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RIMARY VISUAL CORTEX NEURONS THAT CONTRIBUTE

O RESOLVE THE APERTURE PROBLEM
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bstract—It is traditional to believe that neurons in primary
isual cortex are sensitive only or principally to stimulation
ithin a spatially restricted receptive field (classical receptive
eld). It follows from this that they should only be capable of
ncoding the direction of stimulus movement orthogonal to
he local contour, since this is the only information available
n their classical receptive field “aperture.” This direction is
ot necessarily the same as the motion of the entire object,
s the direction cue within an aperture is ambiguous to the
lobal direction of motion, which can only be derived by

ntegrating with unambiguous components of the object. Re-
ent results, however, show that primary visual cortex neu-
ons can integrate spatially and temporally distributed cues
utside the classical receptive field, and so we reexamined
hether primary visual cortex neurons suffer the “aperture
roblem.” With the stimulation of an optimally oriented bar
rifting across the classical receptive field in different global
irections, here we show that a subpopulation of primary
isual cortex neurons (25/81) recorded from anesthetized and
aralyzed marmosets is capable of integrating informative
nambiguous direction cues presented by the bar ends, well
utside their classical receptive fields, to encode global mo-
ion direction. Although the stimuli within the classical recep-
ive field were identical, their directional responses were sig-
ificantly modulated according to the global direction of
timulus movement. Hence, some primary visual cortex neu-
ons are not local motion energy filters, but may encode
ignals that contribute directly to global motion processing.
2005 Published by Elsevier Ltd on behalf of IBRO.

ey words: direction selectivity, aperture problem, motion,
rimary visual cortex, monkey.

ndividual measurements of local contour direction are
nherently ambiguous (Wallach, 1976). One striking exam-
le is the so-called “aperture problem” (Marr, 1982), the
otion of a featureless line seen behind a circular aperture

s perceptually ambiguous: for any global direction of mo-
ion, the perceived direction is perpendicular to the orien-

Correspondence to: K. Guo, Department of Psychology, University
f Lincoln, Lincoln LN6 7TS, UK. Tel: �44-0-1522-886294; fax:
44-0-1522-886026.
-mail address: kguo@lincoln.ac.uk (K. Guo).
bbreviations: CRF, classical receptive field; DI, direction index; MI,
odulation index; MT, middle temporal visual cortex; V1, primary
p
isual cortex; 1-ANOVA, one-way analysis of variance; 2-ANOVA,
wo-way analysis of variance.
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ation of the line. To overcome this “aperture problem,” the
isual system must have the capability of computing un-
mbiguous directional cues derived from “line terminators,”
nd weighting them more than ambiguous signals pro-
uced by line interior.

Traditionally, vision is viewed as hierarchical analysis
f the retinal input (Livingstone and Hubel, 1988; Felleman
nd Van Essen, 1991; Lennie, 1998). Specifically, visual

nformation is conceived to be amplified and conveyed at
igh gain and fidelity to and through a hierarchically orga-
ized visual cortex by feed-forward connections, where the

nformation is successively extracted by receptive fields of
ncreasing size and sophistication, each effectively a local
lter, situated at each successive stage. In this bottom-up
vision-as-analysis” framework, neurons in the primary vi-
ual cortex (area V1) are sensitive only or principally to
timulation within spatially restricted receptive fields (clas-
ical receptive fields, CRFs). They would invariably suffer
he “aperture problem,” and would only encode the com-
onent of stimulus movement orthogonal to the local con-
our presented within their CRFs (Movshon et al., 1985;
nowden, 1994; Andersen, 1997), since this is the only

nformation available in their CRF “aperture.” This direction
s not necessarily the same as the motion of entire object
r surface of which the neuron’s preferred contour is only
small component. The “true” direction of motion could

resumably only be determined by neurons with CRFs
ying over unambiguous components of the object, such as
nd-points of the line, or corners in a more complex shape.
ack et al. (2003) showed that end-stopped V1 neurons
ould certainly signal (apparent) motion unambiguously,
hen the end-points of a line intersect their CRFs.

The activities of V1 neurons are not only determined
y feed-forward inputs (reviewed in Gilbert, 1998; Lamme
t al., 1998; Angelucci and Bullier, 2003; Lorenceau, 2003;
hisum and Fitzpatrick, 2004). In fact, only a small portion
f excitatory synapses (�5%) on V1 neurons is from lateral
eniculate nucleus, the principal relay between the eye
nd the visual cortex (e.g. Peters and Payne, 1993). Con-
equently, over 95% of the excitatory synapses, even in
eniculo-recipient layers in area V1, are from other cortical
eurons and other nuclei. This very extensive network of

ateral and feedback connections should enable V1 neu-
ons to have access to a wide variety of spatially and
emporally dispersed evidence on which to base their com-
utations (Young, 2000). Indeed, neurophysiological stud-

es have demonstrated that V1 neurons can integrate ori-
ntation, contrast, luminance and relative motion informa-
ion from regions beyond their CRFs, and can contribute to

erceptual pop-out, contour integration, surface perception
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nd figure-ground segregation (reviewed in Gilbert, 1998;
itzpatrick, 2000; Albright and Stoner, 2002; Lee, 2003;
hisum and Fitzpatrick, 2004). It is intriguing to speculate

hat V1 neurons behaving in this way would not view the
orld through an aperture, and consequently would not
uffer the “aperture problem.” They could be capable of
ignaling information about global motion direction through
ntegrating informative unambiguous motion cues pre-
ented outside their CRFs. To examine this, we compared
he directional responses of V1 neurons, sampled in anes-
hetized and paralyzed marmosets, to an optimally ori-
nted bar, with length extending beyond the CRF, drifted
cross the CRF in a variety of global directions.

EXPERIMENTAL PROCEDURES

nimal preparation

tandard electrophysiological techniques for extracellular record-
ng were used for four adult marmosets (Callitrix jacchus, 350–
00 g) (Guo et al., 2004a). The number of animals used and their
uffering were minimized, and all procedures complied with the
Principles of laboratory animal care” (NIH publication no. 86–23,
evised 1985) and UK Home Office regulations on animal exper-
mentation (Animals (Scientific Procedures) Act, 1986). Briefly, the
nimals were anesthetized with halothane (0.8–2%) and a 70:30
ixture of N2O and O2, and alfentanil (30 �g/kg/h). During the

ecording, they were paralyzed with a continuous i.v. infusion of
ecuronium bromide (0.1 mg/kg/h) in glucose–saline and artifi-
ially ventilated. The rectal temperature (�38 °C), expired CO2

3.5–4.5%), blood pressure and electrocardiogram were continu-
usly monitored and maintained. A small craniotomy was posi-
ioned over the central visual field representation of area V1.

Pupils were dilated with atropine. The corneas were protected
ith zero-power contact lenses, and artificial pupils (3 mm diam-
ter) were positioned in front of each eye. The refractive state of
ach eye was measured by direct ophthalmoscopy, and additional

enses were used to focus the eyes on the stimulus monitor.

isual stimuli, recording and data analysis

isual stimuli were generated by VSG 2/3 graphics system (Cam-
ridge Research Systems, Cambridge, UK) and displayed on a
amma-corrected high frequency non-interlaced color monitor
110 Hz, Sony GDM-F500T9; Sony, Tokyo, Japan) with the res-
lution of 1024�768 pixels. At a viewing distance of 57 cm the
onitor subtended a visual angle of 40�30°. The mean lumi-
ance of uniform gray background was 6.0 cd/m2.

The activity of V1 neurons was recorded using glass-coated
ungsten microelectrodes (1–2 M� impedance), and was amplified
nd sampled through CED1401 plus digital interface (Cambridge
lectronic Design, Cambridge, UK). Spikes were stored with a
.1-ms interval resolution. Single neuron activity was determined on
he basis of the size and shape of the spike waveform, and was
onfirmed by a spike-sorting program (Spike2, Cambridge Electronic
esign) with a template-matching procedure. The approximate lam-

nar position of recorded neurons was determined by the depth of the
icroelectrode and the characteristic features of layer 4 (such as
on-orientation selective, high spontaneous activity and brisk “on”
nd “off” responses). No attempt was made to select neurons from a
articular layer of cortex.

Having isolated a neuron and determined the dominant eye
non-dominant eye was covered with a black disk during the
ecording), the CRF was carefully mapped using a sweeping bar
nd a sinusoidal grating patch moving across the screen with
ariable length, width and velocity. Within the patch, the optimal

rating drifted continuously in the neuron’s preferred direction. In

o
r

his way, we estimated CRF width and breadth profiles (Guo et al.,
004a). To avoid underestimating the size of the CRF, the CRF
as further covered with a uniform gray background and an
nnular window was centered on the CRF. A drifting sinusoidal
rating with moderately high contrast (�70%) and the neuron’s
referred direction was presented within the window. The outer
iameter of the annulus was fixed at 10°, while the inner diameter
as adjusted until there was no response in excess of spontane-
us activity. The final size of the inner diameter of the annulus was
reated as the size of the CRF of the recorded neuron. A drifting
inusoidal grating with the size of the CRF was then placed at the
enter of the CRF. The grating’s orientation/direction, spatial and
emporal frequency were systematically varied to quantitatively
etermine the neuron’s preferred tuning characteristics. For all
eurons reported in this experiment, their CRF locations were
ithin central 10° and CRF diameters ranged from 0.6° to 1.5°.

The CRF of each neuron recorded was classified as “simple”
r “complex” on the basis of the spatial arrangement of “on” and
off” regions and the presence of spatial summation within each
egion (Hubel and Wiesel, 1968). These classifications were later
onfirmed by the frequency component of their responses to the
ptimal drifting sinusoidal grating (Skottun et al., 1991). We re-
orded preferentially from complex cells for the reasons that com-
lex cells tend to be more direction selective than simple cells
Hubel and Wiesel, 1968; Conway and Livingstone, 2003).

The neuron’s direction selectivity, tested with the drifting grat-
ng, was characterized by a direction index (DI), expressed as
�N/P, where P and N are the neuron’s firing rate to motion in its
referred and opposite directions (each minus spontaneous firing
ate). Neurons with no direction preference will give a DI of 0. A
nidirectional neuron gives an index near 1, and a neuron inhib-

ted by motion in the null direction gives a value �1 (DeValois
t al., 1982; Hawken et al., 1988; Chaudhuri and Albright, 1997).

To investigate whether V1 neurons can integrate unambigu-
us directional cues presented outside their CRFs, an optimally
riented bar (�70% contrast) was drifted across the CRF in one of
ine different global directions (�40° around the preferred direc-

ion in 10° intervals; Fig. 1). The component velocity, orthogonal to
he preferred orientation and determined by neuron’s preferred

 CRF 

Masking bar ends 

 Masking CRF 

ig. 1. Stimulus conditions. An optimally oriented bar was drifted
cross the neuron’s CRF in one of nine different global directions
�40° around the preferred direction in 10° intervals, indicated by gray
rrow lines). The component velocity, orthogonal to the neuron’s pre-

erred orientation (indicated by black arrow line), was constant and
etermined by the neuron’s preferred temporal frequency. The dotted
ircle line around the CRF indicates the start and finish positions of the
ar movement. Control conditions include the bar being masked either

utside (masking bar ends) or inside (masking CRF) the CRF of the
ecorded neuron.
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emporal frequency, was kept constant for different global motion
irections. The width of the bar was determined by the neuron’s
referred spatial frequency, and the length of the bar was varied
rom two to eight times CRF diameter. The start and finish posi-
ions of the drifting bar were also adjusted according to the global
irection to ensure that the center of the bar was in the center of
he CRF when it was drifted halfway across the CRF, and the total
rifting distance was three times CRF diameter. During the stim-
lus presentation, therefore, the movements of the bar segment
ithin the CRF were identical for different global directions.

Control conditions involved the bar being masked either out-
ide (masking bar ends) or inside (masking CRF) the CRF of the
ecorded neuron (Fig. 1). In the masking bar ends condition, the
ovement of the bar was restricted within the CRF and looked

dentical although the global directions were varied. In the mask-
ng CRF condition, the neuron’s CRF did not receive any direct
isual stimulation while the bar segments outside the CRF were
rifted across both sides of the CRF.

Each stimulus condition was presented to the dominant eye
or 15–30 repetitions in randomized order. The inter-stimulus in-
erval was 1000 ms.

As this experimental design comprised nine levels of global
otion direction (�40° around the preferred direction in 10° inter-

als) and three levels of bar length (two, four, and eight times CRF
iameter), two-way analysis of variance (2-ANOVA) was carried
ut after averaging the neuron’s discharge for the duration of CRF
timulus presentation (from the bar entering the CRF till the bar
eaving the CRF, same duration for the drifting bars with different
irections and velocities). Appropriate post hoc testing of differ-
nces between levels of global direction (Tukey’s least significant
rocedure) was carried out following detection of significant over-
ll variable ratios. One-way analysis of variance (1-ANOVA) and
ost hoc test (Tukey’s least significant procedure) were also car-
ied out for the test condition of masking CRF to detect whether
he neuronal responses were statistically different for the different
lobal directions of the bar ends movement and the spontaneous
ctivity (sampled during the inter-stimulus interval between �250
s and 0 ms before the presentation of the bar), and for the test

ondition of masking bar ends to detect whether the neuronal
esponses were statistically different for the different invisible
lobal directions of the bar movement.

RESULTS

ighty-one V1 neurons (14 simple cells and 67 complex
ells) were recorded from four anesthetized and paralyzed
armosets. Consonant with processing information from a

patially restricted small CRF, most of the recorded neu-
ons (69%, 56/81) suffered the “aperture problem.” Their
esponses to the component motion of the bar segment
ithin the CRF were indistinguishable, although the global
otion direction of the entire bar was varied (2-ANOVA,
irection: P�0.05). These neurons thus appear only to
ignal the direction of stimulus movement orthogonal to the
rientation, even when this direction is not the same as the
otion of entire object.

A substantial group of neurons (31%, 25/81; 4 simple
ells and 21 complex cells), however, was significantly
odulated by the global direction of the stimulus move-
ent. Fig. 2 shows two examples. These neurons showed

lear direction selectivity to the drifting gratings presented
ithin their CRFs (DI	0.76 and 0.5 for cells 3–20 and
–4). When a single bar with the neuron’s preferred ori-
ntation and length of two times CRF diameter was drifted

cross the CRF in the preferred direction (indicated as 0° g
n Fig. 2A and B), the neurons had maximum firing rates.
hen the global drifting directions were shifted up to 40°

way from the preferred direction, their responses gradu-
lly decreased although the movements of the bar seg-
ent within the CRF were identical for different global
irections (ANOVA, P�0.05; black curve with solid circle
ymbols in Fig. 2A and B). For cells 3–20, its response
educed up to 55% when the global direction was 20° away
rom its preferred direction; for cells 1–4, the firing rate
educed up to 39% for the global direction 40° away from
ts preferred direction.

When the bar ends outside the CRF were masked
masking bar ends, see Fig. 1 for an example), the movement
f the bar segment inside the CRF was always perceived as
rifting in the neuron’s preferred direction as invisible bar
nds presented outside the CRF could not provide unambig-
ous global directional cues. Consequently, with this mask-

ng, the responses of the two neurons in Fig. 2 were statisti-
ally indistinguishable among the different global directions of
he bar movement (1-ANOVA, P�0.05; gray curve with solid
riangle symbols in Fig. 2A and B). When the bar segment
nside the CRF was masked (masking CRF, see Fig. 1 for an
xample), the neurons did not receive any direct CRF stim-
lation, although the global directional cues were clearly pre-
ented by the bar ends outside the CRF. For this pattern of
asking, the responses of two neurons were not significant
ifferent from their spontaneous activities (1-ANOVA,
�0.05; thin black curve with open circle symbols in Fig. 2A
nd B).

Despite the local directions of the bar movement within
he CRF being identical, the responses of some V1 neu-
ons were modulated by the global motion directions, and
his modulation is likely derived from the unambiguous
irectional information provided by the bar ends outside
he CRF region. To further investigate how far the V1
eurons can integrate these global directional cues, we
ystematically varied the length of the bar as two, four and
ight times the CRF diameter, and compared the neuronal
esponses to the bars with different lengths and drifting in
arious global directions. Although its response was sig-
ificantly modulated by the global direction of a short bar
2� CRF diameter), cells 3–20 failed to integrate the di-
ectional cues from the bar ends of longer bars (4 and 8�
RF diameter). Its responses were statistically indistin-
uishable for the different global motion directions (ANOVA,
�0.05; Fig. 2C). Cells 1–4, on the other hand, integrated

he global directional cues provided by the ends of the
ongest bar tested (8� CRF diameter, Fig. 2D). Its re-
ponses to the identical CRF stimuli were systematically
odulated by the global directions no matter the length of

he bar used (2-way ANOVA, direction: P�0.05; length:
�0.05), up to the limit tested.

Generally, V1 neurons’ capability of computing global
irections of movement gradually decreased with increas-

ng distance between the global directional cues (bar ends)
nd the center of the CRF. Population analysis showed
hat out of 25 neurons whose direction selectivity was
odulated by the global motion directions, 24 could inte-

rate unambiguous directional cues from the bar ends
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resented close to their CRFs (bar length	2� CRF diam-
ter), while 19 and 10 neurons could still integrate these
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lso directly compared neuronal responses to various
lobal directions generated by the bars with different

engths for these 25 neurons (neuronal discharge to the
hortest bar drifting in the preferred direction was treated
s 100%; Fig. 3B). The normalized directional response
as most significantly modulated by the shortest bar, and

he tuning curve became broader and flatter with increas-
ng bar length. In the control condition of masking CRF,
lthough the global directional cues were clearly presented
y the bar ends outside the CRF, the responses of these 25
eurons were statistically indistinguishable for the different
irections of the bar ends movement, and were not signifi-
antly different from their spontaneous activities (1-ANOVA,
�0.05; Fig. 3B).

The majority of V1 neurons show effects of spatial
ummation, normally suppression, to stimuli extended be-
ond their CRFs (for reviews see Gilbert, 1998; Fitzpatrick,
000), and therefore have some measure of end-stopping
DeAngelis et al., 1994; Jones et al., 2001; Sceniak et al.,
001) as demonstrated by Hubel and Wiesel (1965). Re-
ently, Pack et al. (2003) have suggested that only end-
topped neurons in monkey V1 can encode global direc-
ion signals in a manner that is largely independent of the
rientation of the CRF stimulus. Our results, however,
uggest that V1 neurons’ capability of computing global
irections seems not to be strictly restricted by the size of
he CRF or summation field. We measured the neuron’s
ength tuning function by presenting optimally oriented
ars drifting across the CRF in the preferred direction; the

ength of the bar was varied as one, two, four, or eight
imes CRF diameter. Fig. 4A shows the length tuning
esponses of two neurons whose directional responses
ere modulated by the global motion directions as dem-
nstrated in Fig. 2. These two neurons did not show any
nd-stopped tuning properties within the range of bar

ength tested. Their responses were not significant differ-
nt for the drifting bars with various lengths (1-ANOVA,
�0.05).

To further examine how the property of length tuning
elates to the capability of integrating global motion direc-
ion, we calculated a modulation index (MI), defined as the
euronal response (minus spontaneous activity) to the

ongest bar (8� CRF diameter) divided by the response to
he shortest bar (1� CRF diameter), for each neuron, and
e plotted the frequency of their MI distribution with 0.2 bin
idth (Fig. 4B). If a neuron’s response to the CRF presen-

ation was suppressed by the longer bar, its MI should be less
han 1. If its response was facilitated by the longer bar, on the
ther hand, its MI should be larger than 1. Out of the 81
eurons we sampled (gray curve with solid circles in Fig. 4B),
nly 14 neurons showed significant length tuning for the
ar length up to eight times CRF diameter (1-ANOVA,
�0.05; thin black curve with open circles in Fig. 4B);
hile 25 neurons showed modulated responses to the
lobal motion directions (black curve with solid circles in
ig. 4B). Most of these neurons (16/25) did not show any

ength tuning effect to the longer bars. However, there was
tendency for those neurons showing length tuning to
ave a higher probability of responding to the global mo- f
ion signals. Out of 14 neurons showing length tuning
ffect, nine had modulated responses to the global direc-
ions of the bar movement. For 67 neurons not showing
ength tuning responses within our test range, only 16 had

odulated responses to the global motion directions.
In our experiments, although the length of the entire

ar was fixed for a given trial, the portion of the (single)
ar falling on either side of the CRF changed when the
ar drifted across the CRF in the non-preferred directions.
ig. 5A shows one example. In this trial the bar with the
euron’s preferred orientation drifted across the CRF in its
on-preferred direction. For the two portions of the bar
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he left portion before the bar reached the center of the
RF; and then it was shorter than the left portion after the
ar passed the center of the CRF. To exclude the unlikely
ossibility that this dynamic change of the bar length on
ither side of the CRF could modulate neuronal responses
i.e. non-linear integration from regions outside the CRF),
e carried out an additional experiment, where we sys-

ematically manipulated the distribution of the bar length on
oth side of the CRF while keeping the total bar length
onstant, and compared the neuronal responses to these
ars drifting in the preferred direction for those neurons
howing sensitivity to the global motion directions. The bar
egments outside the CRF were either located on one side
f CRF, or 75% of the length was presented on one side
hile 25% on the other side of the CRF, or were equally
istributed on both side of the CRF (see Fig. 5B for an
xample). For cells 3–20, there was no significant re-
ponse difference to these test conditions (1-ANOVA,
�0.05; Fig. 5B). Therefore, its reduced response to the
on-preferred directions was most likely due to the inte-
ration of the global directional cues available outside its
RF (see also Figs. 2 and 3). Out of 22 neurons tested
ith these control stimuli, 21 showed indistinguishable

esponses to the various bar length distributions outside
heir CRFs (1-ANOVA, P�0.05).

When a field of short bars or a plaid pattern containing
onflicting local and global motion signals is presented
ithin the CRF, neurons in the middle temporal visual
ortex (MT), a specific motion selective area in monkey
isual cortex where the neurons are capable of encoding
he global motion cues, appear initially to respond primarily
o the component of motion perpendicular to the contour’s
rientation. After a short period, responses gradually shift

o encode the global motion direction (Pack and Born,
001; Pack et al., 2001; Smith et al., 2005). To investigate
hether there is a similar temporal evolution of the shift in
1 response properties while integrating the global direc-

ional cues presented outside the CRFs, we compared
ime-courses of neuronal responses to the preferred and

A

ig. 5. (A) Stimulus example. When a single bar drifted across the C
f the CRF changed systematically. (B) Example of a neuronal respon
f the length of bar segments on both sides of the CRF was systemati
irection). Error bars indicate standard error of the mean.
he least preferred global motion directions. Although in our C
xperiments the starting and ending positions of the bar
ovement for a given trial were varied according to the
lobal bar directions, the entering and leaving points of the
RF, and the duration of the bar movement within the CRF
ere identical for various global directions (see Fig. 1 for
n example). In this time-course analysis, we only com-
ared neuronal responses to the bar movements within the
RF. For two neuron examples showing modulated re-
ponses to different global directions (see Fig. 2), their
ischarges were plotted as peristimulus time histograms
PSTHs) with 10 ms bins; time 0 indicates the time when
he bar entered the CRF (Fig. 6A and B). Compared with
he response to the preferred direction, the response to the
east preferred direction was clearly delayed and sup-
ressed at the earliest stage of the neuronal response. We
urther calculated each neuron’s response latency using
umulative sum analysis (Maunsell and Gibson, 1992;
aiguel et al., 1999). The latency was taken to be the time
orresponding to the first bin after the bar entering the CRF
here the bin exceeded the spontaneous firing rate by two
tandard deviations and which was followed by at least two
uccessively increasing bins. The difference of response

atencies between the preferred and the least preferred
lobal directions was 40 and 30 ms for cells 3–20 and 1–4,
espectively.

For the population analysis of 25 neurons showing
ensitivity to the global motion directions, we chose the
ime when the bar entered the CRF as time 0 and accord-
ngly averaged and normalized neuronal responses to the
referred and the least preferred global motion directions.
s shown in Fig. 6C, compared with the response to the
referred global direction, the response to the least pre-
erred direction was delayed by 20 ms�3 (mean�S.E.M.),
nd the peak response was suppressed by 36%�5. These
elayed and suppressed responses to the non-preferred
lobal directions are probably due to the result of resolving
onflicting local motion signals (Nowlan and Sejnowski,
995; Grossberg et al., 2001) rather than simple suppres-
ion introduced by the bar segments presented outside the

cell 3-20

non-preferred directions, the portion of the bar falling on either side
bar drifting across the CRF in its preferred direction. The distribution

ipulated (see bottom inset, arrow line on the left indicates the motion
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irections and most of the neurons did not show modulated
esponses to different bar length or different distribution of
ar length on both side of the CRF (see Figs. 4 and 5).

In our V1 sample, the neuron’s DI, measured with a
rifting sinusoidal grating whose direction was always per-
endicular to the orientation, ranged from 0.02–1.04 with

he mean value of 0.44�0.03. To examine how the prop-
rty of direction selectivity relates to the capability of inte-
rating global directional cues, we calculated the DI for
ach of the 81 neurons, and plotted the percentage of
eurons showing modulated responses to the global
irections as a function of their DI (0.1 bin width, Fig. 7).
here was a tendency for neurons with higher sensitivity

o motion stimuli (higher DI) to have a higher probability
f responding to the global direction of the bar move-
ent (linear regression: correlation coefficient r	0.75,
	0.006).

DISCUSSION

esearch on brain mechanisms of motion processing has
ended to emphasize a hierarchical pathway for motion
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ig. 6. Directional responses to the preferred and the least preferred
lobal direction of the bar movement as a function of time for cells
–20 (A), cells 1–4 (B) and the population of 25 V1 neurons (C).
nalysis. In the primary motion detection stage (area V1),
F
t

irection selective neurons act as local motion energy
lters (Adelson and Bergen, 1985; Grzywacz and Yuille,
990) and respond to the motion of image constituents
ithin particular bandpass characteristics for orientation,
patial and temporal frequency. These neurons simply
ncode the motion of the oriented components comprising
complex pattern rather than the global motion of the

attern itself. Neurons in the later motion integration stage
i.e. area MT) perform more complex computations based
n extensive local motion measurements provided by V1,
nd detect the “true” direction of global motion that is

ndependent of the motion of contours within them (Movs-
on et al., 1985; Rodman and Albright, 1989; Stoner and
lbright, 1994; Pack and Born, 2001; Pack et al., 2004).

In this framework, V1 neurons are simply local spatio-
emporal filters, extracting local motion measurements and
ransmitting them to higher visual areas for further pro-
essing. They inevitably suffer the “aperture problem”
hile dealing with a moving contour extended beyond their
RFs. However, neurophysiological studies have revealed

hat some V1 neurons are capable of signaling some com-
lex motion signals presented within their CRFs, such as
attern motion (Tinsley et al., 2003; Guo et al., 2004a) and
econd-order motion signals (Chaudhuri and Albright,
997; O’Keefe and Movshon, 1998). Furthermore, the
ell-documented phenomenon of center-surround interac-

ion shows that V1 neurons can integrate orientation, rel-
tive motion, contrast and luminance signals from regions
eyond their CRFs (Knierim and Van Essen, 1992; Kapa-
ia et al., 1995; Lamme, 1995; Rossi et al., 1996; Zipser
t al., 1996; Kastner et al., 1997; MacEvoy et al., 1998;
ones et al., 2001; Angelucci et al., 2002; Cavanaugh et al.,
002; Levitt and Lund, 2002; Guo et al., 2005), suggesting
hat the function of V1 neurons is far from that of local
patio-temporal filters.

Inferential model of visual processing suggests a con-
rasting view of the function of V1 neurons (Knill and Rich-
rds, 1996; Young, 2000; Friston, 2002; Guo et al., 2004b).
n this model, visual neurons should have access, through
heir embedding neural network, to information about the
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istribution of prior probabilities of stimuli (Lee, 1995;
oung, 2000), and the output of a neuron critically de-
ends on the interaction between the likelihood function
i.e. CRF visual input) and the prior probability (i.e. extra-
RF information) rather than simply on direct visual input

rom its CRF (Guo and Li, 1997; Gilbert, 1998; Young,
000; Sharma et al., 2003). In light of this, when process-

ng the motion of a extended bar passing through the CRF,
he interpretation of V1 neurons should be the result of
nteraction between the ambiguous direction signals de-
ived from the bar segment inside the CRF and the unam-
iguous direction signals derived from the bar ends outside
he CRF. Accordingly, their directional responses would be
xpected to be modulated by the “actual” direction of the
oving bar.

In our experiment, although the component motion was
dentical within the CRF, the directional responses of a
ubstantial group of V1 neuron were significantly modu-

ated according to the global direction of the moving bar,
nd this response modulation is most likely derived from

he unambiguous directional cues presented by the bar
nds, outside the CRF region. However, it is not clear
hether the observed neuronal modulations in this exper-

ment can truly reflect recovery of the global motion. As
ur stimuli used to test the neurons’ preferred tuning char-
cteristics (sinusoidal gratings) and global motion modu-

ations (drifting bars) had different direction test range
grating: 0–360°; bar: �40° around the neuron’s preferred
irection) and different orientation information (grating: ori-
ntation perpendicular to its direction; bar: constant orien-
ation), it is difficult to directly compare the direction tuning
ielded in response to the gratings and bars. In our future
tudy, it will be interesting to address this question by
mploying stimuli without orientation information, such as
oving dot patterns. However, our observation that the
eak of the modulation tuning function for the main exper-

ment coincides with the peak of the directional tuning
unction for the gratings suggests that the modulated neu-
onal responses in area V1 are directly related to the
rocessing of global motion information, and a substantial
roup of V1 neurons can contribute directly to the global
otion processing rather than only perform local motion
easurements.

How can some V1 neurons integrate local motion sig-
als into global motion measurements? Some recent stud-

es suggest that this capability of V1 neurons depends on
ocal receptive field properties (i.e. “end-stopped” responses;
ack et al., 2003, 2004) or receptive field shape (Tinsley
t al., 2003). Using two-flash apparent motion stimuli (Pack
t al., 2003) and “barber pole” illusion stimuli (Pack et al.,
004), Pack et al. suggested that the computation of global
otion occurs on a spatial scale that is similar to V1 CRF
iameter. However, our results do not accord with this
uggestion that only “end-stopped” V1 neurons can com-
ute the global motion direction. Most of neurons showing
apability of global direction integration in this study are not
end-stopped,” at least within the quite extensive length
ummation range we tested (Fig. 4). Therefore, the capa-

ility of integrating and computing various local motion c
ues in area V1 seems not to be strictly restricted by the
ize of the CRF or summation field. It is also unlikely that
he receptive field shape can fully determine the global
otion selectivity of V1 neurons as the neuron’s activity in

omputing the global directions decreased with the in-
reasing distance between the global directional cues (bar
nds) and the center of the CRF (Fig. 3). Given these
onsiderations, it is reasonable to assume that CRF itself
r feed-forward connections in V1 cannot fully account for
1 neuronal responses to global motion signals.

The lateral and feedback connections may play a crit-
cal role in V1 motion information integration. The exten-
ive lateral/horizontal connection enables V1 neurons to

ntegrate visual information available from regions beyond
he CRFs (for reviews, see Gilbert, 1998; Chisum and
itzpatrick, 2004). When an elongated bar is drifted

hrough a neuron’s CRF in various directions, although the
irection of the bar segment within the CRF of the recorded
euron is ambiguous, the bar ends containing the unam-
iguous directional cues, pass through the CRF of the
eighboring motion sensitive neurons. These unambigu-
us motion signals could be fed to the recorded neuron via

ateral connections, and enable the neuron to integrate
irection vectors from various part of the bar into a more
lobal representation of the “actual” direction of the entire
ar movement, provided the unambiguous motion signals
rom the bar ends are given much more weight than the
mbiguous motion signals from the bar interior.

V1 neurons also receive feedback connections from a
umber of extrastriate areas (Lamme et al., 1998; Ange-

ucci and Bullier, 2003). Those feedback influences from
eurons with larger CRF and complex computation capa-
ilities may inform V1 neurons with the processing results
f higher areas, and allow them to integrate some global

nformation (Hupé et al., 1998, 2001; Hochstein and
hissar, 2002; Guo et al., 2004a). As MT neurons are
apable of performing more complex computations based
n extensive local motion measurements provided by V1,
nd detecting the direction of global motion (Movshon
t al., 1985; Andersen, 1997; Pack et al., 2004), it is
ossible that some V1 neurons might receive the critical
eedback information from MT and thus inherit the com-
uted property or properties of global motion selectivity so
learly evident in MT. This feedback information may fur-
her provide the top-down priors for geometric inference in
rea V1 in a hierarchical Bayesian inference framework
hich has been demonstrated in the computation of per-
eptual contours, surface shapes and object saliency (re-
iewed in Lee, 2003).

The interaction between CRF and its surround may
ake time to develop (Lamme, 1995; Pack and Born, 2001;
ack et al., 2003). Generally, the early part of the neuronal

esponses reflects only the stimulus presented within the
RF, while the late part takes the larger stimulus context

nto account. When integrating motion cues, V1 (Pack
t al., 2003) and MT (Pack and Born, 2001; Pack et al.,
004; Smith et al., 2005) neurons initially respond pri-
arily to the component of motion perpendicular to a
ontour’s orientation. After a short period (20 –30 ms in
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1 and around 60 ms in MT) the response gradually
hifts to encode the global motion direction, regardless
f orientation. In our experiment, we also observed a
lear time difference of neuronal responses to different
lobal motion directions. Although the component mo-
ion within the CRF was kept as the neuron’s preferred
irection, the neuronal response was delayed and re-
uced when the global motion direction was less pre-
erred (Fig. 6). However, unlike the results from Pack
t al. (2001, 2003, 2004), this modulation started from
he earliest part of neuronal responses. This may be due
o the way we presented the stimuli. The motion onset in
ur experiment starts from regions outside the CRF
ather than inside the CRF (see Fig. 1 for an example).
onsequently, the computation of the global motion di-

ection could start even before the bar enters the CRF of
he recorded neuron. Although it may be sub-threshold,
his unambiguous motion information could be passed to
he recorded neuron via feedback influences or lateral
nteractions within V1, and the time difference we ob-
erved could be the result of resolving conflicting local
otion signals (Nowlan and Sejnowski, 1995; Gross-
erg et al., 2001). From this study, it is difficult to differ-
ntiate the contribution from lateral interaction and feed-
ack influence. The early surround modulation to neu-
onal responses may suggest that the unambiguous
irection signals come from lateral interactions. How-
ver, given the existence of fast speed feedback con-
ections from MT to V1 (e.g. Movshon and Newsome,
996), it is possible that some higher-lever computations
ay also be involved in V1 directional computations

top-down interactions).
In light of our results, a natural interpretation is that

eurons in area V1 are not only specialized for extracting
ocal features and conveying information of a low-level
ature, such as local motion measurements, as suggested
y the classical model of “vision-as-analysis”; but also
epresent and communicate signals that may contribute to
elatively global processing as proposed by the model of
vision-as-inference.” On this interpretation, V1 is an active
nterpreter of the visual world, and is involved in many
evels of visual computation, including global motion com-
utation demonstrated in this study.
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