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End-Stopping and the Aperture Problem:
Two-Dimensional Motion Signals in Macaque V1

ble first step toward measuring velocity would be to
filter out long contours, and to respond selectively to
endpoints. Such selectivity for endpoints was first ob-
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Department of Neurobiology served by Hubel and Wiesel (1965), who identified it

with end-stopped neurons in V1. End-stopped neurons220 Longwood Avenue
Boston, Massachusetts 02115 respond well to short contours, but the responses are

suppressed by long contours.
In recent years, it has become apparent that most V1

neurons are end-stopped to some degree (DeAngelis etSummary
al., 1994; Jones et al., 2001; Sceniak et al., 2001). It is
not clear, however, how the property of end-stoppingOur perception of fine visual detail relies on small re-

ceptive fields at early stages of visual processing. relates to direction selectivity and how this combination
of properties bears on the aperture problem. We haveHowever, small receptive fields tend to confound the

orientation and velocity of moving edges, leading to therefore investigated these issues, using an efficient
receptive field mapping technique (Livingstone et al.,ambiguous or inaccurate motion measurements (the

aperture problem). Thus, it is often assumed that neu- 2001). Our findings indicate that end-stopped V1 neu-
rons are capable of encoding two-dimensional motionrons in primary visual cortex (V1) carry only ambiguous

motion information. Here we show that a subpopula- signals in a manner that is largely independent of the
orientation of the stimulus—a property that is also foundtion of V1 neurons is capable of signaling motion direc-

tion in a manner that is independent of contour orienta- in neurons within the middle temporal visual area (MT
or V5) (Movshon et al., 1986; Pack et al., 2001; Pack andtion. Specifically, end-stopped V1 neurons obtain

accurate motion measurements by responding only Born, 2001; Rodman and Albright, 1989), which receive
their most significant inputs from V1 neurons. Finally,to the endpoints of long contours, a strategy which

renders them largely immune to the aperture problem. the temporal dynamics of neural responses in V1 and
MT suggest that the earliest responses in both regionsFurthermore, the time course of end-stopping is simi-

lar to the time course of motion integration by MT encode information about entire contours, while the later
responses selectively encode information about end-neurons. These results suggest that cortical neurons

might represent object motion by responding selec- points.
tively to two-dimensional discontinuities in the visual
scene. Results

Introduction V1 neurons were first screened with drifting bars, and
if they were both direction selective (direction index �

Humans and other primates are able to perceive the 0.5) and end-stopped, they were studied further. Our
speed and direction of moving objects with great preci- criterion for end-stopping was a 30% suppression of
sion. This is remarkable in light of the fact that, at the response to a long (9.5�) bar, as compared to a shorter
earliest levels of the visual system, local measurements bar of optimal length. We recorded a total of 38 neurons
of velocity are often confounded with the object’s shape. in V1, and 17 neurons in MT of two alert monkeys. Nine
The problem is based on simple geometry: if the middle V1 cells failed to respond to the noise stimulus or were
of a moving contour is viewed through a small aperture, lost before sufficient data could be collected. The re-
only the component of velocity perpendicular to the maining 29 end-stopped V1 cells were analyzed in detail.
contour can be recovered (Wallach, 1935; Wuerger et These cells were generally quite end-stopped: the aver-
al., 1996). The component of velocity that is parallel to age suppression was 59%. For comparison, we also
the orientation of the contour can be recovered only at studied a few V1 cells that were direction selective, but
the endpoints. Because neurons in the primary visual not end-stopped. All of the V1 neurons were complex
cortex (V1) have small receptive fields, this “aperture cells, as evidenced by the fact that one-bar maps (de-
problem” (Marr, 1982) must be overcome if the visual fined below) for light and dark bars were nearly identical.
system is to function properly. We chose not to include simple cells because they tend

In the example shown in Figure 1, a vertically oriented to be less direction selective than complex cells (Con-
bar moving diagonally is shown at two consecutive time way and Livingstone, 2003; Hubel and Wiesel, 1968) and
points. These successive “snap shots” make it clear apparently do not project to MT (Movshon and New-
that a receptive field located near the middle of the bar some, 1996).
would be fooled by the aperture problem (Figure 1A) Figure 2 illustrates the stimulus used in the sparse
and see only the rightward component of motion. A noise experiments. In each frame, the stimulus con-
receptive field located at the endpoints of the bar, how- sisted of two long bars, one black, one white, on a gray
ever, would be able to recover the correct direction of background, flashed at 75 Hz at random positions. For
motion (Figure 1B). This exercise suggests that a sensi- end-stopped cells, the bar length was chosen to be

much longer than the excitatory length of the receptive
field, as judged from the peak of the length-tuning*Correspondence: cpack@hms.harvard.edu
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Figure 1. The Aperture Problem

(A) A small aperture (dotted circle) positioned at the center of a
moving bar allows detection of only the rightward component of
motion (light gray arrow), regardless of the actual motion direction
(dark gray arrows). However, an aperture positioned at the endpoint
of the bar permits measurement of the correct motion direction.
(B) An end-stopped cell responds poorly to a long bar centered on
the receptive field, because the bar stimulates both the excitatory
(dotted oval) and inhibitory (shaded oval) regions of the receptive Figure 2. Sparse Noise Mapping Stimulus
field. However, the same end-stopped neuron responds better to Monkeys were required to maintain fixation within 1� (dotted square)
the endpoint, because only part of the inhibitory region is stimulated. of a small spot (black square). On each screen refresh (�13 ms),

one black and one white bar appeared in random positions on a
gray background. The bars were constrained to appear within a
limited stimulus range (box with solid lines) that was centered oncurves. For 19/29 cells, the bar exceeded the receptive
the receptive field (small circle) of each neuron. By reverse correlat-field length by a factor of four or more; for the remaining
ing the resulting spike train with the stimulus sequence, we obtained

cells, it was at least twice as long. We generally tried one-bar and two-bar maps for each neuron.
to use the longest bar that evoked consistent responses
during sparse noise stimulation. The centers of the bars
were constrained to appear within a square stimulus delay; except where explicitly stated, we used the time

to peak response (usually between 40 and 60 ms). Therange, which was centered on the receptive field. By
presenting these stimulus sequences for approximately spatial positions in two dimensions are the coordinates

for the one-bar maps. For each spike train, this analysis30 min, we obtained a spike train from each cell, along
with the corresponding record of several thousand stim- yielded two one-bar maps, one for the black bars and

one for the white bars. Because our cells were complex,ulus presentations. The stimulus positions were cor-
rected offline according to the monkey’s eye position on the black and white bars produced similar maps, which

were then averaged to generate the final one-bar maps.each frame (Livingstone, 1998). We therefore measured
stimulus position on the retina, not on the display For the two-bar maps, spikes were reverse correlated

with the positions of two different stimuli on successivemonitor.
A distinct advantage of the sparse noise stimulus is video frames, one of which we refer to as the reference

stimulus and the other as the probe stimulus. The refer-that it provides estimates of the one-bar and two-bar
responses from the same spike train. The one-bar re- ence stimulus was defined for each spike as the stimulus

that preceded the spike by the correlation delay. Thesponse is simply the cell’s likelihood of firing as a func-
tion of the position of either the black or white bar. The other, probe stimulus, is one of the two (black or white)

stimuli in the immediately preceding frame. Activity wastwo-bar response is the likelihood of firing as a function
of the displacement of bars on sequential stimulus mapped as a function of probe stimulus position minus

the reference stimulus position, in 2D retinal coordi-frames (i.e., an apparent-motion stimulus). Because the
bars could move in two dimensions, the two-bar maps nates, with the horizontal axis corresponding to the hori-

zontal displacement and the vertical axis correspondingallowed us to evaluate the extent to which neural re-
sponses were affected by the aperture problem. to the vertical displacement. Thus, position (0,0) repre-

sents occasions when the two successive stimuli fell inBoth the one-bar and two-bar maps were computed
by reverse correlating the spike train with the stimulus exactly the same retinal location, regardless of which

absolute retinal location it was. For each spike train,sequence. For the one-bar maps, we reverse correlated
the spikes with the position of the light or the dark bar this analysis yields four different two-bar maps, corre-

sponding to the four possible bar sequences on suc-on any given frame. The reverse correlation procedure
thus measured the likelihood that a spike was preceded cessive frames (white-to-white, black-to-black, white-

to-black, and black-to-white). Each one of these mapsby a bar at a given position in space and a particular
latency in time. The latency is called the correlation contains one-bar responses that depend on the position
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Figure 3. Receptive Field Maps for a Non-End-Stopped V1 Cell

(A) Response as a function of the position of the center of a 3� bar. The bar is drawn to scale to the right of the figure. The orientation was
chosen to be optimal for this cell. The color of each pixel indicates the likelihood of a spike in response to a bar at the corresponding position.
(B) Response as a function of relative positions of bars on sequential frames. The position of the dark red region indicates that the response
was facilitated by downward and leftward sequences, while the position of the blue region indicates that the neuron was suppressed by
upward and rightward sequences.
(C) Polar direction-tuning curve for an optimally sized bar moving in a direction perpendicular to its orientation. The angle represents motion
direction, and the radius represents time-averaged firing rate. The red line represents the mean vector. The mean vector angle is the preferred
direction and its length is related to the sharpness of tuning.
(D) Length tuning. The time-averaged response of this neuron to a bar of varying lengths moving at the preferred velocity through the receptive
field.

and contrast of the individual bars, and two-bar re- important to appreciate, however, that the stimuli used
to generate the two-bar map differ from those used tosponses that depend only on interactions between pairs

of bars. To eliminate the contribution of the one-bar generate the conventional direction-tuning curve, in that
the orientation of the bars for the former were alwaysresponses, we summed the same-contrast maps (white-

to-white and black-to-black) and subtracted the oppo- the same regardless of the direction of the displacement
of its center. Thus, the conventional direction-tuningsite contrast maps (white-to-black and black-to-white),

according to a second-order Wiener-like calculation curves do not explicitly probe for the effects of the aper-
ture problem, whereas the two-bar maps do.(Emerson et al., 1987). This procedure preserves the

directional responses, but eliminates the responses that Figure 3D shows the length-tuning curve for the same
cell. The peak response occurred for bars 5� in length,depend only on one bar (Emerson et al., 1987; Living-

stone et al., 2001). but increasing the bar length to 9.5� only suppressed
the response by 11.5%. When this neuron was testedFigure 3A shows the one-bar map for one of the V1

neurons that was not end-stopped. The position (0,0) with a sparse noise stimulus in which the bars were
rotated 45� away from the preferred orientation, it wasindicates the center of the stimulus range, and each

pixel in the map indicates the relative likelihood that a almost completely unresponsive (data not shown).
Figure 4 shows the results of a similar mapping experi-3� long bar centered at that position elicited a spike

from the neuron. Red regions indicate high probability, ment, but in this case the neuron was end-stopped, as
indicated by the length-tuning curve in panel D. Thisand blue regions indicate low probability. In this map,

the red region is elongated along an axis parallel to the cell responded well to short bars, but was completely
unresponsive to long bars (96.0% suppression), evenorientation of the bar stimulus, indicating that the cell

responded well when any part of the bar fell on the when the orientation and motion direction were optimal.
Figure 4A shows the one-bar map calculated from thereceptive field.

Figure 3B shows the two-bar map for the same cell. response to a sparse noise stimulus consisting of 2.4�
long bars. The best response was obtained when theHere the dark red region in the upper right portion of

the map indicates that the cell’s response to a reference center of the bar was far from the center of the receptive
field. The positions of the red regions show that the cellstimulus was facilitated when it was preceded by a

probe stimulus that appeared to its right and upward. responded well when either one of the endpoints of the
bar was in the receptive field. The lack of excitation atIn other words, the cell responded well to a down-left

motion sequence. However, the two-bar response was position (0,0) in this map indicates that the cell failed to
respond when the bar was centered on the receptivenot very selective for motion direction. The elongation

of the red region indicates that the cell was responsive field, as would be predicted from the length-tuning curve
in Figure 4D. The slight asymmetry in the positions ofto almost any stimulus sequence that contained either

a leftward or a downward component: a clear manifesta- the red regions with respect to the origins of the maps
in Figure 4A is most likely due to small errors in ourtion of the aperture problem. Similarly, any stimulus se-

quence that contained an upward or rightward compo- alignment of the stimulus range with the receptive field.
The selectivity of this cell for endpoints suggests thatnent suppressed the cell’s response, as indicated by

the long blue streak in the two-bar map. Figure 3C shows it might provide useful two-dimensional motion informa-
tion (Lorençeau et al., 1993; Mingolla et al., 1992; Rubina direction-tuning curve obtained by sweeping an opti-

mally sized bar through the receptive field. In these con- et al., 1995) (Figure 1). This possibility is confirmed by
the two-bar map shown in Figure 4B. Here the mostventional direction-tuning curves, the direction of bar

motion was always perpendicular to its orientation. In facilitatory portion of the map (shown in dark red) is
confined to a discrete region of the map. The positionthis example, the response peaks for motion down and

to the left, in agreement with the two-bar map. It is of this region suggests that the cell responded best to
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Figure 4. Receptive Field Maps for an End-
Stopped V1 Cell

(A) Response as a function of the position of
the center of a 2.4� bar. The bars are drawn
to scale to the right of each figure. The color
of each pixel indicates the likelihood of a
spike in response to a bar at the correspond-
ing position. The first row shows the response
when the bar orientation was optimal. The
second and third rows show the responses
when the bar was rotated by 45� clockwise
and counterclockwise from this orientation.
This cell responded well when one of the end-
points of the bar was in the center of the
receptive field, but not when the entire bar
covered the receptive field.
(B) Responses as a function of relative posi-
tions of bars on sequential frames. The dark
red regions indicate that the response was
facilitated by down-left sequences. This was
largely independent of the orientation of the
bar, as shown by the similar maps obtained
in all three rows.
(C) Polar direction-tuning curve for an opti-

mally sized bar moving in a direction perpendicular to its orientation. See Figure 3 caption for a description.
(D) Length tuning. This neuron responded to bars centered on the receptive field, but only if they were very short.

a down-left sequence of motion, in agreement with the and the strongly end-stopped neuron from Figure 4 is
marked by an asterisk.conventional direction-tuning curve shown in Figure 4C.

Furthermore, the dark blue regions on either side of the
red region indicate that the neuron was suppressed by Effects of Changing Orientation

Most end-stopped cells continue to respond even whenmotion perpendicular to its preferred direction. In other
words, the neuron was suppressed by motion parallel the stimulus orientation is far from optimal (Hammond

and Pomfrett, 1989; Henry et al., 1974; Schiller et al.,to the orientation of the bar. This type of selectivity
allows the neuron to avoid the aperture problem by 1976). Furthermore, in these cells, the property of end-

stopping is largely independent of orientation (Orbandirectly computing motion direction in two dimensions.
The two-bar maps in Figures 3 and 4 differ primarily et al., 1979). It therefore seems likely that cells whose

receptive fields are both direction selective and end-in the degree of elongation of the facilitatory (red) re-
gions. A very elongated region suggests that the cell stopped might respond to the endpoints of bars in a

manner that is independent of bar orientation. We testedresponds well to any motion parallel to the orientation of
the bar (as in Figure 3), while a more circular facilitatory this possibility by repeating the sparse noise experiment

on the cell shown in Figure 4, but using a bar orientationregion suggests limited responsiveness for motion
parallel to the bar. In order to quantify this type of selec- that was rotated 45� clockwise. The second row of Fig-

ure 4A shows the one-bar map for this experiment.tivity, we fit each of our two-bar maps with an oriented
Gaussian function. The oriented Gaussian provides a Again, the cell responded well when the endpoints of

the bar were in the receptive field, and poorly when themeasure of the elongation, or aspect ratio, of the subre-
gions of the two-bar maps, which in turn provides a bar was centered on the receptive field.

The two-bar map in the second row of Figure 4Bmeasure of the cells’ selectivity for motion parallel to
the orientation of the bars. We computed the aspect
ratio of the facilitatory (red) subregions for all of the
neurons in our sample that had a Gaussian fit with R2 �
0.9. This criterion excluded only 4 of the 29 neurons.

The aspect ratio for the neuron in Figure 3 was 3.1,
indicating that the neuron was approximately one-third
as sensitive to motion parallel to the bar as it was to
motion perpendicular to the bar. The aspect ratio for
the neuron in Figure 4 was 1.4. Across the end-stopped
population, the aspect ratios ranged from 1.2 to 3.0,
with a geometric mean of 2.0 � 1.08. There was a weak,
but statistically significant, negative correlation between

Figure 5. Relationship between End-Stopping and the Elongationthe aspect ratio and the degree of end-stopping (p �
of the Facilitatory Regions in the Two-Bar Maps

0.05; R2 � 0.22). In other words, strongly end-stopped
Each dot represents one neuron. The x axis indicates the degree ofcells were less responsive than weakly end-stopped
end-stopping, and the y axis indicates the degree of elongation of

cells to motion parallel to the orientation of the bar. This the facilitatory regions in the two-bar maps. The neuron shown in
relationship is shown in Figure 5. In this plot, the weakly Figure 3 is marked by an X, and the neuron shown in Figure 4 is

marked by an asterisk.end-stopped neuron from Figure 3 is marked by an X,
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shows a similar direction preference to that shown in (Figure 6B). Here the median angular difference between
Figure 4A, and to the direction selectivity observed with the PD derived from the noise map and that obtained
conventional bar stimuli moving perpendicularly to their from the conventional tuning curve was 21.7� (cSD
orientation (Figure 4C). The neuron responded well to 52.9�). This correlation was also highly significant (angu-
down-left motion and poorly to other directions. The lar-angular correlation, p � 0.0001). When the bar was
third row of Figure 4 shows the results of rotating the rotated 45� counterclockwise, similar results were ob-
bars in the noise stimulus 45� counterclockwise. Again, tained (Figure 6C; median difference 16.4�; cSD 35.6�;
the cell responded well to the endpoints and to down- p � 0.0001). These results suggest that the directional
left motion sequences. It is also interesting to note that responses of end-stopped V1 neurons are largely inde-
the positions of the suppressive (blue) regions in the pendent of stimulus orientation.
two-bar maps varied with bar orientation. In some cases,
the location of the suppressive region seemed to result Temporal Dynamics of End-Stopping
from end suppression, as in the top row of Figure 4B. Many surround effects in V1 take time to develop (Hupe
Here the neuron was suppressed for motion parallel to et al., 2001; Knierim and van Essen, 1992; Lamme et al.,
the orientation of the bar, presumably because such 1998). That is, early responses generally reflect only the
displacements brought the center of the long bar into stimulus that is in the “classical receptive field,” while
the receptive field. In contrast, for the counterclockwise later responses take into account the larger stimulus
rotation (bottom row of Figure 4B), the neuron was sup- context. Because end-stopping involves an interaction
pressed when the bar moved in the null direction. In the between the receptive field center and surrounding re-
middle row of Figure 4B, the position of the suppressive gions, it seems likely that end-stopping might exhibit a
region is not what would be expected based on surround similar time course. To investigate this issue, we com-
suppression or null-direction inhibition, and may involve puted one-bar maps like those in Figures 3 and 4 at
the interaction of multiple nonlinearities. The two-bar different correlation delays. Figure 7A shows successive
maps for this neuron were typical of the population in time slices of one-bar maps obtained from the cell in
that the facilitatory regions were better predictors of Figure 4. At early correlation delays, the cell responded
the neuron’s directional preference than the inhibitory well to a long bar, even when the bar was centered on
regions. the receptive field. The end inhibition was only apparent

The two-bar interactions shown in Figure 4B suggest approximately 20 ms later, as evidenced by the gradual
that the neuron responded to a narrow range of motion emergence of the “dumbbell”-shaped red regions. Be-
directions, and that this range was similar across stimu- low these maps are shown the averaged temporal re-
lus orientations. However, there were clearly some dif- sponse to every bar that was presented with its center
ferences in the peak positions of the facilitatory regions over the receptive field (green line), or positioned so that
for different stimulus orientations, as can be seen by only an endpoint was in the receptive field (black line).
comparing the top and bottom rows of Figure 4B. To The baseline firing has been subtracted from this plot.
understand how common these differences were across Figure 7B shows a delay in end-stopping for the time
the population, we obtained two-bar maps at more than course of the response averaged across the V1 popula-
one orientation for 29 end-stopped V1 cells. To quantify tion. Thus, similar to other surround effects, end-stop-
the effect of orientation on the directional response, we ping requires some small amount of time (20–30 ms) to
used the peak position of the Gaussian fits to the two- become fully manifest.
bar maps as one measure of each cell’s preferred direc- Figure 8A shows the temporal evolution of the two-
tion (PD). For instance, the position of the red region in

bar map for the same neuron shown in Figures 4 and
Figure 4B suggests that the preferred direction was

7. An early response (at 50 ms) shows an elongated
down and to the left. For each cell, we also calculated

region of facilitation, with a prominent response nearthe mean vector of the conventional direction-tuning
the topmost portion of the map, slightly to the left ofcurve, as a second measure of the PD. In Figure 4C,
the vertical meridian. This suggests a strong responsethe mean vector is represented as the red line pointing
for motion down and to the right. In other words, atdownward and leftward. We then compared the PDs
short time intervals, the neuron was fooled by motionderived from two-bar maps with the mean vectors ob-
parallel to the orientation of the bar, as was the weaklytained from conventional direction-tuning curves. We
end-stopped neuron in Figure 3. However, over time, thishave shown previously that these measures are well
facilitatory region faded, and eventually was replaced bycorrelated for noise maps obtained with small spot stim-
suppression, as indicated by the blue regions that flankuli (Pack et al., 2003).
the red regions. This later part of the response is consis-Figure 6A plots the PDs obtained from conventional
tent with the neuron’s conventional direction-tuningbar sweeps against those predicted from two-bar maps
curve (rightmost panel), which showed a preference forin which the bar orientation was perpendicular to each
motion down and to the left.cell’s preferred direction. The correlation is significant

(angular-angular correlation [Mardia, 1975]; p � 0.001),
MT Neuronswith a median absolute angular difference of 24.4�. For
V1 neurons project to numerous cortical areas. One ofthe population, the circular standard deviation (cSD)
these, the middle temporal area (MT or V5) is highly(Mardia, 1975) of the angular difference was 42.8�. A
specialized for computing motion, and many MT cellshistogram of the absolute angular differences is shown
respond to moving stimuli in a manner that is indepen-in the lower right corner of Figure 6A. Similar results
dent of the orientations of the edges that make up thewere obtained for the instances in which the bar was

rotated clockwise by 45� from the optimal orientation stimuli (Movshon et al., 1986; Pack et al., 2001; Pack
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Figure 6. Consistency of V1 Directional Responses

Preferred directions were derived from conventional tuning curves and compared with those derived from Gaussian fits to the sparse noise
maps. Each data point represents one neuron. The three columns show these comparisons for three different bar orientations. The small
histograms at the bottom right of each plot indicate the absolute values of the angular differences between the two measures of preferred
direction.

and Born, 2001; Rodman and Albright, 1989). Previous tion for the temporal dynamics in MT is that end-stop-
ping in V1 takes time to develop. Figure 8B shows anresults have suggested that the integration of motion

signals in MT is a gradual process. That is, when a example of an MT cell that showed a similar temporal
evolution of the two-bar map for the sparse noise stimu-stimulus moves through the receptive field of an MT

neuron, the cell responds with a stereotyped time lus. The cell at first responded to any motion sequence
that contained a component in its preferred directioncourse: the early responses reflect predominantly the

component of motion perpendicular to the orientation (downward). At longer time intervals it responded only
to straight downward motion and was unresponsive toof edges, just as the cell in Figure 3 only encodes one

dimension of stimulus motion. However, the later re- directions that contained a substantial horizontal com-
ponent.sponses in MT are more like those in Figure 4, in that they

respond to the correct direction of motion irrespective of We quantified the directional interactions in 17 MT
neurons by fitting the two-bar maps with an orientedthe shape of the stimulus (Pack et al., 2001; Pack and

Born, 2001). These previous experiments were con- Gaussian function. The geometric mean of the aspect
ratios of the map subregions was 1.65 � 0.54, somewhatducted with stimuli consisting of plaids or fields of bars.

In light of our current findings, one possible explana- smaller than those in V1 end-stopped neurons. For each

Figure 7. Timing of V1 End-Stopping

(A) The first row shows successive snapshots of the one-bar map for a strongly end-stopped V1 cell, for the preferred bar orientation. The
cell initially responds well to a bar placed anywhere in its receptive field, but after 20–30 ms, it responds only when the endpoints are in the
receptive field. The second row shows the time course of the response when the analysis was limited to specific regions of the stimulus
range. When the analysis was limited to instances when the bar was centered on the receptive field (green square), the neuron responded
transiently (green line). When the analysis was limited to instances when the endpoint of the bar appeared in the receptive field (black square),
the cell exhibited a strong maintained discharge (black line).
(B) The time course of the response, averaged across the population of 29 neurons for the preferred bar orientation. Dotted lines indicate
standard error of the mean.
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Figure 8. Timing of Two-Bar Responses

(A) Successive snapshots of the two-bar map for a V1 cell, with the bar orientation perpendicular to the preferred direction. The polar histogram
on the right shows the neuron’s conventional direction-tuning curve.
(B) Same as (A), but for an MT cell.

neuron, we measured conventional tuning curves with two dimensions, a receptive field that is sensitive to
two-dimensional luminance discontinuities is useful formoving dot fields and compared the preferred direction

from these tuning curves with those predicted from the solving both types of problems. End-stopped neurons
have previously been shown to serve this purpose forpeak positions of the Gaussians. For the maps obtained

with bars that were perpendicular to each cell’s pre- retinal disparity (Maske et al., 1986), and our results
suggest a similar competency for motion.ferred orientation, the median difference between the

predicted and actual PD was 18.6�, with a circular stan- Our results suggest that end-stopped V1 neurons
measure two-dimensional correspondence in motion bydard deviation of 16.4�. For bars rotated 45� clockwise,

the angular difference averaged 17.3� (cSD 14.0�). For responding preferentially to line endings. An obvious
question is whether these cells also measure the motioncounterclockwise rotations, the difference averaged

19.9� (cSD 19.7�). These median errors for bar stimuli in of other orientation discontinuities, such as corners, T
junctions, and intersections. While it is seems clear thatMT were similar to those obtained in a previous study

(Pack et al., 2003) using small spot stimuli. On average, many V1 neurons respond to static orientation disconti-
nuities (Kapadia et al., 1999; Knierim and van Essen,the magnitudes of the directional differences appear to

be similar between V1 and MT, although there is much 1992; Sillito et al., 1995), it is still not clear to what extent
this selectivity is used for motion processing. Early stud-more variability in V1.
ies of V1 responses to moving plaid stimuli (Movshon
et al., 1986) found little support for the encoding ofDiscussion
intersections, but the nature of the stimuli used to per-
form these studies—extended gratings and plaids—mayWe have shown that end-stopped V1 neurons (those
have selected against the characterization of the mostwhose responses are suppressed by extended con-
end-stopped neurons. More recent work suggests thattours) are capable of encoding two-dimensional motion
the V1 responses to plaids depend on receptive fieldinformation that is independent of the stimulus orienta-
shape (Tinsley et al., 2003), but as far as we know, notion. Our findings also demonstrate that end-stopping,
study has related plaid responses to the property oflike other contextual influences (Hupe et al., 2001;
end-stopping. Furthermore, both plaid responses (PackKnierim and van Essen, 1992; Lamme et al., 1998), takes
et al., 2001) and surround interactions (Bolz and Gilbert,time to develop. Consequently, end-stopped V1 neurons
1986; Lamme et al., 1998) can be affected by certaininitially respond to a long bar placed anywhere in their
types of general anesthetics, so it would be interestingreceptive fields, but after 20–30 ms they only respond
to determine how these properties are related in V1 ofto the endpoints of the bar. Similarly, MT neurons initially
the alert animal.respond to all of the motion signals generated by a

In describing our cells as end-stopped, we do notmoving bar, but later responses reflect predominantly
mean to imply that end-stopped neurons form a sepa-the motion of the endpoints.
rate class in V1. Rather, it appears that most V1 neuronsThe measurement of local motion direction can be
exhibit some end-stopping, and more generally, sur-described as a problem of calculating the correct corre-
round suppression. Although there is a great deal ofspondence between points in successive views of a
variability in V1, a large, high-contrast stimulus generallymoving object (Marr, 1982). A similar statement can be
drives neurons about half as effectively as a stimulusmade about the measurement of retinal disparity, in
that is confined to the receptive field center (Jones etwhich the goal is to match corresponding points in the

two eyes. Because features in the visual input exist in al., 2001; Sceniak et al., 2001). The prevalence of end-
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stopping varies across layers, with neurons in layer 4B 2000; Lorenceau et al., 1993; Rubin et al., 1995). Our
results provide direct support for the latter hypothesis.being the most strongly end-stopped, and layer 6 neu-

rons being rarely end-stopped (Sceniak et al., 2001).
Experimental ProceduresThe laminar dependence of surround suppression is

of interest for motion processing because the projec-
Electrophysiology

tions from V1 to MT originate in layers 4B and 6 of V1, Monkeys were prepared for chronic recording from V1 and MT,
with 4B accounting for more than 90% of the V1 afferents as described elsewhere (Born et al., 2000; Livingstone, 1998). All
(Maunsell and van Essen, 1983; Shipp and Zeki, 1989). procedures were approved by the Harvard Medical Area Standing

Committee on Animals.Layer 4B also contains a high incidence of direction-
We recorded from single units in V1 and MT of two alert rhesusselective neurons (Hawken et al., 1988). It therefore

macaque monkeys while they performed a fixation task. The mon-seems reasonable to infer that a substantial portion of
keys were rewarded for maintaining fixation within 1� of a small

the input to MT neurons is end-stopped. For stimuli that fixation spot. Each single unit was isolated by spike height and
contain endpoints, our results suggest that these inputs waveform.
would provide two-dimensional motion signals. MT neu-
rons could therefore measure object motion by per- Visual Stimuli

Neurons were screened with a bar stimulus. The bar luminance wasforming a vector average of these two-dimensional in-
39 cd/m2 on a gray background (20 cd/m2). We first estimated theputs (Groh et al., 1997; Recanzone and Wurtz, 2000;
optimal bar length and then obtained a direction-tuning curve byRubin and Hochstein, 1993). Our observations on the
sweeping the bar through the receptive field. Length-tuning curves

temporal dynamics of end-stopping could then account were obtained by sweeping the bar through the receptive field at the
for at least some of the MT temporal dynamics we ob- optimal direction and speed. Neurons that were both end-stopped
served in this work and elsewhere (Pack et al., 2001; (suppressed by at least 30%) and direction selective (direction

index � 0.5) were studied further.Pack and Born, 2001). Of course, this interpretation is
The sparse noise stimuli were identical to those used previouslycomplicated by the fact that some of the surround sup-

(Livingstone et al., 2001). All cells were studied with two-dimensionalpression in V1 is dependent on feedback from MT
white noise stimuli, consisting of pairs of bars flashed at 75 Hz. We

(Angelucci et al., 2002; Hupe et al., 1998). The timing used white and black stimuli that were 19 cd/m2 above and below
we observed in MT could also reflect top-down influ- the mean background gray luminance of 20 cd/m2. When black and
ences or interactions within MT, which are thought to white stimuli overlapped, the resultant stimulus was the same gray

as the background.be useful for resolving conflicting local motion signals
(Grossberg et al., 2001; Liden and Pack, 1999; Nowlan

Analysisand Sejnowski, 1995; Recanzone and Wurtz, 2000; Wil-
The reverse correlation analysis used here is identical to the analysisson et al., 1992). Our limited observations on weakly
used in previous studies (Livingstone et al., 2001). Briefly, a com-

end-stopped V1 neurons suggest that conflicting local puter recorded the evoked spike train (1 ms resolution), each stimu-
signals are not resolved within V1. That is, non-end- lus position, and the monkey’s eye position (4 ms resolution). For

each map, between 5,000 and 30,000 spikes were collected over astopped neurons suffer from the aperture problem, even
20–40 min period. Spikes were reverse correlated with the stimulusat long time intervals (C.C.P. and R.T.B., unpublished
sequence to obtain the one-bar and two-bar maps. For the one-bardata).
maps, we correlated the spike train with the position of the whiteTo the extent that neurons in layer 6 of V1 are weakly
or black bar on the frame that preceded each spike by a given delay.

end-stopped (Jones et al., 2001; Sceniak et al., 2001), Because complex cell responses are not dependent on contrast
our results suggest that the projection from layer 6 to sign, we averaged the white and black bar maps to obtain the one-

bar maps. For the two-bar maps, the spike train was correlated withMT would mostly carry one-dimensional motion in-
the relative positions of sequential stimuli at a delay correspondingformation. To use this information, MT neurons could
to the peak of the response to the second stimulus (typically be-perform something like an intersection-of-constraints
tween 40 and 60 ms for V1 cells). The analysis thus related the spikecomputation (Simoncelli and Heeger, 1998) to recover
train to the difference in retinal position between sequential pairs

two-dimensional object motion. The intersection-of- of bars. The two-bar maps were calculated by summing the same-
constraints calculation could also be useful for integrat- contrast individual maps (white-to-white and black-to-black), and

subtracting the different-contrast maps (white-to-black and black-ing motion signals generated by stimuli of low contrast,
to-white), as described in Livingstone et al. (2001). This is similar tofor which surround suppression is reduced (Hupe et
a second-order Wiener-like calculation (Emerson et al., 1987). One-al., 1998; Kapadia et al., 1999; Levitt and Lund, 1997;
and two-bar maps were normalized to the maximal response in eachSceniak et al., 1999). The large receptive fields of neu-
map, in order to display the structure of the interactions indepen-

rons in layer 6 also have been implicated in the genera- dently of the amplitude of the response.
tion of end-stopping in layer 4 of V1 (Bolz and Gilbert, Gaussian fits to the two-bar maps were optimized using a least-

squares criterion with the Levenberg-Marquardt algorithm in Matlab1986).
(Mathworks, Natick, MA). The aspect ratio was defined as the ratioThe functional role of V1 neurons has often been in-
of the standard deviations of the Gaussian along axes parallel andterpreted in terms of edge detection, based on their
perpendicular to the orientation of the bar stimuli used to generate

pronounced orientation selectivity. In contrast, end- each map.
stopped neurons have been shown to signal curved To compute the impulse responses for the one-bar maps (Figure
(Dobbins et al., 1987; Hubel and Wiesel, 1965; Versavel 7), we generated a series of maps at 1 ms intervals. These maps

were restricted to subregions of the stimulus range, each of whichet al., 1990) or discontinuous (Hubel and Wiesel, 1965;
was a square with sides of length 0.7�. The orientation of the squareVersavel et al., 1990) stimulus regions. Theoretical con-
was aligned with that of the stimulus bars. One subregion wassiderations suggest that this type of selectivity is useful
intended to capture the instances when the bar was centered on the

for shape recognition (Attneave, 1954; Pasupathy and receptive field. To the extent that the stimulus range was perfectly
Connor, 1999; Schwartz et al., 1983), depth perception centered on the receptive field, the center of this region corre-

sponded to the origin of the one-bar map. In most cases, however,(Heitger et al., 1992), and motion processing (Barth,
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the stimulus was not perfectly centered. This was corrected manu- Hubel, D.H., and Wiesel, T.N. (1968). Receptive fields and functional
architecture of monkey striate cortex. J. Physiol. 195, 215–243.ally by centering a mouse-controlled cursor on the center of mass

of the excitatory regions of the one-bar map. The other subregion Hupe, J.M., James, A.C., Payne, B.R., Lomber, S.G., Girard, P.,
was displaced from this point by half the length of the stimulus bar, and Bullier, J. (1998). Cortical feedback improves discrimination
in a direction parallel to the orientation of the bar. This corresponded between figure and background by V1, V2 and V3 neurons. Nature
to instances when one of the endpoints of the bar was in the re- 394, 784–787.
ceptive field. The responses from the two endpoints were averaged

Hupe, J.M., James, A.C., Girard, P., and Bullier, J. (2001). Response
together.

modulations by static texture surround in area V1 of the macaque
monkey do not depend on feedback connections from V2. J. Neuro-
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