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SUMMARY AND CONCLUSIONS

1. The response properties of 354 single
neurons in the medial (M), dorsomedial
(DM), dorsolateral (DL), and middle tem-
poral (MT) visual areas were studied quan-
titatively with bar, spot, and random-dot
stimuli in chronically implanted ow! mon-
keys with fixed gaze.

2. A directionality index was computed
to compare the responses to stimuli in the
optimal direction with the responses to the
opposing direction of movement. The greater
the difference between opposing directions,
the higher the index. MT cells had much
higher direction indices to moving bars than
cells in DL, DM, and M.

3. A tuning index was computed for each
cell to compare the responses to bars moving
in the optimal direction, or flashed in the
optimal orientation, with the responses in
other directions or orientations within
+ 90°. Cells in all four areas were more
sharply tuned to the orientation of stationary
flashed bars than to moving bars, although
a few cells (9/92) were unresponsive in the
absence of movement. DM cells tended to
be more sharply tuned to moving bars than
cells in the other areas.

4. Directionality in DM, DL, and MT
was relatively unaffected by the use of sin-
gle-spot stimuli instead of bars; tuning in all
four areas was broader to spots than bars.

5. Moving arrays of randomly spaced
spots were more strongly excitatory than bar
stimuli for many neurons in MT (16/31
cells). These random-dot stimuli were also
effective in M, but evoked no response or
weak responses from most cells in DM
and DL,

6. The best velocities of movement were
usually in the range of 10-100°/s, al-
though a few cells (22/227), primarily in
MT (14/69 cells), preferred higher veloci-
ties.

7. Receptive fields of neurons in all four
areas were much larger than striate receptive
fields. Eccentricity was positively correlated
with receptive-field size (r = 0.62), but was
not correlated with directionality index, tun-
ing index, or best velocity.

8. The results support the hypothesis that
there are specializations of function among
the cortical visual areas.

INTRODUCTION

The discovery of a large number of ex-
trastriate cortical visual areas has led to the
hypothesis that each area performs its own
set of functions in visual perception or vi-
suomotor coordination (1-9, 35, 54, 58, 73,
75, 78, 91). The representations are most
numerous and the amount of cortex devoted
to these representations most extensive in
animals apparently specialized for complex
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uses of visual information, such as the cat
(58, 75, 76) and various primates {1-9, 54,
78). Owl monkey visual cortex contains at
least nine topographic representations of the
visual field (3-8, 54) (see Fig. 1). We have
studied functional localization in four ex-
trastriate areas by making quantitative com-
parisons of the visual response properties of
single neurons in the middle temporal (MT),
dorsolateral (DL), dorsomedial (DM), and
medial (M) areas. In this paper we report
the response properties of neurons in these
areas to direction of movement, bar orien-
tation, single-spot, and random-dot stimuli.
Rather than attempt to classify neurons into
categories, we have developed a series of in-
dices computed for each cell for direction-
ality, tuning, and other parameters through
which we have assessed the similarities and
differences among the populations of cells
recorded from MT, DL, DM, and M. Ab-
stracts of this work have been published pre-
viously (11, 35, 59).

METHODS

Seven owl monkeys were surgically prepared
and used in weekly recording sessions. The pre-
paratory surgery was performed under aseptic
conditions and general anesthesia (ketamine HC],
25 mg/kg im, supplemented as needed). A stain-
less steel cylindrical chamber, IS mm in diameter,
with a threaded cap was positioned over an open-
ing in the skull exposing extrastriate cortex and
was cemented in place with Grip dental cement
(L. D. Caulk Co., Milford, DE). Thorough re-
moval of the periosteum and application of primer
and cement over a large portion of the skull in-
sured a strong bond. The chamber could be po-
sitioned for microelectrode penetrations nearly
perpendicular to the cortical surface or for
obliquely angled penetrations. After the chamber
was in place, the exposed brain visible through the
unopened dura mater was photographed for later
reference. Within a few weeks a tissue growth
covered the dura and obscured the cortex, and in
some animals after several experiments it was
necessary to remove this growth surgically so that
microelectrodes could penetrate to the cortex
without being damaged.

At the outset of each experimental session a
monkey was tranquilized with Vetame (triflu-
promazine HCI, 5 mg/kg im initial session, ta-
pered to 2 mg/kg in later sessions). Very small
doses of Ketalar (ketamine HCI, 3-10 mg-kg™'-
h™! im) were used to maintain sedation throughout
the 12- to 14-h session. The monkey’s head was
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fixed in place with a circular clamp tightened
around the recording chamber. This clamp was
attached to a specially designed monkey chair in
which the animal was restrained in the normal
owl monkey posture. Owl monkeys, like other
New World monkeys, squat rather than sit as do
Old World monkeys, which possess ischial callos-
ities; thus most commercially manufactured pri-
mate chairs are inappropriate for New World
monkeys since they force the animal into an un-
natural posture. The monkey was wrapped in a
towel for warmth. The corneas, scleras, and eye-
lids were then topically anesthetized with a buff-
ered solution of 0.5% dibucaine HCI, and the pu-
pils were dilated with Cyclogyl (cyclopentolate
1%). After allowing the local anesthetic to take
effect, the eyelids were retracted and held open
with tape. Eye rings machined to fit the contour
of the eye were cemented around the margins of
the corneas with Histoacryl tissue adhesive (n-
butyl cyanoacrylate, B. Braun, Melsungen, West
Germany), thus fixing the animal’s gaze.

Contact lenses of +4 diopters power were used
to protect the corneas from drying and bring the
eyes into focus on a tangent screen 28.5 cm away.
Images of the optic disks were projected onto the
tangent screen with an ophthalmoscope (22), al-
lowing the experimenters to check the focus and
to bring the eyes into binocular alignment. Correct
binocular alignment was achieved by adjusting
ball joints to which the eye ring stems were at-
tached until the optic disks were projected at the
same height on the screen and 40° apart. Super-
imposition of monocular receptive fields con-
firmed that 40° separation was the normal phys-
iological position in all but one animal, for which
36-37° separation superimposed monocular fields.
Care was taken not to torque the eyes or put pres-
sure on the globe when positioning the eyes. Optic
disk alignment was checked periodically during
the session and at the end of the session before
the eye rings were gently removed. The corneas
remained in good condition throughout the course
of these experiments. The owl monkey, like the
owl, tends to move its eyes very little; the attach-
ments of the extraocular muscles are placed far
back on the globe relative to other monkeys and
have a poor mechanical advantage. Thus this sys-
tem provided good ocular stability.

The recording chamber was opened and cleaned
with a mild solution of hydrogen peroxide (0.1%),
then filled with warm mineral oil and sealed by
the attachment of the microelectrode positioning
device. This device could be rotated on the cham-
ber and the microelectrode advance mechanism
was mounted on a calibrated slide, thus estab-
lishing a polar coordinate system. Glass-insulated
platinum-iridium microelectrodes were used to
penetrate the dura and record the activity of single
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neurons (85). All materials coming into contact
with the interior of the recording chamber were
sterile.

Initial microelectrode placements in an exper-
imental animal were guided by the need to con-
struct a map of the exposed extrastriate cortex
based on the visual-field positions of single-unit
and background responses. Progressions of recep-
tive fields from the upper visual quadrant to the
lower quadrant and reversals of progressions at
the vertical and horizontal meridians were used
to locate the extrastriate areas and their bound-
aries by comparison with the known organization
of owl monkey visual cortex shown in Fig. 1.
Usually, two or three extrastriate areas were stud-
ied in an animal. Most units could be unambig-
uously assigned to a particular area. However,
some units (126/480) were recorded at area
boundaries or near uncertain area boundaries, and
these were excluded from the data analyses re-
ported here. Assignment of units to extrastriate
areas was based solely on receptive-field progres-
sions and/or histological reconstructions, and all
units that could be classified were included in the
data analyses.

The visual responses of extrastriate units were
studied both qualitatively and quantitatively. A
unit was considered to be isolated well enough for
study when its impulse could be made to trigger
an oscilloscope sweep reliably, as determined by
stored wave form superimposition. When a unit
was isolated, a suitable stimulus was found and
the receptive field was plotted with hand-con-
trolled stimuli while listening to the unit’s activity
over an audio monitor. An estimate was made of
the unit’s preferred stimulus parameter values,
then quantitative study was begun using com-
puter-controlled stimuli. After quantitative study,
a final qualitative assessment was made to recon-
firm the unit’s characteristics.

Quantitative evaluation of unit properties was
done by computer routines developed for a Data
General Nova 2 computer (primarily by Francis
Miezin). These programs controlled a rear-pro-
jection optic stimulator equipped with galvanom-
eter mirrors, stepping motors, and an electric shut-
ter. The computer operated these peripheral
devices to control stimulus orientation, direction
of movement, velocity, shape, and size. Normally,
one of these parameters was varied in a pseudo-
random sequence of 812 values, and the sequence
was presented 5 times. Repeated pseudorandom-
ized presentations were necessary to avoid possible
habituation effects (35) and to minimize the ef-
fects of trial-to-trial variability in extrastriate unit
responses. The interstimulus interval was 6 s, with
the 3 s immediately preceding the stimulus pre-
sentation used for estimating spontaneous activity.
Parameters not being studied were held at their

estimated best value. When a unit responded well
to a light~ or dark-bar stimulus, the effect of vary-
ing the orientation and direction of a moving bar
was studied first. The responses were displayed as
they occurred on an oscilloscope as peristimulus
time histograms. As soon as the five runs of the
stimulus sequence were completed, the orientation
tuning of the unit was displayed on a polar plot.
The optimal orientation was then used when
studying other parameters with elongated stimuli.
Responses were studied to different velocities,
directions of spot movement, bar lengths, widths,
spot sizes, and random-dot stimuli. The random-
dot stimuli consisted of a fixed 40° area centered
on the receptive field and in which randomly
spaced small spots (density, 10%; 0.5- or 1.3°-
diameter spots) moved in the same direction at
a uniform velocity. In addition to the immediate
display of results, the time of occurrence of each
impulse and the stimulus parameter values were
stored on magnetic disks for later analysis.

A second set of programs was used for off-line
data analysis. A neuron’s spontaneous firing rate
(spikes per second) in the 3-s interval before stim-
ulus presentation was subtracted from its firing
rate during stimulus presentation to vield the net
response rate for a single sweep. The stirnulus
sweep was adjusted to extend slightly beyond a
unit’s receptive-field boundaries. The average net
response rate over the five identical sweeps in the
repeated pseudorandom sequence was used in sub-
sequent calculations to compare responses at dif-
ferent parameter values and, after normalizing the
data, to compute various indices of stimulus se-
lectivity.

The programs then classified these indices and
other unit data into groups by extrastriate areas,
and statistical tests (F tests, f tests, linear regres-
sion, correlations) were performed on the grouped
data to determine whether data were signficantly
different across areas and which indices were cor-
related within an area or across all areas.

The physiologically derived maps of extrastriate
cortex were confirmed by histology done on three
animals. Small electrolytic lesions (10 nA for 10
s) were placed at one to three locations along se-
lected penetrations. At the termination of the final
unit-recording session the monkey was deeply
anesthetized with a lethal dose of sodium pento-
barbital and then perfused with 0.9% saline fol-
lowed by 3.7% formaldehyde in 0.9% saline. The
head was mounted in the experimental position,
and marking pins were placed at designated co-
ordinates to aid electrode track reconstruction.
The brain was removed from the skull, photo-
graphed, and placed in 30% sucrose in Formol-
saline. Alternate 40-um frozen sections were
stained with cresyl violet for cell bodies and he-
matoxylin for myelin. The heavy myelination of
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F1G. 1. Representations of the sensory domains in the cerebral cortex of the owl monkey. Above is a ventromedial
view; below is a dorsolateral view. On the left is a perimeter chart of the visua!l field. Symbols in this chart are
superimposed on the surface of the visual cortex. Pluses indicate upper-quadrant representations; minuses, lower
quadrants; dashed lines, borders of areas that correspond to the representations of the relatively peripheral parts
of the visual field, but not the extreme periphery. The row of Vs indicates the approximate border of visually
responsive cortex. The dashed line broken by a question mark indicates an uncertain border. Al, first auditory
area; AL, anterolateral auditory area; CC, corpus callosum; DI, dorsointermediate visual area; DL, dorsolateral
crescent visual area; DM, dorsomedial visual area; IT, inferotemporal cortex; M, medial visual area; MT, middle
temporal visual area; ON, optic nerve; OT, optic tectum; PL, posterolateral auditory area; PP, posterior parietal
cortex; R, rostral auditory area; VA, ventral anterior visual area; VP, ventral posterior visual area; X, optic chiasm.
The cortical visual areas were mapped by Allman and Kaas (3-8) and Newsome and Allman (54). The somato-
sensory areas were mapped by Merzenich et al. (51). The auditory areas were mapped by Imig et al. (38).

MT, visible even in unstained sections, was the RESULTS

most readily identified myeloarchitectonic feature ) ]

(3). Histological reconstruction confirmed the Neurons in all four areas shared certain
response properties. An appropriately sized

area designations determined by receptive-field '
progressions. bar of a particular orientation, direction, and
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velocity of movement through a neuron’s
receptive field was nearly always an effective
stimulus, although a few exceptions will be
noted below. Hand-mapped receptive fields
were homogeneously excitatory. Computer-
controlled raster maps of 21 cells confirmed
the homogeneity of the receptive fields,
showing no strong inhibitory regions. In
DM, M, and MT, responses for most cells
summated for stimuli up to the length of the
receptive field and were unaffected by fur-
ther increases in length (60). In DL, the
preferred stimulus length for 70% of the cells
was much less than the length of the recep-
tive field (60). The results are presented be-
low as distributions of response properties
rather than as arbitrary classes of cells. Most
distributions were unimodal and thus did not
provide the natural bases for class divisions.
Exceptions included the flashed bar and ran-
dom-dot response distributions; some cells
in certain areas were unresponsive to these
types of stimuli.

Responses to moving bars

The most important factors affecting the
responses of the majority of extrastriate neu-
rons studied were the direction and orien-
tation of a moving stimulus. These were first
assessed for each neuron with a bar stimulus
oriented perpendicular to its direction of
movement, which was swept through the re-
ceptive field in a pseudorandomly ordered
sequence of 12 directions separated by 30°
intervals that was repeated 5 times. This bar
direction/orientation series was run on a to-
tal of 480 cells, 56 in M, 89 in DM, 80 in
DL, 129 in MT, and 126 that could not be
assigned to a particular area.

A neuron’s spontaneous firing rate was
subtracted from the mean firing rate during
the stimulus presentation to obtain response
rates, which were averaged for the five
sweeps in a particular direction. Responses
were normalized to a percentage of the max-
imum response and displayed as in Fig. 2,
which shows responses as a function of bar
stimulus direction for a cell in MT (top) and
a cell in DM (bottom). Two response mea-
sures were calculated from these data: a di-
rection index, which compared the response
in the best direction of movement with the
response in the direction 180° opposite, and
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FIG. 2. Calculation of the direction and tuning in-
dices for representative neurons from MT (top) and a
neuron from DM (bottom). Directions of motion at
which stimuli were presented are plotted horizontally.
The neuronal response for stimuli moving in each di-
rection as a percentage of the optimal response is plotted
vertically. The illustrated response in each direction is
the arithmetic mean of the individual responses to the
five stimulus presentations. Formulas for computation
of direction and tuning indices are given at the bottom.
The shaded area for each response curve is the area
under the curve computed for calculation of the tuning
index, The direction index may be greater than 1 if
spontanecous firing is inhibited by stimuli directed op-
posite to the optimum direction, as is the case for the
upper neuron. In the calculation of the tuning index, if
the spontaneous firing rate is inhibited in some of the
directions within +90° of the optimum, the area under
the curve is the algebraic sum of the areas above and
below the zero response level (areas of inhibition being
negative). This situation obtains for the upper neuron.

a tuning index, which compared the response
in the best direction with those to directions
within +90°. The formula used for calcu~
lating the direction index was 1 minus the
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ratio of the response in the 180° opposite
direction to the response in the best direc-
tion. Thus for the cell illustrated at the bot-
tom of Fig. 2, the ratio of opposite response
to best response was almost 1 and the di-
rection index almost zero. For the cell illus-
trated at the top of Fig. 2, the direction index
was approximately 1, exceeding this value
because spontaneous firing was inhibited in
the opposite direction. Previously described
direction-selective cells (12) would have high
direction indices.

The distributions of direction indices for
cells in the four extrastriate areas studied
are shown in Fig. 3. Cells in M and DM had
consistently low direction indices, while MT
cells usually had high direction indices. The
direction indices of DL cells varied widely.

The statistical test used was a one-way
analysis of variance with comparisons being
made between areas using Sheffe’s multiple
comparisons (62; see Fig. 3 for S values).
We assumed that recordings made in the
same area of different animals were from
the same population,

The tuning index measured a cell’s selec-
tivity for the best direction of movement as
compared with other directions within 90°,
The normalized area under the tuning curve
out to 90° on either side of the best direction
(the shaded area in Fig. 2) was subtracted
from 1 to yield the tuning index. The area
measured was restricted to +90° so that the
tuning for bidirectional and directionally se-
lective cells could be measured on the same
scale. The tuning index is close to 1 for
sharply tuned cells and close to O for very
broadly tuned cells. When spontaneous fir-
ing was inhibited in some of the relevant
directions, the area under the curve was
taken as the difference between the areas
above and below the spontaneous level. This
inhibition was uncommon and, when pres-
ent, was usually weak. The distributions of
tuning indices for M, DM, DL, and MT are
illustrated in the histograms of Fig. 4. Al-
though the differences are not as striking as
for the direction index, an analysis of vari-
ance showed that DM cells were signifi-
cantly more sharply tuned than M (P <
0.02), DL (P < 0.01), and MT (P < 0.02)
cells. The average response magnitude and
signal-to-noise ratios are shown in Table 1.

Two-dimensional plots of the cells’ tuning
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FIG. 3. Distribution of direction indices for DM, DL,
MT, and M. MT neurons are strongly grouped near a
direction index of 1.0, which differs markedly from the
distributions present in DM, DL, and M. An analysis
of variance was performed on these data (62). The value
of S (Scheffe’s multiple comparisons) for MT versus
DM was 10.89; MT versus M was 9.37; MT versus DL
was 3.5; P is very much smaller than 0.01 for the MT
— DM and MT - M differences and less than 0.02 for
the MT — DL differences (df = 3,351).
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F1G. 4. Distribution of tuning indices for DM, DL,
MT, and M. Cells in DM tend to be more sharply tuned
than cells in the other areas. An analysis of variance
was performed on these data (62). The value of S
{Scheffe’s multiple comparisons) for DM versus DL was
7.66; DM versus MT was 3.5; DM versus M was 3.41;
P is very much smaller than 0.01 for the DM — DL
difference and less than 0.02 for the DM — MT and
DM — M differences (df = 3,351).

and directionality indices are shown for the
four areas in Fig. 5. The bulk of the data for
an area is clustered in a single region of its
graph. The different location of this region
in each graph is an indication of the differ-
ences among the areas. There is no evidence,
in the form of multiple clusters on a graph,
that would suggest multiple classes of cells
within an area. Figure § also shows the small
but significant correlation between direc-
tionality and tuning in DL (r = 0.47), DM
(r = 0.29), and MT (r = 0.34).
Responses to moving spots

Direction series were also run with mov-
ing-spot stimuli to test direction sensitivity
in the absence of an oriented stimulus (71).
Many neurons in M and DM, most notably
DM, responded quite poorly to small-spot
stimuli. Fifteen of 23 DM cells tested with
spots of various diameters showed summa-
tion up to or beyond 15° diameter, so disks
up to 13° diameter were used to obtain good
responses, although in every case the test
spot was smaller than the tested neuron’s
mapped receptive field. Smaller spots evoked
good responses from many DL cells (60) and
were used to minimize the possibility that
the disk stimulus acted as an approximate
edge oriented orthogonal to its direction of
movement. In every extrastriate area stud-
ied, the tuning indices for directions of spot
movement (M, ¥ = 0.462; DM ¥ = 0.449;
DL, ¥ = 0.390; MT, ¥ = 0.450) were signif-
icantly lower than the tuning indices for di-
rection of bar movement (DM, DL, MT, P
< 0.005; M, P < 0.025). Ninety-four of 120
cells were more sharply tuned to bars than
to spots. The distribution of direction indices
for bar stimuli was not significantly different
from the distribution of direction indices for
spot stimuli in any area.

Responses to flashed bars

The presentation of pseudorandomly or-
dered orientations of flashed bar stimuli was
used to test orientation sensitivity in the ab-
sence of movement. Responses to flashed-bar
stimuli were obtained from all areas, though
some cells were unresponsive (9/106 cells)
and others responded only weakly. A cell
generally responded transiently to the onset
of a bar flashed at the optimal orientation
(as determined with a moving-bar stimulus),
with a minority of cells (29/106) showing
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TABLE 1. Average response magnitude and signal-to-noise ratios
Moving Bar Single Spot Flashed Bar Random Dots

Area n x S S/N n ¥ Sb S/N n «x Ssb S/N n «x SD  §/N
Average best response, spikes/s
DL 80 13.14 11.56 14.48 51 13.08 1293 1337 23 494 448 400 21 254 374 254
DM 89 14.12 1557 1313 25 8.85 1164 882 20 8.16 7.12 1531 13 389 463 250
M 56 20.65 17.18 13.42 32 21.08 2373 7.50 22 12.03 1009 7.80 21 21.74 1946 10.30
MT 129 1440 14.63 2473 S1 1474 17.48 2400 37 9.35 12.52 1098 31 1533 1489 37.50
Best response to particular stimulus type

Best response to moving bar
DL 39 097 0.4 23 075 063 20 040 0.6
DM 25 0.74 059 20 0.85 0.6 13 025 042
M 24 0.78 0.56 21 062 043 19 083 051
MT 43 093 063 34 0466 065 31 113 059

The signal-to-noise ratic S/N was calculated for each cell by dividing its mean discharge rate for the optimal-
direction of movement or orientation by its average spontaneous activity. Median signai-to-noise ratios were used
because cells with little or no spontaneous activity have very large signal-to-noise ratios and would tend to skew
the mean ratios to a level that does not reflect their actual distributions.

an off-response. Occasionally (2/106) a cell
was encountered that gave only an off-re-
sponse. Only the responses to stimulus onset
were used in the data analysis for this study.
The tuning indices to stationary-bar stimuli
were high, as shown in the histograms on the
left of Fig. 6; the tuning indices were sig-
nificantly higher in DM than in DL and M,
and higher in MT than in DL. The right side
of Fig. 6 shows the distributions of differ-
ences between a cell’s flashed- and moving-
bar tuning indices for ecach area. In each
area, the average tuning index for stationary
flashed bars was higher than for moving
bars. This implies that the response of a cell
to moving oriented bars is some combination
of a broadly tuned response to direction of
movement and a sharply tuned response to
orientation. Orientation tuning was tested
with flashed bars centered in two or more
different regions of the receptive field of
three neurons; the optimal orientation was
independent of the position of the stimulus
in the field. There was no signficant differ-
ence between the flashed-bar tuning of cells
with high direction indices and cells with low
direction indices.

Responses to moving random-dot patterns

For some cells, most frequently encoun-
tered in MT, the most effective stimulus
among those tested was not a bar or spot,
but an array of randomly spaced small dots
moving in the same direction at a uniform

velocity within a stationary window 40° in
diameter. Qutside the window, the field was
uniformly illuminated. Figure 7 shows for
cells in the four areas the comparison be-
tween the mean response to an optimally
oriented bar stimulus moving in its best di-
rection and the mean response to a random-
dot array moving in its best direction. Six-
teen of 31 MT cells tested with both random-
dot arrays and the quantitatively determined
optimal bar stimulus orientation and direc-
tion responded better to the array. The me-
dian signal-to-noise ratio for random-dot re-
sponses in MT was much higher than for the
other areas and also was the highest for any
class of stimuli tested in any area (see Table
1). Cells in M were also often quite respon-
sive to the dot arrays (optimal stimulus for
6 of 21 tested cells), while DM (8/13) and
DL (8/21) cells were frequently unrespon-
sive.

Responses to stimulus velocity

The large majority of neurons in all four
extrastriate areas fired best at a velocity in
the 10-100°/s range. We chose the mean
response rate during the stimulus sweep as
our velocity-response measure; this repre-
sents a compromise between total spikes per
sweep and peak rate measures, which em-
phasize low- and high-velocity responses, re-
spectively (61). Typical examples of velocity
tuning curves for a cell from DL and one
from M are shown in Fig. 8. There was no
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FIG. 5. Two-dimensional plots of tuning and direc-
tionality indices for cells in DL, DM, M, and MT, The
size of a dot represents the percentage of cells that have
appropriate values for the two indices. Each area has
a concentration of cells in a single region of its graph;
for example, DM cells generally have low direction in-
dices and high tuning indices.

uniform shape of velocity tuning curves; the
majority of cells were broadly tuned, but
sharply tuned cells, low-pass responses, and
high-pass responses were occasionally en-
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countered. Overall, as displayed in Fig. 9,
DL and MT contained a larger share of neu-
rons that responded optimally at lower ve-
locities around 10°/s, although both these
areas contained some neurons that re-
sponded best at quite high velocities. Four-
teen of 69 MT cells tested gave their optimal
response at a velocity over 100°/s. Some MT
cells fired well to a 500°/s stimulus, the
highest velocity tested. DM neurons pre-
ferred intermediate velocities, and M cells
preferred higher velocities. There was no
correlation between the optimal velocity and
the sharpness of tuning about that velocity
(r = 0.12). Two neurons were encountered
that did not respond to any smoothly moving
stimulus but were excited by erratic small
displacements produced under hand stimu-
lus control.

Vertical organization of MT

Long penetrations nearly perpendicular to
the cortical surface were made in MT to in-
vestigate systematic differences between su-
perficial and deep cells in their orientation,
direction, and random-array stimulus re-
sponses. The responses of a series of single
neurons in a penetration in MT, which his-
tological reconstruction showed to be per-
pendicular to the cortical surface and nearly
parallel to the radial fibers, is illustrated in
Fig. 10. The graphs on the right show the
average response of each neuron to six dif-
ferent orientations each presented 10 times
in pseudorandom order. The dotted line in-
dicates the level of spontaneous activity for
each neuron. Neuron A4 was broadly tuned;
B through K all strongly preferred horizon-
tally oriented bars; L was strongly inhibited
by horizontal bars and thus was the negative
complement of the other cells in the pene-
tration. These data, together with other data
we have obtained, suggest the presence of
vertical columns of orientation-selective neu-
rons in MT such as have been described for
the primary visual area (V I) (37). The
graphs on the left show the average response
of each neuron to moving-bar stimuli cross-
ing the receptive field in 12 different direc-
tions. In each case the bar was oriented per-
pendicular to the direction of movement.
Neurons A through F responded optimally
to a horizontally oriented bar approaching
from 270° (straight down); neurons G
through K responded optimally to a hori-
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(P < 0.05, df = 3,94). Right:
tuning indices for each area.

zontally oriented bar approaching from 90°
(straight up). One or more of these abrupt
180° shifts in preferred direction of move-
ment have been observed in most of the long
penetrations we have made in MT. These
data suggest that groups of neurons with
diametrically opposed preferred directions
of movement lie juxtaposed within a larger
system sharing the same orientation pref-
erence. We do not believe that the preferred

distributions of the differences between each cell’s flashed-bar and moving-bar

direction is necessarily related to superficial
versus deep layers, because we have observed
other penetrations through all the layers in
which all the cells had approximately the
same preferred direction and orientation.
While the preceding observations are gen-
erally characteristic of MT, some penetra-
tions yielded less orderly patterns of orga-
nization.

The relative responsiveness to the array
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FiG. 7. Comparison between the response to an op-
timally oriented bar moving in its optimal direction at
optimal velocity with the response to a moving array of
random dots for DM, DL, MT, and M. The response
to the moving array is expressed as a percentage of the
response to the bar.

of randomly spaced dots was greater in the
deep layers of MT, as demonstrated by the
significant correlation between electrode
depth in the cortex and the maximal re-
sponses obtained to the random-dot array as
a percentage of the best response to a bar
stimulus (r = 0.43, n = 31, P < 0.01).

Eccentricity and receptive-field size

The magnification of central vision differs
widely across the extrastriate areas (1) and
the distribution of eccentricities of single-
unit receptive fields from each area studied
reflected the magnification in that area. The
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mean eccentricities (straight-line distances
from the center of gaze) of receptive-field
centers were: M, 36°; DM, 18°; DL, 13°
MT, 21°.

Extrastriate receptive fields varied widely
in size and were generally much larger than
striate fields (4). Excitatory receptive-field
areas were usually computed from elliptical
mapped regions, although rarely an odd
shape such as a very long narrow rectangle
or a kidney-shaped region was needed to
encompass accurately the excitatory region.
The mean receptive-field areas were: M, 768
deg?, (SD 919 deg?); DM, 257 deg® (SD 737
deg?); DL, 229 deg” (SD 297 deg?); MT, 258
deg? (SD 371 deg?). Receptive-field area cor-
related well with eccentricity (r = 0.62 over-
alb M, r=20.74; DM, r=10.62; DL, r
= 0.48; MT, r=0.67). The large average
receptive-field size of M neurons could be
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FIG. 9. Distributions of preferred velocities for neu-
rons in DM, DL, MT, and M.

partially explained by the peripheral loca-
tion of receptive fields in M (8). Correlating
eccentricity with the direction index (r =
0.07), tuning index {r = 0.17), and best ve-
locity {r = 0.13) showed that the differences
in response properties across the four areas
could not be attributed to eccentricity dif-
ferences in the samples.

Summary comparison of response
properties in DL, MT, DM, and M

A comparison of the functional indices for
each area from this and a related study (60)
are presented in Table 2. The high direction
index for MT neurons compared with the
significantly lower direction indices for DL,
DM, and M indicates that MT neurons gen-
erally discriminate much better than cells in
the other three areas the difference between
movement in the preferred direction and
movement in the direction 180° opposite.
The orientation-tuning index indicates that
neurons in DM are significantly better tuned
to the orientation of moving bars than in the
other three areas, but the difference is small.
In each of the four areas the average tuning
index for moving bars is lower than for sta-
tionary flashed bars. The random-dot index
indicates that MT neurons respond signifi-
cantly better to the moving random dot array
than do cells in DL and DM. The dimen-
sional-selectivity indices, which were taken
from a related study (60), indicate that DL
neurons generally are significantly better
tuned than neurons in the other three areas
for stimuli of particular spatial dimensions.

DISCUSSION

Significance of multiple cortical areas

There is strong evidence that some aspects
of the response properties of neurons are seg-
regated in the four extrastriate areas stud-
ied. Why has functional localization of re-
sponse properties taken place? In attempting
to develop computer analogues of visual per-
ception, Marr (48) elaborated the principle
of modular design. Marr stated that any
large computation should be broken into a
collection of smaller modules as independent
as possible from one another. Otherwise,
“the process as a whole becomes extremely
difficult to debug or improve, whether by a

-
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FiG. 10. Direction and orientation selectivity for a
series of neurons recorded in a single penetration nearly
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is illustrated for each unit (HEMT69A4 through L). The
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corded is given beneath each identifying number. An
electrolytic lesion was made at the bottom of the mi-
croelectrode track. Histological reconstruction indicated
that the penetration was perpendicular to the surface
of MT and nearly parallel to the radial fibers. Celis 4
through J were located in layers Il and I11; cells X and

L were located in layer IV. Graphs on the left illustrate
the average response of each cell to five presentations
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human designer or in the course of natural
evolution, because a small change to improve
one part has to be accompanied by many
simultaneous changes elsewhere.”

The formation of modules may have been
produced by the replication of visual areas.
The replication of existing structures ap-
pears to be a fundamental mechanism in
evolution. The paleontologist Gregory (29)
proposed that a common mechanism of evo-
lution is the replication of body parts due to
genetic mutation in a single generation,
which is then followed in subsequent gen-
erations by the gradual divergence of struc-
ture and functions of the duplicated parts.
The geneticist Bridges (13) proposed that
chromosomal duplications would offer a res-
ervoir of extra genes from which new ones
might arise. It has been theorized that du-
plicated genes escape the pressures of nat-
ural selection operating on the original gene
and thereby can accumulate mutations,
which enable the new gene, through changes
in its DNA sequence, to encode for a novel
protein capable of assuming new functions
(57). Many clear-cut examples of gene rep-
lication have been discovered (39, 45, 57)
and DNA sequence homologies in replicated
genes have recently been established (64).
The same evolutionary advantages that
hold for the replication of genes may also
hold for the replication of visual areas
(3, 6).

What then are the likely modular func-
tions of the extrastriate areas studied here?
Most neurons in all four areas are tuned for
bar orientation as are the neurons in the
primary visual cortex (37). This indicates
that orientation selectivity is a main com-
ponent of the basic plan for all the areas.

of a 20 x 1° light bar at 12 different angles. HEMT694
through F preferred 270°;, HEMT69G through K pre-
ferred 90°. Graphs on the right illustrate the average
response of the cells to 10 presentations of a flashed bar
at the orientations shown. All cells except the last pre-
ferred the horizontal orientation; the last was inhibited
by horizontal bars. The direction of movement was 90°
to the bar orientation, thus the preferred directions of
270° (down) and 90° (up) are consistent with the pre-
ferred horizontal orientation. The receptive-field centers
were located an average of 16.6° below the horizontal
meridian with a standard deviation of 0.9° and an av-
erage of 6.7° temporal to the vertical meridian with a
standard deviation of 3.3°.
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TABLE 2. Comparison of response properties and central visual field representation in
DL, MT, DM, and M

Significant
Index DL DM M MT Differences
Directionality index 0.61 0.41 0.37 0.81 MT> DL > DM, M
Orientation-tuning index for DM > DL M
flashed bars 0.54 0.76 0.60 70 MT > DL
Orientation-tuning index for
moving bars 0.50 0.67 0.54 .56 DM > MT, M, DL
Best random-dot response 0.40 0.25 0.83 1.13 MT > DM, DL
Best moving-bar response
Dimensional selectivity index
for length 0.59 0.28 0.27 0.31 DL > MT, DM, M
Most common preferred
velocity, deg/s 10 50 100 10
Area devoted to central 10°
of visual field, % 73 22 4 10

The direction, orientation, and moving random-dot indices are described in the text. The standard deviations
for these indices are in the figures for ecach index. The dimensional selectivity index is taken from work published
elsewhere (60). The index is calculated as: I — ((response to longest stimulus tested)/(response to optimal stimulus
tested)). Length is the dimension orthogonal to the direction of movement. DL was also found to be significantly
more selective for spot size than MT, DM, and M, and significantly more selective for width (dimension parallel
to direction of movement) than MT (60). The percentage of each area devoted to the representation of the central

10° of the visual ficld was calculated from previous data (1, 3, 6-8).

MT neurons have supplemented this basic
property of orientation selectivity with the
further capability of discriminating direction
of movement orthogonal to the preferred
orientation. This capacity is present in a
minority of neurons in the other areas, but
is much better developed in MT. In addition,
MT has the capacity for discriminating an
entirely different type of stimulus, moving
arrays of random dots. In primary visual
cortex in the cat, responsiveness to moving
random-dot arrays is characteristic of com-
plex cells particularly in layer V, although
these cells rarely respond better to visual
texture than to an optimal bar as do the
majority of cells in MT (33). This capacity
to respond to random arrays requires a
neural mechanism for integration over con-
siderable distances in the visual cortex. A
likely source of this integration is the con-
vergence of input from primary visual cortex
onto MT, particularly from the giant Mey-
nert cells in layer V (52, 67, J. Wall,
C.-S. Lin, and J. H. Kaas, personal com-
munication). One of the outputs of MT is
to the pontine nuclei (28) and this output
is probably from the cells in the deep lam-
inae, as is the case for the MT homologue
in the macaque (26). Layer V corticopontine

cells and pontine visual cells in the cat are
similar to cells in the deep layers of MT;
both are directionally selective and strongly
respond to multiple-spot stimuli (10, 24).
The entire output of the pontine nuclei is to
the cerebellum, a major center for the con-
trol of body and eye movement.

In DL about 70% of the neurons are se-
lective for the spatial dimensions of visual
stimuli within excitatory receptive fields that
are generally much larger than the preferred
stimulus dimensions (see Table 2). The di-
mensional selectivity of DL cells is indepen-
dent of the sign of contrast in the receptive
field (equal to light-on-dark and dark-on-
light stimuli), the amount of contrast (sim-
ilar response over a 1.5 log unit change in
intensity), and the position of the stimulus
within the receptive field (60). DL neurons
have a wide range of preferred sizes from
1 to 30° in length and from 0.25 to 7° in
width, and these preferences appeared to be
independent of each other when both di-
mensions were tested on the same cell (60).
The dimensional selectivity of DL neurons
suggests that DL contributes to form per-
ception. This hypothesis is consistent with
the observation that DI has the most ex-
panded representation of the central visual
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field (6) where the most acute recognition
of form takes place and the recent discovery
that DL is the main source of input to the
inferotemporal cortex (84). Inferotemporal
cortex has been strongly implicated in the
analysis of complex visual stimuli and the
learning of visual form discriminations
(30, 31).

The most obvious distinctive feature of M
is its relative emphasis on the representation
of the peripheral visual field, which suggests
that M might have a special role in functions
in which peripheral vision is important, such
as motion perception or orientation in space
(8). However, the average direction index
for area M neurons was the lowest of the
four areas tested. DM is more sharply ori-
entation selective than the other areas, but
like the other areas is less sharply tuned to
moving bars than to flashed stationary bars;
DM neurons were the least responsive to the
moving array of random dots.

Homologies

There is abundant evidence for similarities
between the organization of visual cortex in
the owl monkey and in other primate species;
in some cases these similarities are so strik-
ing that the areas in question should be con-
sidered to be homologous. The most widely
quoted definition is that of Simpson (66):
“homology is resemblance due to inheritance
from common ancestry.” Three major cri-
teria for the recognition of homology in the
nervous system proposed by Campbell and
Hodos (15) are the multiplicity of similari-
ties, the fineness of detail of the similarities,
and evidence from fossil lineages of common
ancestry.

The most powerful case for homology of
the extrastriate visual areas is that of MT
and similar visual areas in other primate spe-
cies. This homology has been pointed out by
several workers (31, 77, 78, 83). The argu-
ment for homology is based on similar lo-
cation, myeloarchitecture, topography, dis-
tinctive anatomical connectivity, and visual
response properties. Owl monkey MT is a
striate-receptive region of dense myelination
coextensive with an orderly map of the visual
hemifield (3). A corresponding striate-re-
ceptive region of dense myelination coexten-
sive with a similar map of the visual field
has been reported in galago (9, 74), mar-
moset (68, 69), and macaque (23, 50, 80,

82). A major source of input to MT in the
owl monkey is from V I cells in or near the
stria of Gennari and from the giant cells of
Meynert located in the lower part of layer
V (personal communication, J. Wall, C.-S.
Lin, and J. H. Kaas). A similar projection
occurs in marmoset (67) and macaque (46)
from striate cortex cells in the stria of Gen-
nari and the giant Meynert cells. MT is the
only known extrastriate cortical target of the
Meynert cells (47). Directional selectivity is
the principal characteristic of owl monkey
MT cell responses, and this has been shown
to be true for the corresponding region of
the macaque (50, 89). The presence of these
extensive and detailed similarities in three
superfamilies of primates, including pri-
mates from both infraorders, indicates that
MT probably existed in the early primates
ancestral to all living primates.

In a recent paper, Zeki (92) contends that
MT in the owl monkey and the striate pro-
jection zone of the superior temporal sulcus
in the macaque are not homologous. His con-
tention is based in part on the assertion that
insufficient anatomical similarities exist for
the areas to be considered homologous.
However, Zeki’s discussion of structural
similarities does not include any mention of
the distinctive heavy myelination of the
deeper layers of owl monkey and macaque
MT, nor does he mention the precise simi-
larity in anatomical projection to MT from
striate cortex. While Zeki found that owl
monkey MT cells shared with macaque MT
cells the major property of directional selec-
tivity, his argument rests primarily on his
contention that there are major differences
in the visual response properties of owl mon-
key and macaque MT cells. He cites three
differences: a) the dependence of owl mon-
key MT cell responses on the presence of a
near optimal stimulus and the relative ab-
sence of such dependence in the macaque,
b) the presence of orientation selectivity in
most owl monkey MT cells and its relative
rarity in macaque MT cells, and ¢) the pres-
ence of a wide variety of binocular interac-
tion effects on owl monkey MT cells but not
on macaque cells.

Zeki states that the stimulus requirements
of owl monkey MT cells “made the initial
penetrations frustrating, with cell after cell
either not responding, or responding in a
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vague manner.” This was not the case under
our experimental conditions. While we found
many examples of orientation, length, width,
and/or diameter selectivity (59), we also
found in the same cells that any of a wide
variety of nonoptimal, nonoriented stimuli
evoked vigorous responses and these re-
sponses had impressive signal-to-noise ratios.
In fact, a field of randomly scattered dots
was the optimal stimulus for the majority of
MT cells, and most cells were also well
driven by a single spot (see Table 1). This
contradiction between our results and Zeki’s
may be due to differences between the two
preparations, possibly the use of Vetame-
ketamine tranquilization versus barbiturate
anesthesia. The results of our flashed ori-
ented-bar presentations clearly support Zeki's
claim of orientation selectivity in owl mon-
key MT cells. However, we do not know
whether orientation selectivity would be re-
vealed in macaque MT with the flashed-bar
test, and without a description of Zeki’s
orientation-selectivity testing procedure, it
is difficult to evaluate the differences he re-
ports. In both owl monkey and macaque MT,
Zeki found the majority of cells to be driven
equally by stimulation of either eye. The
presence of a minority of cells having more
specialized binocular interactions in the owl
monkey MT suggests a greater emphasis on
binocular processing.

In view of the preponderance of other ev-
idence, the differences in the orientation se-
lectivity and binocular interactions of owl
monkey and macaque MT cells are not com-
pelling arguments against their homology.
Homology refers to similarity due to com-
mon ancestry, not identity. In this context,
the optic tectum can serve as a useful ex-
ample. The visuotopic organization of the
optic tectum in primates differs from that
found in all other vertebrates (1). In addi-
tion, in macaque monkeys directional cells
are rare or absent in the optic tectum (19,
27, 65), while in cats and squirrel monkeys
(42, 72), these make up a significant per-
centage of cells in the ventral part of the
superficial layers. In spite of these differ-
ences, few would argue that the optic tecta
of these animals did not arise from the same
structure in their common ancestors.

In our present state of knowledge, it is
more difficult to establish clear-cut homol-

BAKER, PETERSEN, NEWSOME, AND ALLMAN

ogies for the other visual areas found beyond
¥V 11 in the owl monkey. However, evidence
for the homology of several areas is emerg-
ing. The principal input to inferotemporal
visual cortex in the owl monkey is DL (84).
In macaques a region adjacent to MT is a
main input to inferotemporal cortex (20).
This region, like DL in the owl monkey, em-
phasizes the representation of the central
visual field (21). MT in both owl monkeys
and macaques does not appear to project to
inferotemporal cortex. The position of DL
between MT and V II in owl monkeys is
topographically similar to V4 in macaques.
However, the boundaries of V4 have not
been compietely mapped, and it may con-
stitute more than one area (80, 88). Neurons
in V4 have been reported to be color selec-
tive, but the percentage of neurons showing
this attribute in V4 has ranged from 100 to
32% in different studies, and a recent report
suggests that color processing in V4 is sub-
stantially similar to the color selectivity
found in foveal V I and V II (43).

Another potential homology is that of the
ventral posterior (VP) areas of the owl mon-
key and the macaque (54, 56; see Fig. 1).
These areas are similar in that they both are
long narrow strips that lie immediately an-
terior to V Il on the ventral surface, with
this common border corresponding to a rep-
resentation of the horizontal meridian. In
both monkeys, the anterior border of VP
corresponds to a discrete band of degener-
ation following section of the corpus cal-
losum. In both monkeys, the visual-field rep-
resentation in VP appears to be limited to
the upper quadrant with the more central
portions represented laterally and the more
peripheral portions medially. The establish-
ment of potential homologies for DM and
M awaits further investigation.

Qutside of primates it is much more dif-
ficult to establish homologies. The last com-
mon ancestor of the different mammalian
orders lived no more recently than the late
Cretaceous period more than 60 million
years ago (63). This ancestral mammal had
only a very limited development of its neo-
cortex (40). In addition, the adaptive radia-
tion of mammals into different ecological
niches with widely divergent behavioral spe-
cializations serves to make very difficult the
discovery of diagnostic similarities among
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potentially homologous cortical areas in dif-
ferent mammalian orders.

In the cat, area 21a and area 19 (V3) oc-
cupy positions that bear some topographic
similarities to MT and DL; area 19 partially
wraps around area 21a, and the two areas
adjoin each other along a common border
representing the vertical meridian in the
lower field (75). The dimensionally selective
properties of DL neurons resemble some of
the higher order-hypercomplex cells de-
scribed by Hubel and Wiesel (35) for V III
in the cat, although these cells constituted
only a small portion of their sample (35).
Area 2la, while bearing some topographic
similarity to MT, contains a representation
of only the central 30° of the contralateral
hemifield. The striate-receptive lateral su-
prasylvian region in the cat has been sug-
gested as a potential homologue of MT (1).
The neurons in the lateral suprasylvian re-
gion typically are directionally selective and
thus resemble MT in this respect (36, 71).
The neurons have also been reported to have
dimensionally selective properties similar to
DL (14). The establishment of homologies
with this region in the cat is further com-
plicated by the recent discovery that it con-
tains six visual areas (58).

In the gray squirrel, the temporal poste-
rior area (Tp) is a possible homologue of
MT. Tp lies adjacent to part of the vertical
meridian representation in area 19, and thus
these areas bear a topographic similarity to
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