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Functional Properties of Parietal Visual Neurons: Radial Organization
of Directionalities Within the Visual Field
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Parietal visual neurons (PVNs) were studied in waking mon-
keys as they executed a simple fixation—detection task. Test
visual stimuli of varied direction, speed, and extent were
presented during the fixation period; these stimuli did not
control behavior. Most PVNs subtend large, bilateral recep-
tive fields and are exquisitely sensitive to stimulus motion
and direction but insensitive to stimulus speed. The direc-
tional preferences of PVNs along meridians are opponently
organized, with the preferred directions pointing either in-
ward toward or outward away from the fixation point. Evi-
dence presented in the preceding paper (Motter et al., 1987)
indicates that opponent directionality along a single merid-
ian is produced by a feed-forward inhibition of 20°-30° spa-
tial extent. The observations fit a double-Gaussian model
of superimposed but unequal excitatory and inhibitory re-
ceptive fields: When the former is larger, inward direction-
ality results; when smaller, outward directionality results.
We examine here the distribution of the meridional direc-
tional preferences in the visual field. Tests showed that op-
ponent organization is not produced by differences in local
directional properties in different parts of the receptive field.
The distribution of response intensities from one meridian
to another is adequately described by a sine wave function.
These data indicate a best radial direction for each neuron
with a broad distribution of response intensities over suc-
cessive meridians. Thus, any single PVN, with rare excep-
tions, cannot signal radial stimulus direction precisely. We
then determined how accurately the population response
predicted radial stimulus direction by the application of a
linear vector summation model. The resulting population
vector varied from stimuius direction by an average of 9°.
Whether or not the perception of the direction of motion
depends upon a population vector remains uncertain.

PVNs are especially sensitive to object movement in the
visual surround, particularly in the periphery of the visual
field. This, combined with their large receptive fields and
their wide but flat sensitivity to stimulus speed, makes them
especially sensitive to optic flow. This is discussed in re-
lation to the role of the parietal visual system in the visual
guidance of projected movements of the arm and hand, in
the guidance of locomotion, and in evoking the illusion of
vection.
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The preceding paper (Motter et al., 1987) gives a description of
the general properties of parietal visual neurons (PVNs) and
their sensitivities to stimulus motion, direction, and speed along
single meridians through the frontoparallel plane. The most
unusual properties of the majority of PVNs are the bilateral
distributions of their receptive fields and the “opponent” or-
ganization of the directional properties within them. That is,
many PVNs respond to stimuli moving radially either inward
toward or outward away from the point of fixation, such that
along a single meridian the directional selection changes, some-
times abruptly, as the edge of the stimulus crosses the central
line of gaze. Evidence was presented that this property is de-
termined by a feed-forward inhibitory process acting in the di-
rection of stimulus movement. This mechanism extends from
the local edge of the moving stimulus for distances of 10°-20°
ahead of'it into the receptive field. The result is that when stimuli
traverse large extents of visual space, movement through one
region conditions the response to subsequent stimulus motion
through other regions of the visual field. The inhibitory action
is thought to depend upon a differential distribution of over-
lapping excitatory and inhibitory receptive fields, an asymmetric
distribution of inhibition, or both.

We observed in these experiments that opponent direction-
ality is rarely limited to a single meridian and may exist along
each of the 4 meridians tested. However, the intensity of re-
sponse for stimuli moving in the preferred radial direction, i.e.,
inward or outward, is seldom equal for all radial axes. Most
often, the evoked discharge rate varies as a smooth and contin-
uous function of the angular position of the meridian tested,
relative to the central line of gaze, in the frontoparallel plane.
The analyses of these data are presented. We then consider the
results with reference to several propositions: (1) the mechanism
of meridional selectivity in the visual field, (2) whether there is
a reasonably precise signal of stimulus direction embedded in
the PVN population pattern of discharge, and (3) what role the
parietal visual system plays in the perception of self-motion, in
the visual guidance of locomotion, and in the visual guidance
of projected movements of the arm and hand.

Materials and Methods

The behavioral and electrophysiological methods, animal training pro-
cedures, and details of the visual stimuli are described in the preceding
paper (Motter et al., 1987). Briefly, macaque monkeys were trained to
achieve and maintain fixation of a 0.2°-0.3° target light for periods of
1-5 sec and to detect its dimming to receive a liquid reward. Visual test
stimuli consisting of 10° x 10° squares of which light were projected
and moved across a tangent screen during the fixation period. Steady
eye position was verified by electro-oculographic recording using Ag—
AgCl electrodes surgically implanted in the orbital rims. The action
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Figure 1. Peristimulus time histo-
grams of the responses of 3 different
parietal visual neurons (4-C) to op-

posite directions of stimulus motion,
indicated by arrows, along single me-
ridians. Solid circles indicate histogram
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cells in which responses were signifi-

cantly greater than those observed for
the opposite direction of motion through
the same zones of space (f test, p <
0.05). The stimuli moved for 100°along
meridians centered at the point of fix-
ation, indicated by the long vertical bars.
Calibration bars at the left indicate re-
sponse frequencies of 100 impulses/sec.

'

Stimulus speed, 60°/sec (4 and C), 90/

sec (B).

potentials of individual PVNs were identified and isolated using con-
ventional electrophysiological techniques. The optimal stimulus veloc-
ity was determined from a preliminary series of trials that spanned a
range of 30°-600°sec. The stimulus velocity that produced the maxi-
mum rate of discharge was then used for subsequent tests. It was 60°
or 90°sec for most neurons.

Two types of stimulus sets were used. Each consisted of stimulus
motion in 8 equally spaced directions in the frontoparallel plane. The
first set employed stimulus movement of 100° in extent centered on the
point of fixation, moving in each of the 2 directions along the vertical,
horizontal, and 2 equally spaced diagonal meridians. Local receptive
field properties were tested with a second set of stimuli moved only 10°

or 20° in each of 8 equally spaced directions in the circular dimension,
centered either over the point of fixation or at any location at 10°
intervals along any of the 4 meridians (“local rotate runs,” see Fig. 3).

The optimal direction of stimulus movement for each PVN was es-
timated by periodic regression (Batschelet, 1981), using the method of
least squares to fit a sine wave of the form

y = by + b;sin(8) + b,cos(d)
or, in terms of the preferred direction,
y = b, + c¢,cos(@ — 0,)

0y

@
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Figure 2. Radially oriented histograms of the responses of 2 parietal visual neurons (4 and B) to 8 directions of motion. Only those histogram
bins in which the discharge rate is significantly different from the ongoing background activity (¢ test, p < 0.05) are shown. Bins shaded with
diagonal cross-hatching are responses to inward stimulus motion; stippled bins are responses to outward motion away from the point of fixation
(large central dot), along the same meridian. Bins marked with solid circles indicate response rates significantly different from those evoked by
stimuli moving in the opposite direction through the same zones of space (paired ¢ test, p < 0.05). Stimulus velocity was 90° and 60°/sec in 4 and
B, respectively. The spatial extent of each stimulus movement was 100° centered on the point of fixation. The histograms have been separated for
20r about the fixation point for ease of viewing. Calibration bars, 100 impulses/sec. Arrows in 4 indicate the spatial locations of tests of local

directionality shown in Figure 3.

G = v+ b2 3)

where

y = the PVN discharge rate for stimulus movement in

direction 8,

by, by, and b, = regression coefficients,

¢, = maximum increase from the average discharge rate,

6 = direction of stimulus motion,

6, = the “best” or “preferred” direction of motion.

Using least-squares methods to fit the coefficients b,, b,, and b, in
equation (1) ana substituting them into equations (2) and (3), the “pre-
ferred” direction (f,) can be calculated using the following correction
for quadrant:

8, = tan~'(b,/b,),
6, = 6y, ifb, > 0,5, > 0,
6, = + 1807, ifb, <0,
8, = 6, + 360°, ifb, <0,b,>0. )
The correlation coefficient can be calculated as
= 4(b12 + boz)/(y - bo)2 %)

An index of circular tuning was calculated from the responses to the
8 directions of stimulus motion; it is the width in degrees in the circular
dimension in which the increases in the PVN discharge rate over the
rate of background activity exceed 50% of the maximum increase above
the background rate observed. Linear interpolation between adjacent
points was used to determine the intersections of the data curves with
the 50% response level.

Results

The observations and analyses described below were made on
the basis of the 188 PVNs described in the previous paper
(Motter et al., 1987). One hundred thirty-three of those neurons
qualified for the present analysis on the basis of the completeness
of study and the statistical validity of their responses. Each

neuron was tested by light stimuli that moved in either direction
for 100° along each of 4 evenly spaced meridians; the lengths
of stimulus movements were centered at the point of fixation.
In addition, 269 tests of directionality within local regions of
the receptive fields were made on 92 neurons of this population,
in the manner described above.

The response histograms for 3 PVNs shown in Figure 1 dem-
onstrate opponent organization of directionality for stimuli
moved in each of the 2 directions along a single meridian. Op-
ponent directionality in PVNs is seldom limited to a single
meridian; for many neurons it occurs along several or all the
meridians tested. The variations in directionality and response
intensity such as those shown in Figure 24 support the idea that
for almost all PVNs the directional properties differ for different
meridians. The neuron of Figure 24 responded as the stimulus
moved inward toward the fixation point along each of the §
directions tested along 4 meridians in the plane of the tangent
screen; the cell did not respond at all during stimulus move-
ments outward away from the point of fixation. Thus, the true
angular directional selectivity appeared to change regularly from
meridian to meridian. The intensities and durations of the re-
sponses to inwardly moving stimuli did vary from one meridian
to the next, producing the moderate circular asymmetry illus-
trated by the histograms of Figure 24. The organization of the
radial directionalities in the visual field is analyzed in detail
below. The neuron of Figure 2B was activated from a receptive
field that filled the upper half of the visual field. The axial
directional selection was inward and changed in true angular
direction from meridian to meridian, producing an opponent
directionality along the horizontal meridian. The spectrum of
receptive field sizes included those of neurons with opponent
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Figure 3. Results of tests for local directionality for the parietal visual
neuron of Figure 24 at the point of fixation and at 4 positions 20° from
the point of fixation along the diagonal meridians (see arrows in Fig.
2A). The response to each stimulus movement is represented by a vector
whose length is proportional to the mean rate of discharge and whose
direction indicates the direction of stimulus motion. Circles indicate
rate of ongoing discharge in the absence of a visual stimulus. Radius of
the circle at upper left corresponds to a discharge rate of 30 impulses/
sec.

directionality along a single responsive meridian. For most PVNs
the circular extent of opponency lay between 2 extremes, from
those neurons activated from only a single meridian to the one
illustrated in Figure 24. The majority of PVNs (80 of 133)
showed some degree of opponent organization, including both
those for which the field includes the foveal region and those
in which that region is spared.

What mechanisms account for changes in the axial selectivity
of PVNs?

The evidence presented in the preceding paper (Motter et al.,
1987) indicates that the directional preference of PVNs along a
single meridian is produced by an inhibition that acts from the
edge for a wide distance ahead of a stimulus moving in the null
direction. Here, we address the question, What mechanisms
produce the change in true angle of the directional preference
that accompanies each angular shift in the meridian tested; i.e.,
the virtual absence of axial selectivity? It is obvious that while
the axial directionalities of Figure 24 are strongly inward for
each axis tested, the angle of those directionalities in the fron-
toparallel plane of the tangent screen varies over the full range
of 360°.

The first possibility we consider is that a local or minute
directional property exists throughout the receptive field of a
cell like that of Figure 24 and that the true angle of the local
directional preference shifts progressively from one location to
another in the receptive field, producing patterns of opponency
like those of Figure 24 and Figures 3, 4, and 5, A-C, of the

Table 1. Comparison of the directionality observed in the full-field
and local tests for 13 PVNs tested in 4 or more local regions of the
receptive field

Local tests
Un-
Non- re-

Full-field Out- direc- spon-

tests Inward ward tional sive Other Totals
Inward 4 0 14 0 6 24
Outward 0 0 2 0 0 2
Nondirectional 1 0 4 2 2 9
Unresponsive 2 0 9 2 5 18
Totals 7 0 29 4 13 53

The 53 local tests were labeled inward or outward if the preferred direction was
within 22.5° of the 2 directions along the meridian on which the test was made,
and “other” if it was outside that range. The full-field tests were labeled inward,
outward, nondirectional, or unresponsive for each of the 8 directions tested.

preceding paper (Motter et al., 1987). We have tested this prop-
osition by examining local directional properties and axial se-
lection in different parts of the receptive fields of PVNs, using
the “local rotate” stimulus set described in Materials and Meth-
ods. (The set consists of stimuli moving at 60° or 90°sec, of
20° movement length, delivered at 45° intervals of direction
around a circle centered at a selected point in the receptive field.)
We tested 269 zones in the receptive fields of 92 PVNs. Of these,
less than half (129 of 269) showed any significant axial selectivity
by sine wave regression analysis. We then analyzed the results
for a subset of 13 PVNs for each of which 4 or more local sites
were tested, usually at locations 20° from the fixation point along
the diagonal meridians. We first compared any axial direction-
ality demonstrated with stimuli that moved for 20° with that
observed in the same 20° segment of the meridian by full-field
stimuli of 100° movement. We then determined whether any
axial selectivity could be demonstrated in each local region and,
if so, whether any axial selectivity observed differed in different
parts of the receptive field. The result of this experiment for the
neuron of Figure 24 is shown in Figure 3. The responses at each
location to stimuli moving in the 8 directions tested are plotted
as vectors whose lengths are proportional to the average evoked
response rate and whose directions are those of stimulus motion.
The local tests of Figure 3 were made at the receptive field
locations marked by arrows in Figure 24. The trigonometric
moment method of Mardia (1972) was used to determine if a
significant axial selection existed at any of the local test posi-
tions. The mean resultant length, a measure of dispersion, was
calculated from these data; in each of the 5 cases this measure
did not differ significantly from zero by the Rayleigh test (Mar-
dia, 1972). These results indicate that no local axial selectivity
existed within the receptive field of the neuron of Figure 24,
and thus that the all-inward directionality shown for the 8 di-
rections tested along the 4 meridians with full-field stimuli must
be produced by other than local directional mechanisms.

A total of 53 local positions in the subset of 13 neurons
described above was tested in this way, at positions that could
be compared with the results obtained with full-field stimuli.
The results of the comparison are given in Table 1. Of the 26
local sectors lying on meridians for which cells were shown to
be directionally selective by full-field stimuli, only 4 were di-
rectionally selective in the same direction (+22.5° by the local
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Figure 4. Polar plots of the average
discharge rate for four PVNs (4-D) dur-
ing the inward and outward halves of
the “full-field” tests of directionality.
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tests. The outcomes of the comparison of the 2 sets are shown
by the numbers in the cells of Table 1. The most common
outcome was that a local zone, shown to be directional in the
full-field test along that particular meridian, was nondirectional
in the local test. Of all the possible outcomes, only 10 of 53 are
congruent between the 2 sets of data.

Several possible explanations of the directional organization
within the receptive fields of PVNs can, we believe, be dismissed
on the basis of present evidence or because of the rarity of
occurrence of the properties required. For example, it is possible
that the convergence from the 2 hemispheres, obviously re-
quired to compose the receptive fields of PVNs, is arranged so
that neurons from the 2 hemispheres with opposing direction-
alities toward or away from a major axis like the vertical me-
ridian converge upon the same PVN. Such a convergence could
produce an opponent directionality along the horizontal merid-
ian and other horizontal axes as well. This explanation is un-
likely because we have observed only a single instance of such
a pattern of directionality for a PVN (Motter and Mountcastle,
1981, Fig. 17), because examples of opposing local direction-
alities in opposite halves of receptive fields have not been ob-
served, and because no explanation is provided for opponent
organization along both the horizontal and vertical meridians
in the same cell.

Another hypothesis is that PVNs have a broadly tuned but
uniform directionality within their receptive fields and that di-
rectionality appears to be organized in the opponent pattern
only because we have used stimuli that moved along meridians.
We think this explanation unlikely because we have not ob-
served a single PVN with a giant receptive field and opponent
organization of directionality that showed such a uniform di-
rectionality when tested with local stimuli. Moreover, the ma-
jority of such local zones show no significant directionality at
all, even when responses to local stimuli are vigorous.

The directional properties of 80 of the 133 neurons in the
population of PVNs analyzed were organized in an opponent
manner, like those of Figures 1 and 2. The remaining 53 neurons

were related to small foveal receptive fields, to fields restricted
to one half of a single meridian, or to fields that occupied less
than 180° of the visual field. Many of these showed directional
selectivity along a portion of a single meridian, but none, of
course, could show the opponent organization we wished to
analyze.

In summary, the majority of PVNs display a directional se-
lectivity along meridians through their large and frequently bi-
laterally symmetrical receptive fields. These directional pref-
erences are frequently arranged along each meridian in opponent
fashion, either inward or outward with respect to the point of
fixation. The angle of the preferred axial direction in the fron-
toparallel plane thus changes with the angular inclination of the
meridian tested and, for many cells, varies over the full range
of 360°. Tests of local positions within receptive fields show that
at the majority of locations no axial selectivity exists, and, when
it can be demonstrated, it rarely accounts for the patterns of
axial specificity and selectivity observed with full-field stimuli.
We infer by exclusion that the difference in the directionality
of PVNs along different meridians, like that along a single one,
is produced by the feed-forward inhibitory effect described in
the preceding paper (Motter et al., 1987). It is presently best
understood, we believe, in terms of the double-Gaussian model
described and illustrated in Figure 16 of that paper.

Organization of the meridional directionalities of PVNs

Although PVNs may respond preferentially to inward or out-
ward motion along all meridians, the intensity of response in-
dexed by either the mean or the peak rate of neuronal discharge
varies smoothly from one meridian to another. These differences
in the intensities of responses to stimuli moving along different
meridians in the frontoparallel plane suggest that PVNs may
provide reliable signals of the direction of motion in the visual
surround relative to the central line of gaze. Extremes in the
nature of the response distribution from meridian to meridian
in the “circular” dimension, observed in the population of PVNs,
are shown in Figures 4 and 5, where the average rates of dis-
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Figure 5. Polar plots showing 2 response patterns less commonly ob-
served in PVNs. See text and legend to Figure 4 for description.

charge during inward and outward stimulus movements are
plotted separately as functions of the direction of motion along
the meridians tested. Figure 4, 4 and B, presents examples of
broad and narrow tuning for neurons with inward axial direc-
tionality. Figure 44 illustrates a nearly balanced opponency in
which the intensity of response is almost the same for 6 of the
8 directions of inward motion. Figure 4B illustrates the results
for a PVN whose responses are narrowly tuned for a particular
direction of motion. Figure 4, C and D, shows similar examples
of PVNs with outward axial directionalities.

Examples of other, less common response patterns are shown
in Figure 5. The neuron of Figure 54 had a “bimodal” distri-
bution of axial response intensities, with opponent inward di-
rectionality. Figure 58 shows results for a PVN in which the
directionality appears to be uniform along a single axis. This
cell responded preferentially to the same direction of motion
on the opposite sides of the fixation point. The majority of such
neurons had receptive fields that included the point of fixation
and responded to inward stimulus motion over spatial extents
that overlapped the fixation point, thus producing an outward
directionality on the other side of the line of gaze. Table 2
summarizes our findings: (1) The majority (104 of 133) of the
PVNs analyzed have a continuous distribution of response in-
tensity in the “circular” dimension of the frontoparallel plane,
with an optimal or “best” direction; (2) the majority of PVNs
(85 of 133) respond preferentially to one radial direction, either
inward or outward relative to the central line of gaze.

It is possible to determine the optimal radial direction from
the responses of PVNs by a number of methods. We present
below the results obtained using a sinusoidal regression analysis,
as described in Materials and Methods. Identical results are
obtained if the trigonometric moment method of Mardia (1972)

Table 2. Summary of radial directional preferences based on the full-
field tests

Radial

direction

preferred Unimodal Bimodal Totals
Inward 54 12 66
Outward 15 4 19
Mixed 35 13 48
Totals 104 29 133

Neurons with single peaks in the distribution of directional response intensities
were classified as unimodal and those with 2 peaks as bimodal. See Figures 4 and
54 for examples.

is used. Figure 6 illustrates the results of the sine wave regression
analysis for a PVN that responded preferentially to inwardly
moving stimuli. The PST histograms at the top of the figure
show the time course of the response to stimuli moving in each
of the 8 directions of motion tested. The mean and peak rates
of discharge are plotted separately below for the inward and
outward motions relative to the point of fixation, as functions
of the directions of stimulus motion along different meridional
axes. The dotted lines in these graphs indicate sine waves fitted
to the data by the least-squares method. The responses of this
PVN are adequately described by a sinusoidal function with
correlation coefficients of 0.95 for mean responses and 0.94 for
peak responses. The most effective direction of stimulus motion
is defined by the peak of the sine wave; for this neuron it is 9°
counterclockwise from the downward direction along the ver-
tical meridian. The best direction is virtually the same for mean
and peak responses.

The results of sinusoidal regression analyses of the responses
of 2 other PVNs are shown in Figure 7. The neuron of Figure
74 responded preferentially to inward stimulus motion, with a
best direction of 8° counterclockwise from the vertical. The
neuron of Figure 7B responded preferentially to outward stim-
ulus motion, with a best direction of 191°. For this neuron, weak
responses were evoked by inward motion as the leading edge of
the stimulus approached and crossed the point of fixation. The
close fit of these responses to a sine wave is shown by the
corresponding r? values of 0.97 and 0.96.

The histogram of Figure 8 plots the 72 values for the sinusoidal
regression analysis of all of the neurons in our population with
unimodal “circular” distributions of responses to either inward
or outward stimulus motion. The responses for the majority
(76%) of these neurons fit sinusoidal functions reasonably well,
having r? values >0.70. There are 2 reasons for a lack of si-
nusoidal fit, when it occurs. Rarely (n = 3), the responses are
nearly equal for all radial directions of stimulus motion tested,
like those of the neuron of Figure 94. This PVN showed a strong
preference for inward over outward motion but showed no pref-
erence for one or another meridian. For a few other cells, the
distribution of response intensities among meridians is very
narrowly tuned; an example is given in Figure 9B. The optimal
direction for this cell was outward from the point of fixation.
Neurons of this latter type, which show the most precise axial
selection of all, are included in the population analysis described
below despite the lack of sinusoidal variation of their responses.

Figure 10 gives the distribution of preferred axial selections
for all neurons in our population with unimodal “circular” dis-
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Figure 6. Sinusoidal variation in the amplitudes of responses of a PVN to moving stimuli. Histograms (fop) show the time courses for the inward
(dark shading) and outward (unshaded) halves of 100° stimulus movements in each of the 8 directions indicated. The mean (leff) and peak (right)
responses are plotted as functions of the direction of stimulus movements for both the inward (middle) and outward (bottom) halves of stimulus
movements. Solid lines connect data values; dotted lines show sine waves fitted to the data by periodic regression (see Materials and Methods).

tributions of their responses to radially moving stimuli. The
preferred axes are given as the angle counterclockwise from the
downward direction along the vertical meridian. Observations
on cells from left hemispheres are reversed for the purposes of
this figure. Although all directions of motion appear to be rep-
resented in the population from each hemisphere, there is a
greater number of PVNs with best directions either toward or
away from the fixation point into or out of the contralateral half
of the visual field.

An index of angular tuning was calculated for all PVNs whose
preferred directions are shown in Figure 10, using the 50% cri-
terion described in Materials and Methods. The histogram of
Figure 11 shows the distribution of these indices for the PVN
population we analyzed. The median value is 90°, which cor-
responds to a 50% reduction in the amplitude of response for
directions of motion 45° to either side of the optimal direction.
Eight cells of our population responded to stimuli moving along
only a single axis and thus had tuning indices of 0°, while 27
cells had tuning indices > 180°. These data suggest that the signal
of direction of stimulus motion is rather imprecise for individual
PVNs and that if a more precise signal exists in the parietal
lobe, it may be encoded in the population discharge.

In summary, the majority of parietal visual neurons with
bilateral receptive fields show an opponent organization of di-
rectional preferences along meridians. For many, this preference
remains either inward toward or outward away from the point
of fixation for all meridians; i.e., the true angle of the directional
preference changes from one meridian to another. The intensity
of the responses does vary and is adequately described by a
sinusoidal function fitted to the circle. These data suggest that
the signal for the direction of stimulus motion is rather imprecise
for individual PVNs; a more precise signal may be encoded in
the PVN population discharge.

Vectoral analysis of population directionality

The proposition that a more precise signal of stimulus direction
may be encoded in the response of the population of PVNs
raises the problem of whether or how information about the
nature of a stimulus or a behavioral event can be extracted from
a population of relatively imprecise neuronal signals. A vectorial
model of neuronal responses was used by Georgopoulos et al.
(1983) in an analysis of the relation of the activity of motor
cortical neurons to the direction of aimed arm movements, a
problem somewhat similar to our own. The basic assumption
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Figure 7. Sinusoidal regression plots of the responses of 2 PVNs, one of which (4) responded preferentially to inward stimulus movements and
the other of which (B) responded preferentially to outward movements. See Figure 6 for details.

of the model is that a linear vectorial summation of directional
responses of individual cortical neurons yields a population
response that accurately predicts the direction of movement.
We have applied this model to the responses of PVNSs to visual
stimuli moved either inward or outward along different radii
symmetrically arranged around the central line of gaze in the
frontoparallel plane normal to that line.

We calculated a single population vector for each direction
of stimulus motion by the simple vector addition of the re-
sponses to all neurons in the population. The magnitude as-
signed to each neuronal vector was the difference between the
rate of discharge as the stimulus moved in the test direction and
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Figure 8. Distribution of correlation coefficients of sine waves fitted
to data by periodic regression for the population of PVNs studied.

the average response of that cell to all 8 directions of motion
tested. The direction assigned to each neural vector was either
its preferred direction, determined from sinusoidal regression
analysis (see Materials and Methods), when responses were
greater than the average rate, or the opposite direction, when
responses were less than the average rate. Thus, each neuron
contributed a vector in 1 direction along its preferred axis re-
gardless of the direction of motion of the stimulus (the labeled
line assumption) but with an amplitude that varied with direc-
tion of the test stimulus. The mean rates of discharge as the
stimulus moved inward toward or outward away from the fix-
ation target in the full-field tests (see Materials and Methods)
were used for this analysis. A total of 104 of the 133 neurons
that responded in these tests (see Table 1) were selective for a
particular radial axis. Of that group, those with r > 0.7 were
analyzed in 4 sets: (1) PVNs that responded to inward stimulus
motion only, (2) all PVNs that responded to inward motion
along any meridian, (3) PVNs that responded to outward motion
only, and (4) all PVNs that responded to outward motion along
any meridian. The optimal directions for the sets of PVNs stud-
ied are not evenly distributed in the circular dimension for any
1 of the 4 groups, as shown by the inset diagrams of Figure 12.
This is most likely due to a sampling error owing to the relatively
small number of neurons in each group. These nonuniform
distributions of best directions, however, appear to have little
or no effect on the capacity of the population to signal the
direction of motion (Table 3, Fig. 13).

Individual and population vectors for the 8 directions of stim-
ulus motion are shown separately for the 4 analysis groups in
Figure 12. The directions of the resulting population vectors are
indicated by arrows. The differences between the direction of
the resultant population vectors and the actual directions of
stimulus motion are summarized in Table 3. The graph of Figure
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Figure 9. Sinusoidal regression for 2 parietal visual neurons for which the variation is not adequately described by a sinusoid (#2 < 0.70). 4,
Responses of a neuron similar to those of the neuron of Figure 24, which are nearly equal for all inward directions of motion. B, Responses of a

neuron “narrowly tuned” for outward motion.

13 shows that with this model the population response signals
the direction of stimulus motion with great accuracy. In most
cases, the direction of the population vector closely approxi-
mates the actual direction of stimulus motion; the average dif-
ference for the 4 groups is 9.3°. There is a closer correspondence
between the directions of stimulus motion and the population
vector for movements along the vertical and horizontal merid-
ians (mean difference, 4.9°) than for those along diagonal axes
(mean difference, 13.7°). Whether this is due to the uneven
distribution of preferred directions in our neuronal sample or
to real differences is unknown. The length of the population
vector is a measure of the strength of the directional signal; it
depends upon the number of contributing neurons and their
discharge rates. Inspection of the values in any 1 group (Table
3) indicates some correlation between the resultant length, the
symmetry in the underlying distribution (Fig. 12), and the dif-
ference in actual and predicted directions of stimulus motion.
This suggests that the predictability of the model would be im-
proved for a larger, more even sample of PVNs. Two other
measures of dispersion, the mean resultant length and the cir-
cular standard deviation, can be calculated by the method of
Mardia (1972); they are given in Table 3. These measures are
proportional and normalized both for discharge rate and for the
numbers of contributing elements, and thus are suitable for
cross-comparison within and among groups. However, com-
parison of these measures of dispersion with the accuracy of
prediction of stimulus direction by the population revealed no
direct correlation.

Discussion

The observations described in this paper confirm the opponent
organization of the directional preferences of PVNs. That is,
individual PVNs respond on either the inward or the outward

halves of stimulus movements along meridians of 100° length,
the latter centered on the point of fixation. The pattern of re-
sponse is similar, either inward or outward for any given neuron,
along all meridians tested. Analysis showed that the intensities

CONTRALATERAL IPSILATERAL

Figure 10. Rose diagram showing the distribution of the preferred
directions (both inward and outward) in the population of PVNs studied.
Observations on neurons in left hemispheres are reversed, producing
this view of the population distribution seen from a right hemisphere.
Vertical calibration bar indicates 10 cells.
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Figure 11. Distribution of the circular tuning indices in the population
of PVNs studied. See Materials and Methods for description.

of response along those meridians varied systematically from 1
meridian to another, a variation described adequately by a sine
wave function distributed on the circle. This suggests that, with
rare exceptions, any single PVN is unlikely to provide a precise
signal of the direction of a stimulus moving into or out of the
visual field, toward or away from the central line of gaze. We

therefore posed the question of whether a more precise signal
of direction might be inherent in the population discharge of
all neurons activated by such stimuli. An application of the
vectorial model for the population signal of direction revealed
that, with certain critical assumptions, this was indeed the case.

This discussion is based upon the experimental observations
summarized above and upon the assumption that functions may
be inferred from the physiological properties of neocortical cells
observed in waking, behaving monkeys. This assumption is
strengthened if the properties observed appear as positive im-
ages of the defects in function that occur after removal of the
cortical area under study. We discuss first what mechanisms
might produce the axial selectivity of PVNs for stimuli moving
along meridians in a frontoparallel plane and propose a mod-
ification of the double-Gaussian model described in the pre-
ceding paper (Motter et al., 1987), which has, we believe, con-
siderable explanatory value. We then discuss (1) the candidate

nanral cnde for etimuline diractinn amhaddad in the PUN nan.
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ulation response, (2) the role of the parietal visual system in the
visual guidance of projected movements of the arm and hand,
and (3) the putative role of this system in the perception of self-
motion, in providing the signals used in guiding locomotion,
and in evoking the illusion of vection.

Mechanism of axial selectivity in the circular dimension of the
visual field

A visual stimulus moving in the null direction along a meridian
evokes in PVNs a feed-forward inhibition that extends from the

Table 3. Results of the population vector analysis for each of the 8 directions of motion in the 4

groups shown in Figure 12

Direction of motion

Parameter o 45° 90° 135° 180° 225° 270° 315°

A. Neurons responding to inward motion only (n = 47)
Population vector 0 26 107 148 181 202 267 328
Difference 0 19 17 13 1 23 33 13
Resultant length 385 244 182 250 317 250 176 278
Mean resultant length 0.84 0.71 0.63 0.73 0.82 0.76 0.62 0.76
Circular SD 33 47 55 45 36 42 56 42

B. All neurons responding to inward stimulus motion (n = 78)
Population vector 358 31 91 144 184 215 274 326
Difference 2 14 1 9 4 10 4 11
Resultant length 505 372 346 407 473 428 264 380
Mean resultant length 0.81 0.74 0.65 0.72 0.79 0.76 0.60 0.71
Circular SD 37 44 53 47 39 42 58 47

C. Neurons responding to outward stimulus motion only (n = 12)
Population vector 344 49 93 140 202 226 265 301
Difference 16 4 3 5 18 1 5 14
Resultant length 44 55 85 36 36 47 52 46
Mean resultant length 0.69 0.78 0.79 0.64 0.62 0.70 0.75 0.69
Circular SD 50 40 39 54 56 49 43 50

D. All neurons responding to outward stimulus motion (n = 42)
Population vector 4 28 90 163 181 200 270 328
Difference 4 17 0 28 1 25 0 13
Resultant length 285 211 126 197 215 226 130 169
Mean resultant length 0.85 0.78 0.58 0.77 0.82 0.80 0.54 0.69
Circular SD 33 40 60 41 36 38 63 49

The resultant length, the mean resultant length, and the circular SD are measures of dispersion (see text).
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Figure 12. Individual response vec-
tors and the resulting population vec-
tors (arrows) for the population of PVNs
studied for each of the 8 directions of
stimulus motion. A4, Cells responding to
inward motion only. B, All cells re-
sponding to inward motion. C, Cells
responding to outward motion only. D,
All cells responding to outward motion.
Insets show the distributions of the pre-
ferred directions for each set analyzed.
Length of maximum radius in insets A-
D represents 12, 12, and 6 neurons, re-
spectively. Detailed description of the
analysis is given in the text.

.

leading edge of the stimulus forward for 20°-30°. This inhibition
is assumed to be generated by intracortical circuit action. A
model was presented (Fig. 16, Motter et al., 1986) that accounts
for the opponent directionalities observed when stimuli move
in the 2 directions along meridians of 100° extent, with gaze
fixed at the center. Each PVN is assumed to be related to large
inhibitory and excitatory receptive fields that are symmetrically
superimposed and Gaussian in distribution but of unequal size.
When the excitatory field is the larger, the inward pattern of
directional preference results. The initial stimulus movement
inward from the periphery evokes strong excitation and, with
a delay, slowly summating and persisting inhibition that quenches
the response as the stimulus reaches (approaches) the central
line of gaze, and prevents response on the outward half of stim-
ulus movement, away from the point of fixation. Reciprocal
interpretations account for the directional properties of PVNs
responding to outward stimulus motion. Several lines of ex-
perimental evidence were presented that support the validity of
this model.

This same model accounts for the fact that the true directions
ofthe directional preferences along the meridians change sharply
with changes in the angle of the meridians tested for the majority
of PVNs. The overlapping but unequal spatial extents of the
excitatory and inhibitory fields account for the facts observed,
for the results will be the same whatever the meridional angle
of stimulus entry from the periphery. The observation that no
consistent differences in local directional preferences exist in
different parts of the receptive fields lends complementary sup-
port to the explanation offered.

However, we observed only 3 neurons (see Figs. 24 and 94)

whose receptive fields and response intensities were sufficiently
symmetric in the circular dimension of the frontoparallel plane
to fit the model precisely. For the majority of PVNs the rule of
inward or outward directional preference held along all merid-
ians, but the intensities of the responses and the spatial extent
of the receptive field differed for different meridians. We propose
a modification of our original model to account for these asym-
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Figure 13. Population vectors (predicted directions) shown as func-

tions of the actual stimulus directions for each of the 4 groups of Figure
12.
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1.

Figure 14. Graphic representation of

the responses of a PVN to inwardly
moving stimuli. This response surface

is the sum of 2 Gaussian functions, 1
excitatory and 1 inhibitory. The asym-

metry results from slightly shifting the 0.
peak of the inhibitory function relative

to that of the excitatory one.

metries; it is shown in Figure 14, where the original symmetric
distribution of the Gaussians is distorted to account for the
asymmetric distribution of response intensities observed. An
analysis of responses to motion along all the meridians tested
revealed that they are accounted for with a high level of con-
fidence by a sinusoidal function fitted in the circular dimension
(Fig. 8). This allowed us to calculate from the sinusoidal dis-
tribution the best or preferred meridional direction of stimulus
motion for each PVN. PVNs are “broadly tuned” for direction,
such that responses significantly greater than the average for all
stimulus directions occur up to 45° on either side of the best
direction (Fig. 11). We therefore sought to determine by analysis
whether a more precise signal of the meridional direction of
stimulus motion is coded in the pattern of discharge of the full
population of PVNs activated by a given stimulus.

A code for stimulus direction embedded in the PVN population
pattern of response

A general problem in neurophysiology is whether precise signals
of events may be coded in population patterns of neuronal ac-
tivity, when only imprecise signals of those events are provided
by any single neuron of the population. Some mechanism of
this sort appears necessary to account for the common obser-
vation that sensory and motor performances are more exact
than would be predicted from the signal imprecision of single
neurons. The broad distribution of responses to stimuli moving
along different meridians (see Fig. 11) suggests that this may be
the case for the PVN population. We have tested this proposition
by an application of the population vector summation model.
The main assumption of the model in the present application
is that the discharge of any single PVN, regardless of the direc-
tion of the stimulus activating it in any given case, provides a
signal of stimulus movement along the preferred axis of the cell,
in the preferred direction if response magnitude is above, and
in the opposite direction if below, the average response to all
directions of motion tested. We refer to this as the labeled line
assumption. We then carried out a linear vector summation of
the responses of all neurons in the population considered for
each direction of stimulus motion tested.

The results obtained are illustrated in Figures 12 and 13 and

detailed in Table 3. The derived population vector responses
differed on average by only 9.3° from the actual direction of
stimulus motion. This precise signal contrasts with the broad
and relatively imprecise signal of the direction stimulus move-
ment provided by any single PVN of the population analyzed.
It caused us to examine further the assumptions involved in the
application of the model.

The first is the labeled line assumption described above. It
appears to us to be inherently as likely as the ubiquitous mo-
dality specificity demonstrated repeatedly in the sensory systems
of mammalian brains. The second assumption is that there exist
neuronal mechanisms for recognizing labeled lines and for linear
vector summation. No such mechanisms have, to our knowl-
edge, been described, but their existence appears to us more
plausible than the alternative, i.e., that summations of this kind
are made by single neurons or even by small groups of neurons.
It seems more likely that the flow-through of brain activity from
inputs to outputs occurs by the interfacing of large neuronal
populations, although little is presently known of the nature of
those interfaces.

The choice of the average response to all directions of stimulus
motion as the reference level and the assignment of all signals
above that level to the preferred axis and direction of the cell,
and all those below that level to the preferred axis but in the
opposite direction along that same preferred axis, assure the
good fit of the model to our data. However, we believe the use
of the average as reference level would not be necessary under
certain conditions. If, for example, the spontaneous rate of dis-
charge of each PVN in the absence of visual stimulation were
used as the basis for measurement, the results of the analysis
would be expected to be quite similar, if (1) there existed a
uniform distribution of neuronal best directions around the cir-
cle, (2) the directional variance of the responses of PVNs with
different best directions were similar, and (3) the peak discharge
rates of different PVNSs were similar. It is likely these conditions
would be met with a larger experimental sample. Thus, we be-
lieve the result we obtained does not depend critically upon the
choice of reference level.

We conclude that there is a more precise signal of the meridio-
nal direction of stimulus movement embedded in the population



discharge of PVNs than exists in the discharge of any single
member of the population. The vector summation model and
analysis provide an exact description of this population signal,
but whether the signal expressed as a vector can be detected
and used by other neuronal populations remains to be estab-
lished.

Role of the parietal visual system in the perception of
self-motion and in the visual guidance of locomotion

Linear motion of the head or rotation of the eye within the head
results in a predictable motion of a static visual scene known
as the “optic flow field” (Gibson, 1966). Information derived
from this optic flow is thought to be important for the perception
of self-motion, for distinguishing self-motion from object mo-
tion, and for the visual guidance of locomotion.

The perception of self-motion by humans is produced largely
by movement of the object surround through the periphery of
the visual field. Motion in the visual periphery elicits in a sta-
tionary observer an illusion of self-motion (vection) indistin-
guishable from real motion. The illusion survives blocking of
the central 60° of the visual field but is degraded by masking
peripheral vision (Brandt et al., 1973; Johansson, 1977; McKee
and Nakayama, 1984). The illusion of vection is compelling,
for it dominates contradictory proprioceptive signals. For ex-
ample, subjects presented with optical flow consistent with back-
ward self-motion perceive backward motion even if they are
actually walking forward (Lishman and Lee, 1973; Lee and
Thomsen, 1982). Similarly, under some conditions optic flow
signals are crucial for the control of stationary balance (Lee and
Lishman, 1975; Amblard and Carblanc, 1980).

Humans can direct their gaze to within 30 min of arc of their
direction of locomotion (Priest and Cutting, 1985). When only
linear translation occurs, the direction of locomotion could be
determined by directing the angle of gaze such that the lateral
optic flows are symmetrical on the 2 sides; the task is more
difficult if translation is combined with rotation. The human
capacity to detect the focus of expansion of the optic flow field
is limited, so that it is unlikely to serve effectively to guide the
direction of locomotion (Regan and Beverly, 1982). It appears
that the instantaneous velocity field in the visual periphery is
used by humans in tasks that require critical judgment of the
direction of movement, such as the guidance of high-speed land
vehicles or the landing of aircraft (Gordon and Michaels, 1963;
Gordon, 1965; Regan and Beverly, 1982).

These optic flow patterns will evoke maximal rates of dis-
charge of PVNs because of the wide, bilateral receptive fields
of these neurons and their history-dependent opponent direc-
tionality observed when stimuli traverse meridians that pass
through the fixation point (Motter and Mountcastle, 1981;
Mountcastle et al., 1984; Motter et al., 1987). Moreover, steady
fixation of the point ahead induces a powerful facilitation of the
responses of PVNs to visual stimuli moving inward or outward
along axis meridians (Mountcastle et al., 1981). Linear motion
through a fixed environment will evoke maximal, balanced levels
of activity in the PVN populations of both hemispheres. For-
ward and backward self-motion will be signaled differentially
by the inward and outward motion-sensitive subsets of PVNs
when gaze is directed along the line of movement, especially
when a distant target is fixated. Under either circumstance, the
optic flow array will contain stimuli moving along all meridians;
thus, each PVN will be driven by its preferred stimulus direc-
tion. The excitatory drive will derive from all stimuli in the
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surround, from those moving slowly near the center of gaze to
those moving rapidly at the periphery of the visual fields. This
is so because PVNs, while exquisitely sensitive to stimulus mo-
tion and direction, are relatively insensitive to differences in
stimulus speed and respond over a wide range of speeds (Motter
et al., 1987). We have no evidence for hemispheric differences
in the distribution of preferred directions of PVNs in the mon-
key. However, the contralaterality of the visuospatial defects in
humans with parietal lobe lesions suggests that such a differential
distribution may occur in humans. If so, the bilateral symmetry
of activity in the PVN population during linear motion in the
line of gaze will be further enhanced.

If the direction of motion is at an angle to the line of gaze,
the PVN population signal of the apparent motion of the sur-
round will be quite different. For example, if locomotion is at
some angle to the right of the line of gaze, PVNs with best
directions pointed outward in the left visual field will be driven
as described above. Neurons sensitive to outwardly moving
stimuli, with best directions in the right half of the visual field
lateral to the line of locomotion, will be excited, as will inwardly
sensitive cells with best directions between the line of gaze and
the line of locomotion. This shearing motion will evoke a pow-
erful differential activation of the groups of PVNs sensitive to
outward and inward stimulus movement. However, the effects
of this simultaneous outward and inward stimulus motion in
the same half of the visual field cannot be predicted from the
facts presently available. Our preliminary studies of PVNs when
2 moving stimuli are presented simultancously in the visual
field indicate that the effect will be determined by nonlinear
interactions (V.B. Mountcastle, B.C. Motter, and M.A. Stein-
metz, unpublished observations). Nor can the influence of the
deviation of the angle of gaze upon the overall PVN population
response be assessed at present. Although powerful facilitatory
and suppressive effects of deviation of the eyes upon the excit-
ability of PVNs occur (Andersen and Mountcastle, 1983), a
systematic description of these effects in terms of laterality is
not yet available.

The relative insensitivity of PVNs to stimulus speed ensures
a continuous excitatory drive independent of the range of ve-
locities of the apparent optic flow during self-motion. However,
we have not studied the sensitivity of PVNs to accelerating
stimuli nor to differential rates or directions of multiple stimuli
such as those that provide kineoptic depth signals (Nakayama
and Loomis, 1974; Frost and Nakayama, 1983). It has recently
been shown, however, that many motion-sensitive neurons of
area MT, which projects indirectly upon area PG, are differ-
entially activated or suppressed depending upon the “against™
or “with” direction of motion of the background vs that of the
stimuli (Allman et al., 1985; Saito et al., 1986; Tanaka et al.,
1986), an effect thought important for the discrimination of self-
from object motion. We have not examined PVNs under those
stimulus conditions.

Role of the parietal visual system in the visual guidance of
projected movements of the arm and hand

It has been known since the time of Balint (1909) that lesions
of the posterior parietal cortex in man produce defects in the
accuracy of reaching movements of arm and hand to targets; a
similar defect is caused by lesions of the posterior parietal cortex
in nonhuman primates (for reviews, see Humphrey, 1979; Hy-
varinen, 1982; Andersen, 1987; Georgopoulos, 1986). This op-
tic ataxia is distinguished from the visual disorientation of
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Holmes (1918) that may follow somewhat similarly located le-
sions in man (Perinen and Vighetto, 1983). The projection by
primates of the arm and hand towards a target is a smooth
combination of 2 movements. The first is a rapid, semiballistic
projection of the arm, the second an adaptive shaping of the
hand to the target during and at the end of the arm projection
(Jeannerod and Biguer, 1982). Both components are defective
after parietal lobe lesions in man. Normal projected movements
occur along paths with segments of different curvature; the paths
are unaffected by constant loads of different value or by vari-
ations in movement speed (Soechting and Lacquaniti, 1981).
The velocity profile of movement is dome-shaped, with a peak
at about 100 cm/sec (Beggs and Horwarth, 1972).

Psychophysical studies of visual motion perception in man
indicate the existence of 2 superimposed visual motion detecting
systems. One derives motion from successive positions and is
distributed throughout the visual field but is most potent in the
foveal region. The second system is directly sensitive to moving
targets and is distributed throughout the visual field but is most
potent in the periphery. While visual sensitivity to pattern and
to discrete motion declines with eccentricity, that to continuous
motion is invariant with eccentricity (Bonnet, 1977, 1981). Sev-
eral experimental observations support the general thesis of Pail-
lard that these 2 visual motion detection systems provide the
afferent limbs for the visual guidance and control of the 2 com-
ponents of projected movements of the arm and hand: the
peripherally dominant “movingness” system for the initial,
semiballistic movement of the arm; the centrally dominant
displacement detection system for the adaptive shaping of the
hand to the target (Conti and Beaubaton, 1976; Paillard and
Beaubaton, 1976; Beaubaton et al., 1977; Prablancet al., 1979a,
b; Paillard, 1980, 1982; Paillard and Amblard, 1984). Adap-
tation of the projected movement of the arm to a prismatically
displaced target is greatly delayed in stroboscopic lighting. Cues
evoked by passive movement of the arm are not processed,
which suggests that it is the engagement of the central neural
components of the control loop in afferent-efferent linkage that
is important for the visual guidance of the movement (Paillard
et al., 1981).

The role of the parietal system in the visual guidance of pro-
jected arm movements depends in the first instance, we propose,
on the afferent input provided by PVNs, a function to which
they appear well suited by virtue of their special properties. The
inward directionality of the majority (75%) of PVNs provides
a large population of neurons tuned to signal the movement of
the arm from the periphery of the visual field towards a centrally
fixated target. The wide range of speed sensitivity of PVNs is
matched to the dome-shaped profile of velocities of projected
movements. PVNs will thus provide continuous signals as the
velocity of the arm increases and decreases. The large size of
PVN receptive fields and the insensitivity of PVNs to detailed
features of moving stimuli mean that PVNs will respond
smoothly and continuously throughout the projected move-
ment. The population vector described above provides a precise
signal of the direction of the movement of the arm through the
visual field. Finally, fixation of a central target facilitates the
responses of PVNs to stimuli moving through the periphery of
the visual field (Mountcastle et al., 1981).

The posterior parietal cortex of monkeys contains, in areas 5
and 7a, large populations of neurons that discharge before and
during projected movements of the arm and less intensely or
indeed not at all to other movements of the arm (Mountcastle

etal., 1975). A fraction of these cells continue to discharge with
projected movements of denervated limbs, which suggests the
subset is activated via centrally reentrant circuits (Bioulac and
LaMarre, 1979; Seal et al., 1982). Another subset of the pro-
jection neurons is also sensitive to sensory cueing stimuli (Seal
and Commenges, 1985), which suggests that PVNs and the pro-
Jjection neurons may form the central end of the error-detecting
and control loop that regulates the direction of projected move-
ments of the arm and hand.

A class of PVNs with smaller, foveally centered receptive
fields has been identified but not studied in detail (Motter and
Mountcastle, 1981). They respond intensely to stationary stim-
uli. It is reasonable to suggest that this particular set of PVNs
combines with the manipulation neurons of the parietal cortex
to form the central components of the neural loops regulating
the adaptive shaping of the hand to a target at the end of pro-
jected movements.
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