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Abstract—The cortical regions surrounding the suprasylvian
sulcus have previously been associated with motion pro-
cessing. Of the six areas originally described by Palmer et al.
[J Comp Neurol 177 (1978) 237], the posteromedial lateral
suprasylvian (PMLS) cortex has attracted the greatest atten-
tion. Very little physiological information is available con-
cerning other suprasylvian visual areas, and in particular, the
anteromedial lateral suprasylvian cortex (AMLS). Based on
its cortical and sub-cortical connectivity patterns, the AMLS
cortex is a likely candidate for higher-order motion process-
ing in cat visual cortex. We have investigated this possibility
by studying the receptive field sensitivity of AMLS neurons to
complex motion stimuli. Neurons in AMLS cortex exhibited
large (mean of 354°2) and complex-like receptive fields, and
most of them (74%) were classified as direction selective on
the basis of their responses to sinusoidal drifting gratings.
Most importantly, direction selectivity was present for com-
plex motion stimuli. A subset of the neurons sampled (eight
of 38 cells; 21%) exhibited pattern-motion selectivity in re-
sponse to moving plaid patterns. The capacity of AMLS neu-
rons to signal higher-order stimuli was further supported by
their selectivity to moving complex random-dot kinemato-
grams. Finally, 45% of 20 neurons were direction selective to
a radial optic flow stimulus. Overall, these results suggest
that AMLS cortex is involved in higher-order analyses of
visual motion. It is possible that the AMLS cortex represents
a region between PMLS and the anterior ectosylvian visual
area in a functional hierarchy of areas involved in motion
integration. © 2003 IBRO. Published by Elsevier Ltd. All rights
reserved.
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Locomotion and the displacement of objects within the
environment create complex visual motion cues that must

*Corresponding author. Tel: +1-514-343-2407; fax: +1-514-343-
2382.

E-mail address: christian.casanova@umontreal.ca (C. Casanova).
Abbreviations: AEV, anterior ectosylvian visual area; AMLS, antero-
medial lateral suprasylvian cortex; CM, component motion; DI, direc-
tion index; LP-pulvinar, lateral posterior nucleus—pulvinar complex; MI,
modulation index; PM, pattern motion; PMLS, posteromedial lateral
suprasylvian cortex; PSTH, peri-stimulus time histogram; RDK, ran-
dom dot kinematogram.

be properly analyzed by the brain to permit appropriate
visuo-motor behavior. In cats, the cortical areas lying in the
medial, lateral, and ventral banks of the suprasylvian sul-
cus are believed to be crucial for the analysis of motion.
This is especially true of the most extensively studied
posteromedial part of the lateral suprasylvian (PMLS) cor-
tex. On the basis of neuronal response properties and
behavioral observations, PMLS has been associated with
simple and complex motion analysis (Rauschecker, 1988;
Spear, 1991; Dreher et al., 1996).

Very little, if anything, is known about the visual re-
sponse properties of neurons in the five other areas sur-
rounding the suprasylvian sulcus as defined by Palmer et
al. (1978; see Spear 1991). In particular, very few studies
have concentrated on the anteromedial part of the lateral
suprasylvian (AMLS) cortex. This region receives conver-
gent inputs from extrastriate areas and thalamic structures
involved in complex motion processing: the PMLS cortex
(Symonds and Rosenquist, 1984a,b; Norita et al., 1996),
the anterior ectosylvian visual (AEV) area (Reinoso-Su-
arez and Roda, 1985; Norita et al., 1986; Olson and Gray-
biel, 1987; Norita et al., 1996; but see Symonds and
Rosenquist, 1984a), and the lateral posterior nucleus-pulv-
inar complex (LP-pulvinar; Symonds et al., 1981; Updyke,
1981; Tong et al.,, 1982; Raczkowski and Rosenquist,
1983; Norita et al., 1996). Therefore, on the basis of its
connectivity, the AMLS cortex may play a key role in
motion analysis. However, this statement cannot be sub-
stantiated by electrophysiological data given the lack of
information regarding receptive field properties in this part
of the lateral suprasylvian cortex. To our knowledge, only
two neurophysiological studies specifically targeted the
AMLS cortex. Toyama et al. (1990) reported that neurons
in this area could be visually driven by looming objects.
Yaka et al. (2002) subsequently found an equal proportion
of visual and auditory neurons, and reported that a subset
of units were bimodal. Behavioral assessments further
suggested that AMLS cortex is involved in visual process-
ing, namely the discrimination of stimulus orientation, di-
rection and spatial landmarks (Lomber, 2001; Vanduffel et
al., 1997; Sprague et al., 1996).

Based on the connectivity pattern of AMLS cortex with
cortical and subcortical regions involved in higher-order
motion processing, we investigated whether AMLS neu-
rons could signal complex motion. On the basis of the
neuronal response characteristics in AMLS cortex to com-
plex motion stimuli, it may be possible to suggest where
AMLS cortex should be situated in a functional hierarchy of
visual areas involved in the analysis of motion cues. Be-
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cause of the general lack of knowledge about AMLS visual
physiology, we also studied some basic receptive field
properties. Parts of these findings have been presented
elsewhere in abstract form (Minville et al., 1997; Ouellette
et al., 2001).

EXPERIMENTAL PROCEDURES
Animal preparation

Eighteen normal adult cats weighing between 2.5 and 4.5 kg were
used. All procedures were in accordance with the guidelines set
out by the Canadian Council on Animal Care and were approved
by the ethical committee on animal research of the Université de
Montreal. All efforts were made to minimize animal suffering and
to reduce the number of animals used. Animals were pre-anes-
thetized with a s.c. injection of acepromazine (1 mg/kg) and atro-
pine (0.1 mg/kg). General anesthesia was induced via a mask with
a gaseous mixture of Isoflurane (2-5%), with N,O/O, (50/50%).
Cardiac rhythm and O, saturation were monitored with an
oxymeter. A local anesthetic (lidocaine hydrochloride 2%) was
applied to incision and pressure points. Tracheotomy and cannu-
lation of the cephalic vein were performed before transferring the
animal to the stereotaxic apparatus. The cannula allowed for the
administration of gallamine triethiodide (10 mg/kg/h) delivered in
lactated Ringers solution. The animal was then artificially venti-
lated with N,O/O, (70/30%) and halothane (0.5-1%). Levels of
CO, were maintained between 28 and 32 mm Hg by adjusting the
stroke volume and respiratory rate. Rectal temperature was mon-
itored and maintained at approximately 37.5 °C. Electrocardio-
gram and electroencephalogram were continuously monitored.
Pupils were dilated and nictitating membranes retracted with at-
ropine (1%) and phenylephrine hydrochloride (2.5%) respectively.
The eyes were then protected with contact lenses with the appro-
priate refractive power. Craniotomies were performed bilaterally at
Horsley-Clarke coordinates anterior: 8—14 and lateral: 11-16, and
the dura was reflected. The electrode was angled in a coronal
plane approximately 40° with respect to vertical and lowered along
the medial bank of the suprasylvian sulcus. The cortex was cov-
ered with warm agar and melted wax in order to create a sealed
chamber.

Recordings

Varnished tungsten microelectrodes (A&M Systems, Carlsborg,
WA, USA; impedance between 1.5 and 4.0 m(}), were used to
record extracellular single-unit activity in AMLS cortex. Neuronal
activity was amplified, displayed on an oscilloscope, and played
through an audio monitor. A window discriminator was used to
isolate single units from the overall signal and the waveforms of
the action potentials were routinely examined. Digital signals were
then fed to acquisition software (Spike2; CED, Cambridge, UK) via
an analog-digital interface (CED 1401 plus). The response for
each stimulus condition was recorded as a peri-stimulus time
histogram (PSTH) (bin width of 10 ms) and was saved for further
statistical analysis. Recording for a single trial occurred over a 4 s
period and mean firing frequency was calculated from all 400 bins
and averaged over several presentations (at least four).

Visual stimulation

Receptive fields were mapped by hand on a tangent screen
subtending 80°x107° of visual angle, using an ophthalmoscope
that could present circles up to 12° diameter. A hand held projec-
tor was used to present large rectangles (approximately 10°x2°).
In the early phase of the study, visual stimuli (sine wave gratings,
plaid patterns, and Julesz-type noise), were generated by the
Picasso Image generator (Innisfree) controlled by the software

package Visual Stimulation (VS) v1.72 (CED, Cambridge, UK).
Stimuli were presented on a CRT display (5117, Data Check, Van
Nuys, CA, USA; mean luminance 14cd/m?) placed 57 cm in front
of the animal. The screen subtended 28°x28° of visual angle and
stimuli covered the entire display. The CRT was placed so as to
align its center with that of the receptive field. Julesz-type texture
patterns (hereafter visual noise) were generated by a Dual Veloc-
ity Field and Stereogram Generator (Innisfree) connected to the
Picasso Image generator (see below). In later experiments, stimuli
were generated by a Macintosh G3 computer using VPixx 1.5
(Sentinel Medical Research, Ste-Julie, Quebec, Canada) and
back-projected onto a tangent screen (80°x107°) placed 57 cm in
front of the animal. Stimuli covered 75°x92°, regardless of the
size of the receptive field. The screen was not displaced unless a
receptive field border fell outside of the area that could be stimu-
lated: this was very unusual given that almost all receptive fields
were located in the binocular zone of the visual field (see Fig. 2B,
almost all receptive fields are within 20° of eccentricity). The
screen (Da-Lite) consists of a special coat applied to an acrylic
substrate (Da-Plex) that permits a uniform distribution of the light
projected onto the screen. Stimuli were displayed at a frame rate
of 67 Hz and had a mean luminance of 25 cd/m?. The VPixx
system allowed the generation of more complex stimuli such as
random dot kinematograms (RDKs) and radial optic flow fields
(see below).

A subset of nine cells was tested with both stimulation sys-
tems, using the same range of values. For this subset of cells,
optimal properties and tuning widths were similar when the values
tested with VPixx were limited to those tested with VS. The VS
system did not allow the generation of drifting gratings at spatial
frequencies below 0.05 c/°. Some cells considered as low-pass
units with VS may have been band-pass tuned and optimally
responsive to lower spatial frequency values. Therefore, spatial
frequency data obtained with the VS system is presented briefly
for the purpose of comparison with our previous studies in other
regions that had the same technical limitation (e.g. Merabet et al.,
2000).

Receptive field size and binocular dominance were first as-
sessed qualitatively. In a majority of cases, one eye was found to
be clearly dominant and monocular stimulation was performed.
When neuronal responses could not be driven by monocular
stimulation, binocular presentations were used. In that condition,
no alignment of the eyes was made because receptive fields of the
two eyes could not be mapped individually. Thereafter, drifting
sinusoidal gratings (60% contrast) were used to quantitatively
determine direction-selectivity, and spatial and temporal contrast
sensitivity. Direction was varied over 360° in 12 or 24 steps of 30°
or 15°, respectively. Spatial frequency tuning was assessed using
gratings drifted at the preferred direction and temporal frequency
(the latter being first qualitatively assessed). Temporal frequency
tuning was then quantitatively determined using a drifting grating
at the preferred direction and optimal spatial frequency. Subse-
quently, a direction tuning function was assessed a second time to
insure that direction selectivity was still present despite the low
spatial frequencies.

Visual noise patterns consisted of a grid of black and white
elements. Each element subtended 0.13° of visual angle and
represented the outcome of an independent Bernoulli trial with
equiprobable states. These stimuli were used as they are purely
directional stimuli; two-dimensional Fourier power spectrum anal-
ysis revealed that all orientations are equally represented in both
frequency axes, as are all spatial frequencies up to 128 cycles/
image (see Fig. 1 in Merabet et al., 2000). Moreover, this stimulus
has been used in other visual areas (Casanova et al., 1995;
Casanova and Savard, 1996; Merabet et al., 2000), thus it allows
a direct comparison of the responses of neurons in AMLS cortex
with those areas. Movement of the stimulus consisted of a trans-
lation of the entire visual noise pattern. Both the direction and
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Fig. 1. Schematic of the simple and complex RDKs. Solid lines rep-
resent motion signals while dashed lines illustrate the displacement of
the noise dots. Each rectangle equals one stimulus frame. Note that
there is an equal number of signal and noise displacements for simple
and complex RDKs.

®

speed that elicited an optimal response were assessed. A more
detailed description of the stimulus can be found in Merabet et al.
(2000).

For a subset of direction-selective cells, responses to drifting
plaid patterns were assessed. Plaids were composed of two su-
perimposed sinusoidal gratings of identical spatial and temporal
frequency that drifted in directions that differed by 120°. The
spatial and temporal frequencies used for each component grating
were determined for each neuron individually, according to the
optimal values previously identified with drifting gratings. The
contrast of each grating was 30%, so that the total contrast of the
plaid was equivalent to that of a single drifting grating.

RDKs consisting of white circular dots (1° diameter, 100%
contrast) on a black background were used to study global motion
processing. To be consistent with previous findings (Dumbrava et
al., 2001), these RDKs will be referred to as simple and complex.
A diagram of each type of RDK is presented in Fig. 1. The simple
RDK was essentially a rigidly translating random dot field with
50% noise (coherence was set to 50% to allow a direct compar-
ison with complex RDK responses; see below). In this configura-
tion, each signal dot follows a straight and continuous path in one
common direction. Noise dots followed trajectories along ran-
domly chosen directions, and occasionally crossed the path of
signal dots. This stimulus required minimal simultaneous motion
integration over an area of the visual field.

For complex RDKs, the dots had a lifetime of two frames, that
is, they moved only once before being randomly repositioned, i.e.

being displaced to another location. Each dot had an equal and
random probability of beginning as a signal dot on even- or
odd-numbered frames. At any one time, half of the dots were
displaced in the motion direction while the remaining half were
repositioned randomly. In other words, the signal and noise
frames have been segmented by half, so that when half of the dots
give the motion signals, the remaining dots repositioned them-
selves (the reverse being observed in the next sequence). In the
complex RDK, there is never more than a single coherent motion
before repositioning. Consequently, there must be a spatial and
temporal integration of the displacement of many dots over an
extended area of the visual field in order to signal the veridical
direction of the pattern. Unlike the simple RDK, it is impossible to
extract the overall direction of a complex RDK by tracking a single
signal dot. It has been shown that neurons in area 17 are not
direction-selective to this stimulus (Dumbrava et al., 2001; Ville-
neuve and Casanova, 2001), supporting its complex nature.

Optic flow, designed to mimic the motion of an observer
traveling through a tunnel, consisted of white trapezoids on a
black background (100% contrast). The trapezoids followed radial
trajectories originating from a point that was centered on the area
centralis, whose position was calculated from optic nerve mapping
(Bishop et al., 1962). The central 2° of the display was left blank
in order to avoid clumping of the elements in that region. The
stimulus was not restricted to the receptive field of the cell but
rather, covered the entire display (75°x92°). Both speed and size
gradients similar to those described by Gibson (1950) were
present in these stimuli. Trapezoids were displayed and continued
to move along a radial trajectory until they went beyond the
borders of the display field. The coherence of motion was set to
100%. The direction of motion was either expanding or contract-
ing. The acceleration of expanding and contracting motion of the
elements was exponential in order to mimic natural flow field cues.
Trapezoids were 2° wide and 6° long when the trailing edge was
at 10° eccentricity. At this same eccentricity, the motion of the
stimulus would be equivalent to a cat moving through the envi-
ronment at 6.87 km/h. Parameters such as velocity and dot pop-
ulation were varied in order to elicit a maximal response. For a
detailed description of the optic flow stimuli, see Brosseau-
Lachaine et al. (2001). In order to further study the possible role of
AMLS cortex in the analysis of self-motion cues, the preferred
axial direction of a subset of neurons was quantified (Rauschecker
et al., 1987). Axial direction preference represents the difference
between the conventional directional preference of the cell and the
polar angle of the receptive field center (defined as the angle of
the receptive field center in polar visual-field coordinates). A pre-
ferred axial direction value close to 0° represents a centrifugal
directional bias while a value close to 180° represents a centrip-
etal direction bias of a cell.

Analysis of neuronal responses

Tuning functions were collected by testing stimuli at values on
both sides of the optimal. Bandwidth for direction tuning functions
was calculated as the half-width at half-height of the tuning curve,
while that for spatial and temporal frequency tuning curves repre-
sented the full-width at half-height. Direction selectivity of AMLS
neurons was assessed by calculating a direction index (DI) as
follows:

DI=1-

response in the nonpreferred direction—spontaneous activity
response in the preferred direction—spontaneous activity

Neurons with values above 0.5 were considered as direction
selective, whereas cells below this value were not considered as
such (Merabet et al., 2000). Data obtained with drifting sine wave
gratings were used to calculate a modulation index (Ml) (Skottun
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et al., 1991) as follows:

response to the 1st harmonic
" mean response—spontaneous activity

The Ml is an indicator of the extent to which a cell modulates
its response amplitude for a given grating temporal frequency, and
is traditionally used to discriminate simple from complex cells in
area 17.

Responses to plaids were classified as pattern motion selec-
tive (PM) or component motion selective (CM) by calculating
partial correlation coefficients using the following formula:
Ro=(ry=reho)(1=r2)(1=1,A)]"? (Movshon et al., 1986, cor-
rected). R, represents the partial correlation coefficient for the PM
prediction, r, is the correlation coefficient of the plaid response
and the CM prediction, r, is the correlation coefficient for the plaid
response and the pattern prediction, and r,. is the correlation
coefficient for the two predictions. Similarly, R, is the partial cor-
relation coefficient defined for the CM prediction and is calculated
by exchanging r, with r; in the equation. Component and pattern
predictions were based on a neuron’s direction tuning function to
a drifting sine wave grating. The PM prediction is identical to the
cell’s actual response to the grating. To obtain the CM prediction,
spontaneous activity is subtracted from the cell's response to the
grating. The direction tuning function is then duplicated and each
copy is shifted 60° in opposite directions. Both direction tuning
functions and spontaneous activity are then summed.

Cells were tested either with 12 or 24 directions, thus influ-
encing critical values (i.e. by changing the degrees of freedom). In
order to present all data in one graph, partial correlation coeffi-
cients were transformed into Z scores (Majaj et al., 1999; J. A.
Movshon, personal communication). Transformations to Z scores
were performed with a modified (Sokal and Rohlf, 1981) version of
Fisher’s transform:

_0.5In(1+R,)/(1-Ry))
Rem J1/(n=3)

Zg. can be calculated by replacing R, with R,. The n repre-
sents the number of directions at which the stimulus was
presented.

A cell was considered as PM selective when the value of R,
(or Zg,) was significantly greater than R, (or Zg;) and zero, as
determined with a t-test (one tail «=0.05). A CM selective cell has
a R, (or Zg,) that is significantly greater than R, (or Zg;) and zero.
The critical values for a statistically significant difference are plot-
ted as solid and dashed lines in Fig. 9C, D. In panel C there are
two lines representing critical values since the latter is directly
influenced by the number of directions tested (12 or 24).

Histology

Electrolytic lesions were made along all penetrations to allow for
reconstruction of electrode tracks. At the end of the experiments,
animals were killed by intravenous administration of pentobarbital
sodium (Euthanyl: 0.96 mg/kg). Brains were cut in blocks in the
stereotaxic apparatus and then removed and placed in buffered
formalin (10%). Frozen serial sections of AMLS cortex were cut in
a coronal plane at a thickness of 40 pm. Cresyl Violet stain
permitted the distinction of cortical layers. The exact position of
electrode tracks was verified to be in the medial bank of the
suprasylvian sulcus.

RESULTS
General observations

Recording in AMLS cortex was tedious since many neu-
rons were not visually responsive. Only 144 of 592 neu-

rons were considered visual when stimulated with hand-
held projectors, and computer-controlled full-screen drift-
ing sine wave gratings. Along a penetration, it was
common not to encounter a single visual neuron. One
cannot rule out the possibility that visual neurons in AMLS
are more sensitive to anesthetic levels than those in the
neighboring PMLS cortex (Merabet et al., 2000). However,
the relatively low number of visual cells may simply reflect
the multimodal nature of this area that is known to receive
visual, auditory, visuomotor, and somatosensory afferents
(Kawamura and Naito, 1980; Symonds and Rosenquist,
1984a; Norita et al., 1996). In the present study, systematic
verification of the multimodal character of AMLS neurons
was not carried out, but occasional qualitative verification
revealed that both somatosensory and auditory cells were
present, the latter being consistent with previous reports
(see introduction).

All parts of AMLS cortex were sampled equally, except
at the extreme rostral and caudal limits. Neurons in these
two segments (A: 8—9 and A: 13-14) represent less than
9% of sampled cells. None of the visual response proper-
ties discussed below were observed to vary along the
antero-posterior axis of AMLS cortex (see below for
statistics).

Basic receptive field properties

For 129 of the 144 visually responsive neurons, receptive
fields were hand-plotted with confidence. They were gen-
erally large and their area ranged between 44 and 1595°2,
with a mean of 354+276°2 (Fig. 2A). This value did not
vary along the AMLS antero-posterior axis (r=0.14,
P=0.12). Qualitative inspection of receptive fields revealed
no clear segregation of ON and OFF regions. Cells re-
sponded best to brisk movement of light, regardless of size
and shape. A majority of receptive fields were situated
within 20° of the center of the visual field and located below
the horizontal meridian (Fig. 2B). Similar to the findings of
Palmer et al. (1978), receptive field positions went from the
periphery to the area centralis, as the microelectrode de-
scended along the medial bank of the cortex. However, no
clear visuotopic organization, similar to that described by
Palmer et al. (1978), was observed along either antero-
posterior or medio-lateral axes. This may be attributable to
the large receptive field size of AMLS neurons and the
smaller number of penetrations performed per animal as
compared with that in Palmer et al. (1978).

Motion sensitivity and direction selectivity

Sine-wave gratings. A representative example of an
AMLS cell response, as a function of grating direction, is
presented in Fig. 3A. This unit responded with unmodu-
lated discharges to a fairly broad range of directions of
motion. Panel B shows the corresponding tuning curve and
illustrates that this neuron responded to a number of dif-
ferent directions on either side of the optimal. This neuron
had a bandwidth of 29.8° and was strongly direction se-
lective (D1=0.95). Note the low level of spontaneous ac-
tivity (0.62 spikes/s) that was typical of AMLS neurons
(sample mean=7.33+8.79 spikes/s). The distribution of
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Fig. 2. Receptive field characteristics. A: Distribution of receptive field
size of AMLS neurons. The mean (354+276°2) and median (348°2)
are represented by the filled and empty triangles respectively. B:
Position of receptive field centers in relation to the area centralis.
Receptive field centers were determined as the geometrical center of
hand plotted areas that evoked a visual response. The majority of
receptive field centers were in the lower visual field and most were
within 20° of the area centralis along both horizontal and vertical
meridians.

direction bandwidths is shown in panel C. The mean=S.D.
was 32+17°, ranging from 9.6 to 96.8°. Although a broad
range of DI values was found, from 0.02 to 1.8 (mean
0.73%0.35), most neurons (54 of 73; 74%) were direction
selective (panel D). Neither bandwidth (r=0.16; P=0.12)
nor DI (r=0.12, P=0.33) was observed to vary along the
antero-posterior axis of AMLS cortex. No preferred direc-
tion was represented significantly more often (x*>=8.34;
P>0.10) than would be expected of a homogeneous dis-
tribution. AMLS neurons retained their direction selectivity
even at the lowest spatial frequencies tested (generally
0.01 c/°).

Visual noise. Direction selectivity of AMLS cells was
further assessed by presenting visual noise to a sample of
neurons. Twenty-five out of 37 neurons responded to the

visual noise and 19 of those were direction selective
(DI1>0.5). The remaining 12 neurons could not be driven by
this stimulus. A typical direction-tuning curve for visual
noise pattern is presented in panel A of Fig. 4 (filled sym-
bols). This cell was direction selective and exhibited rela-
tively broad direction tuning (bandwidth of 27.1°). Of note
is the fact that the preferred direction for visual noise did
not match that observed for gratings, and that the cell’'s
direction selectivity differed between the two stimuli (see
below). None of the neurons showed a bimodal direction-
tuning curve similar to that observed by Hammond and
Reck (1980) in area 17.

Overall, most AMLS neurons were more broadly tuned
for visual noise than for grating direction. Panel B of Fig. 4
shows the relationship between bandwidth values on a cell
by cell basis: clearly most data points rest above the line of
perfect regression. This difference was not present
(t=1.448; P=0.15) when the data were pooled across
cells. The mean visual noise bandwidth was 38.1+17.6°
(ranging between 17.4 and 89°) as compared with 32+17°
for gratings. The DI of the sample ranged from 0.07 to 1.43
with a mean of 0.72+0.36. As shown in the example of
panel A, the strength of direction selectivity and the pre-
ferred direction could considerably differ according to the
stimulus. There was no clear relationship between the
direction selectivity indices of AMLS neurons computed
from grating and visual noise responses. This is clearly
illustrated in panel C of Fig. 4. Data points are scattered on
each side of the perfect regression line and a large pro-
portion of cells were direction-selective for only one of the
two stimuli (upper-left and lower-right quadrants). A com-
parison of preferred directions for gratings and visual noise
revealed that for 12 of 19 neurons, the optimal direction
differed by more than 30° (Fig. 5A).

RDKs. Global motion sensitivity of AMLS neurons
was first studied by comparing direction selectivity of a
subset of 24 and 22 neurons to simple and complex RDK
stimuli, respectively. A representative example of an RDK
direction-selective cell is shown in panels A-C of Fig. 6.
For comparison purposes, panel A depicts the responses
to a drifting grating. Panels B and C show that the unit
responded equally well to simple and complex RDKs, in-
dicating that it is global motion sensitive. Selectivity to both
simple and complex RDKs was present among most
AMLS neurons tested (18 of 22 units, 82% for complex
RDKs; against 19 of 24, 79% for simple RDKSs). Overall,
the mean bandwidth for direction computed from simple
and complex RDKs (42+15°, range 15-69.1°, and
52+27°, range 12.4-94.2°, respectively) was significantly
greater for simple (=2.037; P=0.044) and complex RDKs
(t=3.399; P<0.001) than that computed from gratings (see
the distribution in Fig. 7A). Tuning for AMLS cells was not
broader for complex than for simple RDKs ({=1.159;
P=0.258).

Two other observations can be made. First, as in Fig.
6A—-C, most cells remained direction selective for all three
stimuli. This is illustrated in panel B of Fig. 7 in which the
distribution of Dls for both types of RDKs is plotted as a
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are represented as in Fig. 2.

function of grating DIs. Most data points are placed in the
upper-right quadrant (direction-selective cells) while a sub-
set lie in the upper-left quadrant. In the latter case, neurons
were more direction selective for RDKs than for grating
stimuli. Mean DlIs were not significantly different (t=0.638;
P=0.527) for simple (0.93%0.21; range: 0.52—1.26) and
complex RDKs (1.00*£0.48; range: 0.35-2.23). The DI
values obtained with both simple (t=2.316; P=0.023) and
complex RDKs (t=2.778; P=0.007) were significantly dif-
ferent from that observed with gratings (0.93+0.21). The
second observation is that preferred directions varied little
among the three stimuli used (panels B and C, Fig. 5), and
this is especially true between simple and complex RDKs
(panel C). As in the case of visual noise, no neurons were
observed to be selective to more than one direction of
motion. The preferred direction exhibited for RDKs did not
vary over velocities ranging from 1 to 500°/s.

As a general rule, simple RDK direction-selective neu-
rons were also direction selective for complex RDKs. Only

one of 16 neurons tested with both stimuli was not respon-
sive to complex RDKs. More interesting perhaps, is the
fact that a few AMLS neurons exhibited direction selectivity
to complex but not to simple motion RDKs. For example,
the neuron presented in panel D of Fig. 6 responded to all
directions of motion of a simple RDK (empty symbols), but
exhibited a broad (87.3°) yet clear direction selective tun-
ing curve to complex motion RDKs (filled symbols). Among
our sample of neurons, three were uniquely selective to
complex motion RDKs.

Optic flow fields. Radial optic flow sensitivity was
tested for 20 neurons in AMLS cortex to further reveal
global motion sensitivity. Optic flow elicited a response
in 13 of the 20 neurons tested. Of these, nine were
selective to the direction of motion of the optic flow
stimulus, five neurons preferred contracting motion, and
four expanding motion. The neurons in Fig. 8 are rep-
resentative examples of contracting and expanding mo-
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tion selective cells. In panel A, the unit responded vig-
orously to contracting motion. Response amplitude for
expanding motion and spontaneous activity was low and
almost indistinguishable. In panel B, the unit exhibited a
relatively high baseline level and was clearly selective
for stimulus expansion.

Axial direction (see Experimental Procedures) was
studied for 92 AMLS neurons. Fig. 8C shows that there
was no clear preference for centrifugal (distribution around
0°) or centripetal directions (around 180° x?=14.8;
P>0.10).

Plaid patterns. Direction selectivity to plaid patterns
was assessed among a sample of 38 neurons. Eight cells
were found to have a PM selective response similar to that
presented in panel A of Fig. 9. Note that the PM selective
cell was more broadly tuned for drifting gratings than the
CM selective cell (compare open-symbol tuning curves in
panels A and B). This observation persisted when all cells

were pooled and mean bandwidths computed (51+22°,
and 31+16° for PM and CM selective neurons, respec-
tively). The result of statistical analyses of plaid response
profiles for the entire sample is presented in panels C and
D. Panel C shows the original method of analysis: in that
case, five and 13 neurons were classified as pattern and
CM selective, respectively. When partial correlation coef-
ficients were transformed to Z scores (panel D), a larger
subpopulation (21%) of AMLS neurons was found capable
of coding for the veridical direction of a plaid pattern. Note
that CM response profiles were also present (68%, n=26)
and represented the largest subset of the sample. A
smaller group of neurons (11%, n=4) had a response
profile that could not be unequivocally classified and were
therefore considered as direction selective unclassified.
No bias toward larger receptive fields was found to exist
among PM selective neurons; this could not be verified
statistically due to sample size.
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statistical area.

Velocity selectivity

Values for different stimuli were compared to determine
if optimal velocities were stimulus dependent. The mean
optimal velocity for gratings (201=192°/s; computed
from optimal spatial and temporal frequency values, see
below) was significantly different from the mean optimal
speed for simple (66+39°/s; range: 5-143°/s; t=2.59;
P=0.013) and complex motion RDKs (57+35°/s; range:
14-119°/s; t=2.564; P=0.014). These differences were
supported by comparing velocities for each neuron indi-
vidually (Fig. 7C). There was no significant difference in
optimal velocity between both types of RDKs ({=0.615;
P=0.545). The mean optimal velocity for visual noise
patterns (44.36+30.18°/s, range: 1 and 107°/s) was
significantly different from that of gratings (t=3.62;
P<0.001), but not significantly different from mean ve-
locities computed for simple ({=1.86; P=0.072) and
complex RDKs (t=1.12; P=0.274).

Spatial and temporal contrast sensitivity

Receptive fields in AMLS cortex were optimally driven by
low spatial frequency gratings. Most cells tested (33 of
42) were band-pass tuned as that shown in panel A of
Fig. 10 (open symbols). A second subset of cells, eight
of 42, exhibited a low-pass tuning profile (filled symbols
in panel A). The remaining neuron exhibited no clear
preference for spatial frequency. Panel B shows the
distribution of optimal spatial frequency values: they
ranged from 0.01 to 0.3 c¢/° and the mean was
0.03x£0.02 c¢/° (median of 0.02 c¢/°). Tuning functions
were broad with a mean bandwidth of 1.63+0.36 oc-
taves (panel C) and ranged from 1.1 to 2.5. Among
band-pass tuned cells, the mean low cutoff was
0.04+0.04 c/° and the high cutoff value was 0.100.12
c/°. The high cutoff value for low-pass cells was
0.060.06 c/°. Optimal spatial frequency and tuning
width did not vary along the antero-posterior axis of the
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AMLS cortex (r=0.09, P=0.37; r=-0.55, P=0.62, re-
spectively). A significant negative correlation (r=—-0.40;
P=0.03) was found between optimal spatial frequency
and receptive field eccentricity. Surprisingly, preferred
spatial frequency was not correlated with receptive field
size (r=—0.19; P=0.07), despite a significant correlation
between receptive field size and eccentricity (r=0.26;
P=0.003).

Temporal frequency selectivity was assessed for a
subset of 50 neurons. Of these, 41 showed a preference
for a particular temporal frequency and nine neurons were
not selective for temporal frequency. These non-selective
neurons responded above baseline to gratings, but re-
sponse amplitude did not vary as a function of the stimulus
temporal frequency. Of the 41 cells exhibiting a preferred
temporal frequency, 39 were similar to the neuron illus-
trated in Fig. 11A. A bandwidth could not be calculated for
these cells, as response amplitude did not taper off at the
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highest temporal frequencies tested. Only two neurons
showed a low-pass response profile; the lowest temporal
frequency tested with these neurons was 1 Hz (rather than
0.5 Hz as with other neurons). The optimal temporal fre-
quency observed in AMLS cortex ranged between one and
10 Hz, with a mean of 4.5+2.2 Hz (Fig. 11B). Optimal
temporal frequency was not observed to systematically
vary with the antero-posterior position of the electrode
(r=-0.10, P=0.56), nor with receptive field eccentricity
(r=0.19; P=0.32).

Response profile

As for the cell presented in panel A of Fig. 3, most AMLS
neurons responded to sine wave gratings with no strong
modulation of their discharges. An MI was computed for a
subset of neurons (n=34) for which both clear spatial and
temporal frequency tuning functions were observed. This
mean MI was not significantly different (t=0.3; P=0.77)
from that of all neurons (n=116, including those driven by
the VS system) for which an MI was calculated (e.g. neu-
rons that responded equally well to all temporal frequen-
cies, were low-pass tuned for spatial frequency, etc.).
Therefore, the Ml for the entire sample is presented here.
Fig. 12 shows that most cells (86/116) had a Ml under 1.0,
with a mean of 0.84+0.49. Note that the distribution is
skewed to the left, which is indicative of neurons that do
not have segregated ON and OFF regions (complex-like
receptive fields), which agrees with the qualitative assess-
ment of receptive field structure reported above. Response
modulation did not vary along the antero-posterior axis of
AMLS cortex (r=-0.15; P=0.11).

DISCUSSION
General observations

Visual neurons in AMLS cortex are generally characterized
by large receptive fields that are centered close to or below

the area centralis. Most are highly direction selective and
are broadly tuned to a number of different stimuli. Of
particular interest is the fact that neurons in AMLS cortex
are capable of signaling the PM of a plaid and the direction
of complex motion RDKs. These findings suggest that
AMLS cortex may represent a higher order cortical region
that is part of a network of visual areas that are involved in
the processing and integration of visual motion cues.

Simple motion direction selectivity

The present study demonstrates that neurons in AMLS
cortex are highly direction selective not only to drifting sine
wave gratings, but also to visual noise and simple motion
RDKs. Differences between the responses to these stimuli
raise questions as to the afferent connections that give rise
to direction selectivity in AMLS cortex. Many cells (12/19)
did not share the same optimal direction for sine wave
gratings and visual noise patterns. Average direction indi-
ces, bandwidths, and optimal velocity were also stimulus
dependent. Differences in optimal directions have previ-
ously been noted in PMLS cortex (Merabet et al., 2000). It
may be suggested that this discrepancy is due to the
phenomenon reported by Hammond and Reck (1980),
where preferred direction varies as a function of speed.
This explanation is not likely, as some cells were tested
with RDKs covering a range of 1-500°/s and the preferred
direction remained constant over this range of values (not
shown). These differences may be attributable to the large
discrepancy in spatial scale of the stimuli presented. Ele-
ment size for visual noise was 0.13°, each dot in the RDK
pattern covered 1°, and a single cycle of a sine wave
grating presented at the mean optimal spatial frequency
covered 33.3° (or 50° in the case of the median and 100°
for the mode).

Complex motion direction selectivity

Neurons in AMLS cortex were direction selective to com-
plex motion stimuli, such as plaid patterns and complex
RDKs. Neurons in AMLS cortex are involved therefore, in
plaid-defined complex motion processing. Despite the
small number of neurons, we believe that this is of funda-
mental importance given that AMLS cortex is the only
visual cortical area in the cat, other than the AEV (Scannell
et al., 1996), that has a population of PM selective cells.
Also of interest is the fact that the largest subset of the
sample in the present study was CM selective, thus estab-
lishing AMLS cortex as the only cortical area so far, in the
cat, that has both CM and PM selective neurons.

Plaid PM selectivity suggests a possible functional hi-
erarchy of visual areas within cat cortex that is in accord
with the scheme of Hilgetag et al. (2000), in which AMLS
cortex is situated between PMLS and AEV cortex. Plaid
PM selective neurons are not present in PMLS cortex
(Gizzi et al., 1981; Movshon et al., 1986; Merabet et al.,
1998; Villeneuve and Casanova, 2001); they are present in
intermediate proportions in AMLS cortex (the present
study), and there is a large population of such cells in the
AEV (Scannell et al., 1996). The hierarchical scheme is
further supported by previous neuroanatomical studies
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which have shown that AMLS cortex receives afferents
from PMLS (Symonds and Rosenquist, 1984a,b), whereas
AMLS cortex neurons project to AEV cortex (Miceli et al.,
1985; Olson and Graybiel, 1987). Furthermore, AMLS cor-
tex does not receive strong projections from lower visual
centers such as the primary visual cortex (Sherk, 1986;
Shipp and Grant, 1991), whereas PMLS cortex does. It
should be noted however, that this proposed hierarchy
does not preclude that other cortical and subcortical areas
may play a role in the transfer of information between
these regions.

One can speculate as to the origin of the PM selectiv-
ity. PM selective cells in AMLS cortex may be attributable
to afferent signals from higher-order subcortical (LP-pulv-
inar) and cortical (AEV) areas known to be PM selective
(Scannell et al., 1996; Merabet et al., 1998; Casanova et
al., 2001; Dumbrava et al., 2001). Alternatively, in the line
of thinking of Scannell et al. (1996), it is possible that
AMLS cortex represents the first stage of intrinsic cortical
computations that permit PM selective neuronal re-
sponses. In support of this assumption, Merabet et al.
(1998; see also Casanova et al., 2001) have demonstrated
that a lesion of the AEV is insufficient to eliminate PM
responses in the LP-pulvinar. This suggests that another
cortical region may be, at least partially, responsible for the
PM selective responses seen in the LP-pulvinar. Our re-
sults indicate that the AMLS could be such a region.

Complex RDK direction selectivity reinforces the high-
er-order nature of visual motion processing in AMLS cor-
tex. Furthermore, a subset of these neurons was not sim-
ple RDK selective. Were AMLS cortex inheriting its motion
selectivity from lower visual areas, one would expect neu-
rons in this area to be simple RDK direction selective. The
presence of complex but not simple RDK direction selec-
tivity suggests that neurons in AMLS are involved in an
intrinsic higher-order analysis of visual motion cues.

Comparison with PMLS cortex

Both AMLS and PMLS cortices lie along the medial bank of
the lateral suprasylvian sulcus and share a large part of
their connectivity patterns (Symonds et al., 1981; Updyke,
1981; Raczkowski and Rosenquist, 1983; Symonds and
Rosenquist, 1984a,b; Olson and Graybiel, 1987; Norita et
al., 1996). One may wonder if they actually represent two
distinct areas as has been reported previously in the liter-
ature based on electrophysiological data (Palmer et al.,
1978; Toyama et al., 1990), differences in myeloarchitec-
ture (Sanides and Hoffmann, 1967), differential protein
expression (van der Gucht et al., 2001), different levels of
2-deoxyglucose uptake (Vanduffel et al., 1997), and differ-
ential projection patterns from area 17 (Sherk, 1986; Grant
and Shipp, 1991). These previous studies in conjunction
with the presence of PM selective cells in AMLS cortex, but
not in PMLS cortex (Gizzi et al., 1981; Movshon et al.,
1986; Merabet et al., 1998; Villeneuve and Casanova,
2001) suggests that they are indeed two separate compu-
tational units. These physiological and anatomical distinc-
tions prompted us to quantitatively compare data gathered
for these two regions.

For the following comparisons, unpublished PMLS
data from our laboratory were employed (for details on
other data for PMLS cortex see Spear and Baumann,
1975; Camarda and Rizzolatti, 1976; Di Stefano et al.,
1985; Morrone et al., 1986; Movshon et al., 1986; Zum-
broich et al., 1986; Zumbroich and Blakemore, 1987; Gizzi
et al., 1990; Kim et al., 1997; Merabet et al., 1998; Ville-
neuve and Casanova, 2001). Only a short list of important
differences is given. Mean optimal spatial frequency in
AMLS was lower than in PMLS cortex (t=-—4.541;
P<0.001), whereas the opposite was true for mean opti-
mal temporal frequency (t=2.362; P<0.021). The mean
optimal velocity for simple RDKs in PMLS (30*=17°/s) cor-
tex is statistically below ({=4.446; P=<0.001) that for
neurons in AMLS cortex (66+39). In PMLS cortex, approx-
imately two thirds of the population is selective to the
simulation of expanding motion (Brosseau-Lachaine et al.,
2001), whereas our preliminary data indicate that equal
proportions of neurons in AMLS cortex are selective to
contracting and expanding motion. These statistically sig-
nificant differences strongly support the previous evidence
that AMLS and PMLS cortex do not represent one large
functional unit, but rather, are two distinct regions, with
similar response properties within the same Vvisual
pathway.

General conclusions

Based on our data and on neuroanatomical considerations
(Symonds and Rosenquist, 1984a,b; Miceli et al., 1985;
Olson and Graybiel, 1987; Hilgetag and Grant, 2001), we
propose that AMLS cortex is situated between PMLS and
AEV cortices in a functional hierarchy of visual areas. This
functional hierarchy suggests that AMLS cortex is part of a
network of regions that is responsible for the processing of
visual motion cues. Despite the known selectivity for mo-
tion-in-depth and higher order motion stimuli, the behav-
ioral significance of the signals emanating from neurons in
AMLS cortex remains to be determined.
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