a nearby object on the
ground, the retinal image is disrupted and the focus is shifted away from the heading.
Neurons in primate dorso-medial superior temporal area responded selectively to an
expansion focus in a certain part of the visual field, and this selective region shifted during
tracking eye movements in a way that compensated for the retinal focus shift. Therefore,
these neurons account for the effect of eye movements on what we see as we travel

forward through the world.

When we move along a straight path, the
retinal image appears to expand, creating a
vector field on the retina in which all vec-

tor directions point away from the focus of .

expansion. When the eyes are still, this
focus corresponds to the direction of self-
motion (the heading), which humans can
easily identify (I, 2). When the eyes move,
the problem becomes more complicated. If
we turn our eyes leftward to maintain fixa-
tion on an object to the left of our motion
path, a rightward laminar flow component
is added to the expanding retinal field. This
combined field is similar to the original
expansion field (when the scene contains
little depth wvariation), but the apparent
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focus position becomes shifted to the left of
the heading (Fig. 1). Humans can still esti-
mate heading during pursuit eye move-
ments (2, 3), showing that they can correct
for this shift. Recent psychophysical exper-
iments have shown that this correction re-
quires eye-movement information (3, 4).
One might therefore expect the brain site
or sites responsible for heading computation
to process smooth-pursuit eye-movement
signals as well as optic flow.

We examined the dorso-medial superi-
or temporal (MSTd) area because its neu-
rons are responsive to optic-flow stimuli
(for example, expansion) (5-7) as well as
to smooth-pursuit eye movements (7-9).
Many MSTd cells are also selective for the
position of the focus of expansion (10).
Our goal was to determine how optic flow
and eye velocity signals might be used in
area MSTd to compute the direction of
self-motion.
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We trained a rhesus monkey to fixate on
a point on a computer screen (I1). The
point was either stationary or was moved at
a constant velocity of 15.7°/s (12). While
the monkey fixated, we showed a large,
expanding random-dot pattern for 1 s. The
position of the focus in this expansion was
varied along an axis to simulate different
directions of self-motion, or headings. This
axis was made parallel with each neuron’s
preferred pursuit direction (that eliciting
the strongest response), which was deter-
mined in preliminary tests (13).

During the stimulus presentation we re-
corded single-neuron activity with a micro-
electrode inserted in MSTd cortex (14). The
optic flow preference (that is, expansion,
contraction, or rotation) of each MSTd cell
was first determined. If the cell responded
best to expansion, we carried out the follow-
ing tests (cells preferring contraction and
rotation were also studied and are discussed
below). First, while the monkey fixated a
stationary point, we recorded the cell’s firing
rate as a function of the position of the flow
focus on the screen (the simulated heading)
(15). This allowed us to measure the neu-
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Fig. 1. When we move forward, the visual world
appears to expand. If the eyes are still, the focus
position tells us our direction of heading. Howev-
er, leftward eye movement adds rightward laminar
flow motion to the retinal image, which shifts the
focus. To recover the heading direction, we must
correct for this focus shift.



ron’s focus tuning, that is, its response profile
as a function of heading. These tuning
curves were usually well defined and roughly
sigmoidal or gaussian in shape. The tuning
curve peaks were fairly evenly distributed
from —40° to 40°, suggesting a continuum of
.preferred headings.

When the eyes are fixed, the heading is
given by the retinal focus position. Therefore,
we cannot tell whether the fixed-eye focus
tuning curves represent heading or simply the
position of the focus on the retina. To make
this distinction, we showed the same expand-
ing patterns during a smooth-pursuit eye
movement . of 15.7° per second. The eye
movement was made in the neuron’s preferred
direction or the antipreferred (opposite) di-
rection to elicit the largest effect. Data were
recorded over a 500-ms interval during which
the eye moved 8°. The average eye position
during the recording period was the same as in
the fixed-eye experiment. However, the eye’s
instantaneous velocity displaced the apparent
focus by 30° in the direction of the eye move-
ment. The simulated heading in screen coor-
dinates remained unchanged.

If MSTd activities reflect the heading, we
expect their fixed- and moving-eye focus tun-
ing to be the same when expressed in screen
coordinates (16). On the other hand, if MSTd

response is determined solely by the pattern of

retinal image motions, we expect the tuning’

curves to be the same when expressed in
retinal coordinates. We found both types of
cell, as well as intermediate types (17). A
neuron for which responses were similar in
screen coordinates is shown in Fig. 2. In this
cell, an eye movement in the preferred or

Fig. 2. An MSTd heading

Screen

antipreferred direction caused the focus tun-
ing to shift by ~30° in retinal coordinates
(top right panel) such that the two moving-
eye fields and the fixed-eye field were nearly
superimposed when plotted in screen coordi-
nates (top left). Thus, activity in this neuron
reflected the position of the screen focus rath-
er than the retinal focus.

The above experiment suggests that an
eye-movement signal is used to shift the
retinal focus tuning. This is because the
expansion stimulus is two-dimensional and
thus devoid of retinal cues, such as motion
parallax, that might give information about
the rate of eye movement (18, 19). To
prove that eye-movement signals are used,
we presented a retinal stimulus virtually
identical to that in the eye-movement ex-
periment above, except that the eyes were
held stationary. This stimulus was achieved
by having the animal fixate a stationary
point while the expansion stimulus, includ-
ing its border, was moved in the opposite
direction of the simulated eye movement. [t
is important to note that the retinal image
over time is the same in this and the real
eye-movement condition; the only differ-
ence is that the eye moves in the real
movement condition and does not move in
the simulated movement condition (20). In
most instances the simulated pursuit exper-
iment caused no shift in retinal focus tuning
(Fig. 2, bottom right). Therefore, the shifts
in focus tuning observed in our experiments
can be attributed only to the influence of an
extraretinal eye-movement signal. The ef-
fect of this signal in bringing focus tuning
curves into screen coordinates is seen by

Retinal

cell. In all panels, the solid 140
lines and solid circles repre-
sent fixed-eye focus tuning
(identical in all four graphs),
the dashed lines and open
squares are preferred-direc- 701
tion eye movements (real or
simulated), and the dot-and-
dashed-lines and open .tri-
angles are antipreferred-di-

Real

rection eye movements (real

or simulated). Data in the left 140

and right columns are iden-
tical, except that pursuit
curves in the right column
were shifted by 30° relative
to screen coordinates (thus 70f
giving retinal coordinates).
The moving-eye focus tun-
ing curves align in screen
coordinates (top left panel)

Firing rate (spikes/s)
(=]

Simulated

and thus encode the direc- ?80
tion of heading. However,
for simulated eye move-

0 80 -80 0 80
Focus position (degrees from stimulus center)

ments, the fields alignin retinal coordinates. Smooth curves are five-point moving averages of the data.
Data points are shown as the mean + SEM for four replicates, where each replicate is the mean firing
during the middle 500 ms of the stimulus-presentation interval.
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comparing pursuit curves between the lower
and upper left panels: in the simulated con-
dition, the curves are not aligned in screen
coordinates (lower left) whereas they are in
the real pursuit condition (upper left).

To summarize results for the entire neu-
ron sample, we measured the cross-correla-
tion coefficient (R_) between fixed- and
moving-eye focus tuning curves for a variety
of relative shifts between the two curves
(21). A high R_ value indicates that the two
curves are well aligned at a given relative
shift. When pursuit eye movements were
simulated, the optimal shift (that maximiz-
ing R_) was near zero with respect to retinal
coordinates (Fig. 3A). In contrast, during
real eye movements, the relative shift was
~15° away from retinal coordinates and
toward screen coordinates. This does not
necessarily imply that all neurons shifted by
15°; instead, optimal shifts were relatively

A Sim
05(" oo T e, Real
o v LN o
o« & o
o d o
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B 500
o
7]
=
0
c 60
>
o
8
g_ 30
o
[
0
Retinal -30 0 30 60
Screen  -60 -30 0 30

Shift (degrees)

Fig. 3. Population data representing the entire
MSTd sample (n = 139). x axis represents relative
shift between fixed- and moving-eye focus tuning
curves. Each panel compares results for real and
simulated (Sim) pursuits. (A) For each relative shift,
a correlation was done between the overlapping
regions of the two curves. High R, values imply
good alignment on the x axis. One cross-correlo-
gram (R, versus shift) was defined for each neuron’
and for each pursuit direction; cross-correlo-
grams were then averaged over cells to form the
data of this panel. (B) MSD between focus tuning
curves. Averages computed as for Rc (above). (C)
Frequency distribution for “optimal” relative shift,
defined in terms of maximal Rc (circles) or minimal
MSD (squares). One optimal shift value was de-
fined for each cell (for the preferred pursuit direc-
tion); the histogram reflects the frequency of each
optimal shift. In (A) and (B) data are means =
SEMs (n = 139).
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evenly distributed between —20° and 50°
(Fig. 3C). By comparison, this distribution
for simulated eye movements was heavily
stacked in the region of zero shift. Thus, the
effect of actual pursuit was to cause many
neurons to shift their focus tuning toward a
screen coordinate frame. Results were sim-
ilar when the optimal shift was calculated
by minimizing the mean squared difference
(MSD) between fixed- and moving-eye
tuning curves (Fig. 3, B and C). Also, re-
sults were similar for preferred- and antipre-
ferred-direction eye movements; the shifts
were opposite in the two cases (Fig. 2).
Although many MSTd focus tuning
curves shift toward screen coordinates dur-
ing pursuit, others do not (Figs. 3C and
4A). Additional experiments will be need-
ed to understand this variability and how it
is related to the perception of heading. Per-
haps only part of the MSTd population is
involved in heading computation, whereas
the rest perform functions that do not re-
quire pursuit compensation. Another expla-
nation, however, is that the distribution of
shifts reflects the transformation from reti-
nal to screen coordinates. In this instance,
one would expeat to find neurons represent-
ing various stages of the coordinate trans-
formation, that is, nonshifting cells (retinal
coordinates), shifting cells (screen coordi-
nates), and possibly cells corresponding to
intermediate stages of the transformation.
Presumably, heading judgments would be
based on the activity of heading cells rather
than on those taking part in the transfor-
mation. However, it is possible that all
MSTd activities are sensed at once, convey-

ing a mean shift of about 15° (Fig. 3C);
such a result would be consistent with psy-
chophysical experiments showing that sub-
jects may only partly correct for pursuit eye
movements when judging stimulus motion
in screen coordinates (22, 23).

That area MSTd may convert retinal to
screen coordinates is supported by the finding
that in most nonshifting neurons, response
amplitude was modulated by pursuit (24) (av-
erage amplitude change, 25 + 3%) (Fig. 4A).
If the output of two such neurons were
summed, the resulting focus tuning could shift
if the two input tuning curves were offset
relative to each other. To test this idea, we
modeled focus tuning curves for heading cells
as the sum of two mutually offset sine func-
tions (representing the nonshifting cells)
(25). By changing the amplitude of the sines,
it was possible to re-create the measured head-
ing cell tuning curves consistently (mean r
0.72 + 0.03 when all heading cell tuning
curves were fit with this model). An example
is shown in Fig. 4B. The shift of this cell’s
tuning curve occurs because its two input
functions are offset relative to each other and
the gain changes on these functions alter their
relative inputs to the heading cell. Thus, our
modeling suggests that heading (shifting) cells
could be built up from nonshifting, retinal
cells in area MSTd.

The data in Fig. 3 were pooled from neu-
rons tuned not only for expansion (41%), but
also for contraction (33%) and rotation
(27%). The data were combined because the
results from the three cell types were nearly
identical (26). Thus, for expansion, contrac-
tion, and rotation cells, focus tuning shifted
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60 0 : #
. @ 1y Heading
13 ] cell
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Fig. 4. (A) Example of a retinal (nonshifting) neuron in which the response amplitude is modulated by
pursuit. The three curves, corresponding to stationary fixation and opposite directions of pursuit, all peak
at ~0°, but their amplitudes vary substantially. This type of.cell could serve as input to the heading
(shifting) cells. (B) Example of a heading neuron and how it might be constructed from retinal neurons.
The upper graphs show the neuron’s measured focus tuning during fixation (left) and preferred-direction
pursuit (right). The neuron shifted its retinal focus tuning during pursuit in such a way as to compensate
for the retinal focus shift induced by that pursuit. Circles: mean response; curves: model fit. (Lower
panels) Predicted input functions. Each function is characterized by three sine-wave parameters and
multiplied by a gain; two functions are summed to make the focus tuning curve of a heading cell. All
parameters were adjusted by nonlinear regression to fit the data (upper panels). The focus tuning shift
during pursuit was achieved by increasing the gain on function A while decreasing the gain on function
B. The sine-wave parameters (other than gain) were identical for the fixation and pursuit conditions; only
the gains were adjusted to simulate the focus tuning shift. The gain-modulated sine functions resemble
neurons in the sample that have gain-modulated (nonshifting) focus tuning.
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during eye movement (compared with simu-
lated eye movement) by 18° =+ 3°,15° * 3°,
and 17° * 4°, respectively, in all instances
toward a screen coordinate frame (27). This is
remarkable because expansion, contraction,
and rotation patterns require focus tuning
shifts in different directions to compensate
for focus shifts during eye movements. For
example, an eye movement to the left shifts
the retinal focus of an expansion to the left
(Fig. 1), but the retinal focus of a clockwise
rotation is shifted downward (Fig. 5). The
expansion cell would thus require a left-
ward tuning shift and the rotation cell a
downward shift to compensate for the reti-
nal focus shift. This is indeed what MSTd
neurons appear to do, suggesting a general
mechanism that compensates for the effect
of pursuit eye movements on various types
of retinal flow, not just expansion.

In conclusion, many MSTd neurons are
tuned to the position of the focus in an optic
flow pattern (for example, expansion, con-
traction, and rotation). In addition, many
neurons shift their retinal focus tuning during
eye movement in the same direction as the
shift in the retinal focus induced by that
movement (28). This focus tuning shift can
be attributed only to an eye-movement signal
to area MSTd because an identical retinal
stimulus in the absence of eye movement
produces no such shift. In the case of an
expansion stimulus, focus tuning shifts are in
the appropriate direction for encoding the
heading. However, the shifts for rotation and
contraction cells may indicate a more general
phenomenon of perceptual stability in the
face of retinal motion due to smooth-pursuit
eye movements. Therefore, for instance, when
the eyes track across a rotating wheel, the
wheel does not appear to move up or down
(29). Thus, area MSTd may play a general
role in using eye-movement signals to com-
pensate for self-induced image motion—that
is, the motion we see because of the eye
movements themselves. One important out-
come of this compensation is the ability to
compute the direction of self-motion.

Clockwise
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Fig. 5. The focus in a,clockwise rotating pattern
shifts downward during a leftward pursuit eye
movement, which produces rightward laminar
flow. To correct for this shift, clockwise-rotation
cells must shift their retinal focus tuning curves
downward. This is equivalent to the focus tuning
shifts of expansion cells, which go in the direction
of eye movement, because in both instances the
neurons are changing their flow preference to ac-
commodate more rightward linear motion.
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o Helix-RNA Major Groove Recognition in an
HIV-1 Rev Peptide—-RRE RNA Complex

John L. Battiste, Hongyuan Mao, N. Sambasiva Rao,
Ruoying Tan, D. R. Muhandiram, Lewis E. Kay, Alan D. Frankel,
James R. Williamson*

The solution structure of a human immunodeficiency virus type-1 (HIV-1) Rev peptide
bound to stem-loop IIB of the Rev response element (RRE) RNA was solved by nuclear
magnetic resonance spectroscopy. The Rev peptide has an a-helical conformation and
binds in the major groove of the RNA near a purine-rich internal loop. Several arginine
side chains make base-specific contacts, and an asparagine residue contacts a G-A base
pair. The phosphate backbone adjacent to a G-G base pair adopts an unusual structure
that allows the peptide to access a widened major groove. The structure formed by the
two purine-purine base pairs of the RRE creates a distinctive binding pocket that the

peptide can use for specific recognition.

RNA-protein interactions are central fea-
tures of many fundamental biological pro-
cesses, including translation, mRNA pro-
cessing, and transcription. The HIV-1 Rev
protein is an RNA-binding protein that
regulates viral gene expression by affecting
the relative amounts of spliced and un-
spliced mRNAs that are exported to the
cytoplasm. Rev mediates its function by

binding to the RRE RNA located within
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the env gene of HIV (1). Biochemical anal-
yses have identified a high-affinity Rev-
binding site in stem-loop IIB of the RRE
(Fig. 1A) (2). Short a-helical peptides cor-
responding to the arginine-rich RNA-bind-
ing domain of Rev (Fig. 1B) bind specifi-
cally to this small RNA element (3), pro-
viding a good model system for structural
analysis of the interaction by nuclear mag-
netic resonance (NMR) spectroscopy. A
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