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Abstract: We studied the multiunit responses to moving and static stimuli from 585 cell 
clusters in area MT using multi-electrode arrays. Our aim was to explore if MT columns 
exhibit any larger-scale tangential organization or clustering based on their response 
properties. Neurons showing both motion and orientation selectivity were classifi ed 
into four categories: 1- Type I (orientation selectivity orthogonal to the axis of motion); 
2- Type II (orientation selectivity coaxial to the axis of motion); 3- Type DS (signifi cant 
response to moving stimuli, but non-signifi cant response to static stimuli); and 4- Type 
OS (signifi cant orientation selectivity, but non-signifi cant direction selectivity). Type I 
(34%), Type II (24%) and Type DS (32%) clusters were the most predominant and may be 
associated with different stages of motion processing in MT. On the other hand, the rarer 
Type OS (9%) may be integrating motion and form processing. Type I and unidirectional 
sites were the only classes to exhibit signifi cant clustering. Type OS sites showed a trend 
for clustering, which did not reach statistical signifi cance. We also found a trend for 
unidirectional sites to have bidirectional sites as neighbors. In conclusion, neuronal 
clustering associated with these four categories may be related to distinct MT functional 
circuits.

Key words: cell types, direction selectivity, orientation selectivity, extrastriate cortex, vi-
sual system, primates.

INTRODUCTION

Intrinsic circuits and feedforward projections 
give rise to receptive fi eld properties that are 
increasingly more complex as one advances 
along the visual hierarchy (Hubel & Wiesel 
1968, Gross et al. 1972, Gattass et al. 2005). This 
organization is compatible with the notion 
that the response properties of the neurons at 
different visual processing stages are related 
to specifi c attributes of perception (Barlow et 
al. 1967, Barlow 1986). The extrastriate cortex 
in primates contains multiple visual areas 
(Van Essen & Zeki 1978, Gattass & Gross 1981, 
Gross et al. 1981, Gattass et al. 1988, Kaas 1989, 

Neuenschwander et al. 1994). The study of their 
receptive field properties has shown results 
that are compatible with both parallel (Martin 
& Whitteridge 1984) and serial (Hubel & Wiesel 
1962) neuronal processing. Indeed, while the 
processing of the visual attributes is distributed 
across multiple areas (Zeki 1969, Van Essen & 
Zeki 1978) and streams (Ungerleider & Mishkin 
1982), receptive field size becomes gradually 
larger at each successive hierarchical stage 
(Gattass et al. 1985).

Early work of extrastriate areas attributed 
color processing to a region in the pre-lunate 
gyrus (Zeki 1983a, b), while visual motion was 
processed at the superior temporal sulcus (STS) 
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(Zeki 1974). Furthermore, initial investigations 
on the posterior portion of the STS revealed 
at least three distinct visual areas: the middle 
temporal area (MT) (Gattass & Gross 1981, 
Ungerleider & Desimone 1986, Fiorani et al. 1989) 
and two middle superior temporal (MST) areas 
(Newsome & Wurtz 1981, Newsome et al. 1986, 
Desimone & Ungerleider 1986). Analysis of their 
receptive field properties indicated that visual 
motion processing becomes more elaborate as 
one progresses from area MT to area MST (Zeki 
1969, Albright 1984, Albright et al. 1984, Movshon 
et al. 1985, Rodman et al. 1989, 1990, Newsome 
& Wurtz 1981, Hikosaka et al. 1988, Tanaka et al. 
1986, Wurtz et al. 1990). Within this hierarchical 
framework we hypothesize that area MT is 
structured into modular domains, perhaps 
through the clustering of specific cell types into 
hypercolumns or stripes, which supports the 
gradual sophistication of motion computation 
eventually found in area MST.

MT neurons can be classified into at least 
four different functional cell types based on 
their receptive field properties: Type I, Type II, DS 
and OS. Type I neurons respond to components 
of the moving visual stimulus, Type II neurons 
respond to global object motion, Type DS 
neurons are selective to the direction of stimulus 
motion, and Type OS neurons respond primarily 
to stimulus orientation, possibly being part of a 
different processing circuit altogether (Movshon 
et al. 1985, Albright et al. 1984, Stoner & Albright 
1998). In order to investigate the hypothesis that 
these different cell types are part of distinct 
MT modules participating in distinct stages 
of motion processing, we investigated the 
distribution of these four cell types across the 
tangential dimension of area MT in the capuchin 
monkey. More specifically, we were interested 
in investigating if these cell types exhibited a 
random distribution, or if they clustered in any 
particular way. Using the same rational, we also 

looked for clustering of direction selectivity 
(uni-, bi- and pan-directionality) across the 
tangential dimension of MT. Regarding cell type, 
we found a predominance of Type I and Type DS 
cells, a result also found in the macaque. Type I 
was the only one of the four cell type classes to 
exhibit significant clustering across MT surface. 
Type OS cells showed a trend for clustering, but 
the results did not reach statistical significance. 
Regarding direction selectivity, unidirectional 
sites was the only one of the three direction 
selectivity classes to exhibit significant 
clustering. A preliminary account of this data 
was presented in abstract form (Diogo et al. 
1999).

MATERIALS AND METHODS
Animal subjects
We recorded neuronal activity from two adult 
capuchin monkeys (Sapajus apella, formely 
named Cebus apella), each weighing between 
2 and 3 kg. Each animal was a subject in three 
to five recording sessions. Other analyses of the 
data acquired during these experiments were 
presented in a previous study (Diogo et al. 2003). 
All experimental protocols followed the National 
Institutes of Health guidelines for animal care 
and use and were approved by the Institutional 
Animal Care and Use Committee at Instituto 
de Biofísica Carlos Chagas Filho/Universidade 
Federal do Rio de Janeiro. 

Animal preparation and maintenance
General procedures were similar to those 
employed by Albright et al. (1984) and Diogo et 
al. 2003). Briefly, a stainless-steel cylinder and a 
head bolt were affixed to the animal’s skull with 
screws and dental acrylic. Surgical procedures 
were performed under aseptic conditions 
using ketamine anesthesia (20 mg/kg). For the 
recording sessions, animals were anesthetized 
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initially using ketamine (20 mg/kg) followed 
by halothane (2.0%) in a 7:3 mixture of nitrous 
oxide and oxygen. Animals were paralyzed by a 
continuous infusion of pancuronium bromide 
(0.1 mg / kg / h) and artificially ventilated. 
Halothane was discontinued once paralysis 
became stable, and anesthesia was maintained 
by nitrous oxide and oxygen and by a 
continuous infusion of fentanyl citrate (0.003 
mg / kg / h). Body temperature was maintained 
at 37–38°C with a heating pad, and respiratory 
parameters were adjusted to give an end-tidal 
carbon dioxide level of approximately 4%. 
We induced cycloplegia and mydriasis with 
topical applications of 10% and 1% solutions 

of phenylephrine and atropine, respectively. 
The contralateral eye was focused on a tangent 
screen at a distance of 57 cm, and the ipsilateral 
eye was occluded. Recording sessions generally 
continued for 10–18 h.

Microelectrode arrays for electrophysiological 
imaging
We used linear microelectrode arrays to sample 
neuronal response properties at nodes within a 
2D rectilinear matrix. The arrays were constructed 
by gluing together a set of microelectrode guide 
tubes, such that the electrode tips formed 
points on a line or nearly so (estimated error, 
±30 µm). Each array was advanced parallel to the 

Figure 1. Placement of the planar electrode array and the distribution of neuronal response properties in area MT. 
(a) Left: Schematic representation of the left hemisphere of a capuchin monkey’s brain. The lateral and superior 
temporal sulci are shown open in order to evidence MT’s location and visual topography (see inset). Right: Five 
example recording sites in MT alongside their corresponding receptive fields. (b) Distribution of directional 
selectivity across three classes of sites: unidirectional (UNI), bidirectional (BI) and pan-directional (PAN). (c) 
Distribution of Type I and Type II sites. In order to compute the coaxiality of orientation vs. direction selectivity, 
we computed the difference between the preferred axis of motion and preferred orientation. (d) Distribution of 
cell types across 5 categories: Type I and Type II (each split for uni- and bidirectional selective sites), and PAN 
selective neurons. Abbreviations: IP, intraparietal sulcus; LA, lateral sulcus; STS, superior temporal sulcus; LU, 
lunate sulcus; IO, inferior occipital sulcus; VM, vertical meridian; HM, horizontal meridian.
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cortical surface in 200 µm steps, and neuronal 
responses were recorded from each electrode, 
so the outcome of this procedure was a 2D 
matrix of samples. The spatial resolution of the 
matrix was 200 x 350 µm (see Figure 1 in Diogo 
et al. 2003).

Electrophysiological recording strategies
Recordings were confined to the cortical 
region representing the lower quadrant of the 
contralateral visual field, within 15o of the fovea. 
The microelectrode array entered the brain 
dorsal-caudally at an angle of 12° posterior 
to the frontal plane. In both monkeys, the 
penetrations were approximately tangential 
(within 10o-12o) to the laminar boundaries of area 
MT. Multi-unit activity comprising an estimated 
one to three neurons in each recording site were 
isolated using an amplitude discriminator. The 
resulting events were digitized and stored using 
the CORTEX program (courtesy of the National 
Institutes of Health, NIH-USA).

Visual stimulation
The computer-generated stimuli used were of 
two types: asymmetric square-wave gratings 
(1.1 cycle/°, duty cycle = 0.33) and random-dot 
arrays (dot size = 0.5°, dot density = 0.45 dot/
deg2). Direction selectivity was studied using 
stimuli moving at a speed of 3° per second 
(random dots and gratings moved in one of 12 
directions, steps of 30° between directions), 
while orientation selectivity was investigated 
using flashed stationary gratings with the 
same physical characteristics as the moving 
gratings. In addition, we used the stationary 
flashed random-dot arrays to measure the 
responsiveness of the site to a static stimulus 
without orientation. The stimulus was presented 
on a 21-inch raster-scan video monitor (frame 
rate = 60 Hz) and viewed through a 25° diameter 
circular aperture. The resulting full-field 

stimulus covered the entire region comprising 
the simultaneously recorded receptive fields. 
Each stimulus (type and direction of motion) 
was presented for 10 trials on a pseudo-random 
schedule. Each trial was comprised of three 
epochs: 1- 200 ms blank period; 2- stimulus 
presented stationary during 400 ms; 3- the 
same stimulus moving continuously in a single 
direction of motion during 1000 ms. Gratings 
and dots were presented in separate blocks of 
trials. 

Orientation selectivity was studied using 
stationary gratings (6 orientations, 30o steps). 
Each grating orientation was presented for 10 
trials on a pseudo-random schedule. Each trial 
was comprised of three epochs: 1- 200 ms blank 
period; 2- stimulus presented stationary during 
400 ms; 3- 400 ms blank period.

During a pilot experiment, we noticed that 
our full-field square gratings could potentially 
induce stimulus after-effects. We were concerned 
that this effect might be carried over to the next 
trial and interfere with the neuronal activity 
to the new condition being presented. Indeed, 
analysis of 66 recording sites during a pilot 
experiment for which we used a 1000 ms intertrial 
interval revealed that the neuronal response to 
a certain direction of motion interfered with the 
neuronal activity of the subsequent trial. A 2000 
ms intertrial period abolished this effect and 
was thereby the intertrial period we adopted for 
all the data presented here.

Statistical analysis
We quantified the stimulus-driven neuronal 
activity by computing the mean firing rate during 
the stimulus presentation period. Spontaneous 
neuronal activity was computed by averaging 
the periods with no visual stimulation. Visual 
responsive sites were detected by comparing 
the spontaneous vs. stimulation periods 
using a paired t-test. Sites where p > 0.05 
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were categorized as non-responsive. Direction 
selectivity was tested using analysis of variance 
(ANOVA) across the conditions comprising the 
different directions of visual motion. Sites where 
p > 0.05 were categorized as pan-directional. 
Sites where neuronal responses to one direction 
of motion was significantly greater than the 
responses to the other directions were classified 
as unidirectional. For these cases, the response 
to the opposite direction was often null or 
inhibited relative to spontaneous activity. If 
two opposing directions elicited responses that 
were significantly greater than the rest, the site 
was classified as bi-directional. For some bi-
directional sites, there was a response inhibition 
to the movement orthogonal to the axis of 
motion. Additionally, we compared direction 
and orientation selectivity across different 
stimulation conditions (i.e., gratings vs. dots).

We quantified the neuronal stimulus 
selectivity for a given recording site by fitting 
either one Gaussian function to the activity elicit 
by static gratings (i.e., analysis of orientation 
selectivity) or two Gaussian functions to the 
activity elicited by moving gratings or moving 
dots (i.e., analysis of direction selectivity). The 
parameters obtained by the Gaussian fit were 
used for subsequent analysis (see Diogo et al. 
2003 for more details). 

Neurons were classified into four categories 
relative to cell type: 1- Type I: orientation selectivity 
orthogonal to the axis of preferred motion; 2- 
Type II: orientation selectivity coaxial to the 
axis of preferred motion; 3- Type DS: significant 
response to moving stimuli, but no response to 
static stimuli; 4- Type OS: pan-directional (no 
direction selectivity), but selective to stimulus 
orientation. Note that Type I, Type II and DS cells 
could be either unidirectional or bidirectional 
neurons, since both of the latter classifications 
satisfied the criterium for direction selectivity. 
Finally, not all pan-directional neurons were 

Type OS cells, since the latter required selectivity 
for orientation, while the former did not.

Correlation between the cell type and 
direction selectivity
Each recording site received two classifications: 
1- regarding cell type: Type I, II, DS or OS; 2- 
regarding direction selectivity: unidirectional, 
bi-directional or pan-directional. We computed 
the correlation between cell type and direction 
selectivity using the χ2 test, which evaluated 
if direction selectivity was equally distributed 
within each cell type group. Additionally, we 
studied the tangential distributions of cell 
type and direction selectivity independently in 
order to test if the corresponding distributions 
were haphazard or if there was any evidence of 
clustering. Note that the two dimensions of the 
map have different spatial resolutions (200 x 
350 µm), which correspond to the two sampling 
axes. Nevertheless, we were still able to compute 
the next neighbor distribution for cell type and 
direction selectivity. A random distribution (null 
hypothesis) would predict a 25% probability of 
having each one of the four different cell types 
(Type I, Type II, Type DS or Type OS) as neighbor. 
Accordingly, a random distribution would 
predict a 33% probability of having each one 
of the three categories of direction selectivity 
(unidirectional, bidirectional or pan-directional) 
as neighbor. Note that our predictions for a 
random distribution could change depending on 
the frequency of occurrence in our data sample 
of each cell type and each direction selectivity. 
The prediction used to compute the χ2 test was 
accordingly corrected.

Cluster size and distribution
We evaluated the distribution cell type and 
direction selectivity using progressive sample 
consensus (PROSAC, see below), next neighbor 
probability and 2D-Fast Fourier Transformation 
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(FFT) in order to estimate the size of the 
modules. Analysis was applied to the entire 
population and to each class of sites in order 
to evaluate the cluster arrangement based on 
partially ordered scalograms and on histograms 
of vector magnitude for each interaction among 
similar sites (Z1-Zn distances).

Progressive Sample Consensus (PROSAC)
We used a randomized data mining method, 
named Progressive Sample Consensus 
(PROSAC) in order to detect clusters of spatially 
overlapping images (Chum & Matas 2010). The 
core of the method relies on the MinHash 
algorithm in order to detect pairs of images 
with spatial overlap, the so-called cluster 
seed. The seeds are used as visual queries to 
obtain clusters that are formed as transitive 
closures of sets of partially overlapping images 
that include the seed. The PROSAC algorithm 
exploits the linear ordering defined on the 
set of correspondence by a similarity function 
used in establishing tentative correspondence. 
PROSAC samples are drawn from progressively 
larger sets of top-ranked correspondence. The 
power of the method is demonstrated on wide 
baseline matching problems.

For the derived size of the sampled set of 
correspondences as a function of the number 
of samples already drawn, PROSAC converges 
(in the worst case) towards RANSAC (Chum & 
Matas 2010). RANSAC treats all correspondences 
equally and draws random samples uniformly 
from the full set.

The ordering is defined, at least implicitly, 
in all commonly used local matching methods, 
because the set of tentative correspondences 
is obtained by first evaluating a real-valued 
similarity function (or “quality”) q that is used 
as threshold to obtain the N correspondences. 
Thus, PROSAC is a robust estimator of cluster 
distance. The PROSAC algorithm exploits the 

ordering structure of the set of tentative 
correspondences, assuming that the ordering 
by similarity computed on local descriptors 
is better than random. The sampling on 
progressively larger subsets consisting of top-
ranked correspondences brings very significant 
computational savings. PROSAC removes 
one parameter of the matching process – the 
threshold on the similarity function for selection 
of tentative correspondences. Thus, robustness 
against either having too few correspondences 
or a large number of tentative correspondences 
with high outlier percentage is achieved. The 
next neighbor probability was estimated based 
on the percentage of similar neighbors for each 
site, at different distances, in a circle of 500 µm-
radius. Within a given cluster, the probability 
remains constant in a circle of approximately 
the size of the cluster. The dimension of the 
clusters was compared with the distance of half-
width at half-height of the first (fundamental) 
component of the 2D-FFT power spectrum. 
Therefore, the size of the cluster was estimated 
based on both the cutoff of the first component, 
as well as by the distance at which the next 
neighbor probability falls abruptly.

Histology
At the end of a 3-5 week recording period, each 
animal was anesthetized with an overdose of 
sodium pentobarbital, and perfused through 
the heart with saline followed by formalin 
solution. The brain was removed from the skull 
and sectioned (40 µm thickness) at an angle 
20° posterior to the frontal plane. Alternate 
sections were stained either for myelin or for 
cell bodies using the Gallyas` (1979) or the 
Nissl method, respectively. MT boundaries 
were determined based on its characteristic 
myeloarchitecture (Fiorani et al. 1989, Gattass 
& Gross 1981, Ungerleider & Mishkin 1979, Van 
Essen et al. 1981). Oblique frontal sections were 
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used for the reconstruction of multi-electrode 
array penetrations through the cerebral cortex. 
These penetrations progressed along an 
oblique dorsal-ventral trajectory (angled 12° 
posteriorly from the frontal plane) through the 
brain. Linear discontinuities and gliosis present 
in subsequent sections were marked in order 
to reconstruct, at the appropriate angle, the 
locations of the penetrations. Microelectrode 
tracks were reconstructed based on two 
criteria: 1- the positions of electrolytic lesions, 
which were made at specific points along each 
penetration (generally at the end), and 2- 
stereotaxic coordinates of the penetration. Data 
analysis was restricted to the recording sites 
located in area MT, as defined by the heavily 
myelinated region along the floor and the lower 
bank of the superior temporal sulcus (STS) (see 
Fiorani et al. 1989).

RESULTS

We used multiple electrodes arranged in a planar 
array to study the motion response properties 
of MT sites (i.e., the multiunit neuronal activity) 
in two capuchin monkeys. Figure 1a illustrates 
the location and visuotopic organization of area 
MT. Also illustrated are five recording sites and 
their corresponding receptive fields (data from 
four of these sites are shown in Figures 2 and 3). 
Single penetrations like the ones shown had the 
goal of providing a coarse visuotopic map of MT, 
and thereby provide guideline coordinates to 
subsequently insert the planar electrode array.

We sampled the 2D organization of MT at 
three distinct planes tangential to the cortical 
surface. We worked with the assumption 
that the few nearby neurons recorded at a 
single electrode tip had very similar response 
properties, prompting them to be classified 
as a homogeneous ‘cell type’, or a site with a 
homogeneous selectivity to stimulus motion. In 

total, we studied 585 sites in area MT. Our aim was 
to investigate if the distribution of cell types in MT 
(i.e., Type I, II, DS and OS) was random or showed 
a significant degree of clustering. Likewise, we 
also investigated if the distribution of motion 
selectivity (i.e., unidirectional, bidirectional and 
pan-directional) was random or clustered. Type 
I and Type II cells, respectively, were defined as 
having their orientation selectivity axis either 
orthogonal or coincident with their preferred 
axis of motion. Type DS cells had significant 
direction selectivity, but no orientation 
selectivity. Type I, Type II and DS cells could be 
either unidirectional or bidirectional neurons. 
Type OS cells were orientation selective but 
exhibited no direction selectivity (i.e., they were 
either pan-directional or exhibit no response to 
motion at all). In all cases, orientation selectivity 
was measured using static gratings.

The data were organized into two independent 
domains corresponding to cell type and direction 
selectivity. Figure 4 illustrates the distribution of 
cell type and direction selectivity for the tangential 
plane in which we obtained the largest number of 
responsive sites.

We found 79% of the sites to be responsive 
to moving gratings, and 84% of the sites to 
be responsive to moving dots. Eighty-five 
percent (85%) of the responsive sites exhibited 
directional selectivity for gratings and/or 
dots. The remaining 15% were pan-directional. 
Overall, Type I unidirectional sites were slightly 
more frequent (34%) than Type DS cells (32%), 
followed by Type II cells (24%) and the least 
frequent Type OS cells (9%).

Cell Classes in area MT
Figure 1b shows the distribution of unidirectional, 
bidirectional and pan-directional sites across 
our entire population. These data were used 
for constructing the distribution map for 
motion selectivity. Note that the majority of 
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Figure 2. Example of an MT site showing Type I unidirectional activity. (a) top: Dorsal view of the brain indicating 
the sagittal plane illustrated in the middle panel. The black dot indicates the location of the recording site. 
Bottom: Receptive field of the recorded site (located within 5°-10° of the center of gaze). Panels b and c show the 
corresponding neuronal responses to moving dots (black traces), moving gratings (gray traces) and static gratings 
(green traces). The black and green line segments below or above the activity traces denote the corresponding 
visual stimulation epochs for the moving (dots and gratings) and static (grating) stimuli, respectively. Panel c 
illustrates the averaged (10 trials) neuronal responses for the 12 directions of motion tested. The polargram in the 
middle represents the mean response rate for the 12 directions averaged over the stimulation epoch. The data 
points used to construct the polarplot for orientation (green trace) is based on 6 orientations. These 6 data points 
were mirrored in order to generated a 12-point polarplot, facilitating the comparison between orientation and 
direction selectivity. The circular dashed line at the center of the polar plot depicts the averaged spontaneous 
activity. Note that the response to moving gratings were characteristically weaker than those to moving dots 
(maximum average response of 119 spikes per second or s/s). However, the general selectivity profile was similar 
for both moving stimuli (optimal response at 60°). Static gratings elicited optimal responses at an orientation 
orthogonal (i.e., 150°) to the preferred axis of movement (compare the black/gray vs. green traces of the 
polargram and the two inserts to the left). Panels in B show enlarged versions of the histograms for the preferred 
direction of motion (60°, left panel) and for the preferred orientation axis (150°, right panel). Asterisks indicated 
the corresponding conditions in (b) and (c). 
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Figure 3. Examples of MT sites showing Type II unidirectional activity, Type DS unidirectional activity and Type OS 
activity (top, middle and bottom panels, respectively). Conventions as in Fig. 2.
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the responsive sites fired selectively to a single 
direction, and that most of the sites were selective 
to either one or two directions of motion. In 
order classify neurons as Type I or Type II cells, 
we computed the difference between the axis 
of motion and orientation selectivity across the 
population (Fig. 1c). This difference was required 

to be between 60 to 90 degrees for Type I cells, 
and smaller than 30 degrees for Type II cells. 
Type I unidirectional cells were more frequent 
than Type II unidirectional cells (p<0.05), and 
non-oriented pan-directional cells were more 
frequent than pan-directional orientation 
selective cells (p<0.01).

Figure 4. Two-dimensional surface maps of area MT. (a) Selectivity profile for the tangential plane in which 
we obtained the largest number of responsive sites. (b) Two-dimensional surface map for cell type. (b) Two-
dimensional surface map for directions selectivity.
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Type I cell

Figure 2 exemplifies the response properties 
of a motion selective Type I unidirectional site 
(preferred direction of motion at ~60 degrees). 
Note that the tuning properties for this site are 
somewhat dependent on the type of stimulus 
used. It shows stronger responses and broader 
direction selectivity to moving dots (black traces) 
as compared to moving gratings (gray traces) 
with the same overall luminance. Note that 
the neuronal response is inhibited relative to 
spontaneous activity when dots and gratings are 
presented moving at the direction opposite (i.e., 
240°) to the optimal. The presentation of static 
gratings at six possible orientations reveals that 
the orientation selectivity axis lies orthogonal 
to the direction selectivity axis. These properties 
characterize a Type I site. 

Type II cell

The main characteristic of Type II neurons is 
to have similar selectivity axes for direction 
and orientation. The response properties of an 
example Type II unidirectional site (preferred 
direction of motion at ~30 degrees) is illustrated 
in Figure 3 (top panel). Note that there is 
no inhibition of neuronal activity relative to 
spontaneous activity when moving gratings 
and dots are shown at the direction opposite 
to the preferred (i.e., at approximately 210°, 
see polargram at c1). Additionally, note the off 
response to the 120-degree static gratings (see 
the panels depicted with ** in b1 and c1). As we 
discuss later, this may be due to the release 
of early inhibition taking place at the circuit 
responsible for shaping orientation selectivity.

Type DS, non-oriented motion selective cell

Type DS cells are approximately as prevalent as 
Type I cells in area MT. The defining characteristic 

of Type DS cells is that they exhibit significant 
direction selectivity, but no selective response 
to stimulus orientation. As shown in Figure 3 
(middle panel), this example site shows a strong 
selectivity to the 180° direction of motion. As 
observed for the previous examples, moving 
dots elicit a stronger response than the one 
to moving gratings. However, both moving 
stimuli prompted marked inhibition of neuronal 
activity (relative to spontaneous activity) for the 
direction of movement opposite to the preferred 
(~ 0°). As a matter of fact, neuronal activity is 
virtually silenced for dots moving at 0°. We 
found a subtle attenuation of the responses 
when static gratings were presented at all 
orientations. However, there was no difference 
in the responses for the different orientations 
tested. Note that we observed no significant 
response transient to stimulus onset or offset.

Type OS, orientation selective pan-directional 
cell

Type OS cells were the rarest category we 
observed in our sample of MT sites. Despite 
the fact that area MT is classically known for 
coding stimulus motion, this cell type shows 
no significant direction selectivity, but a clear 
selectivity for stimulus orientation. We are 
particularly interested in this cell type because 
it may be a key participant in the early hierarchy 
of MT circuits responsible for constructing 
direction selectivity. Figure 3 (bottom panel) 
shows an example of a Type OS site with strong 
neuronal responses to the 30° oriented static 
grating. Response to moving gratings and dots 
were absent or very weak. Lack of responses 
to moving gratings was particularly intriguing. 
Despite the fact that a 120° moving grating also 
exhibited a 30° orientation, the simple fact that 
it moved was enough to hinder any neuronal 
response. As the Type DS site described above, 
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this example of a Type OS site also did not show 
a significant transient response to stimulus 
onset or offset.

Distribution of cell type and motion selectivity
Figure 4 illustrates the tangential plane for which 
we obtained the largest number of responsive 
sites using our planar multielectrode array (see 
Diogo et al. 2003, for details). The corresponding 
plots reveal the two-dimensional distribution 
of cell type and directional selectivity in area 
MT, and thereby allows us to appreciate if 
any neighboring pattern among these classes 
emerges. Optimal direction selectivity was 
determined by the peak value obtained by fitting 
two gaussian function to the neuronal responses 
obtained for the 12 directions of stimulus motion 
(Fig. 4a). Figure 4b shows 38 Type I sites (black 
cross), 28 Type II sites (gray oval), 35 Type DS sites 
(gray square) and 10 Type OS sites (black bar). 
Unclassified sites are shown in white. In order 
to investigate our entire population of sites, we 
performed the next neighbor analysis for all the 
three recording planes in area MT. Type I sites 
had 76 Type I, 56 Type II, 47 Type DS, 16 Type OS 
and 29 unclassified sites as neighbors; Type II 
sites had 64 Type I, 44 Type II, 47 Type DS, 13 Type 
OS and 23 unclassified sites as neighbors; Type 
DS sites had 60 Type I, 46 Type II, 75 Type DS, 28 
Type OS and 33 unclassified sites as neighbors. 
Finally, Type OS sites had 17 Type I, 11 Type II, 
16 Type DS, 9 Type OS and 10 unclassified sites 
as neighbors. Therefore, Type I sites were not 
randomly scattered (x2= 4.46, p=0.035), showing 
a tendency to cluster. The same is not true for 
Type II sites (χ2= 2.367, p = 0.124). Inasmuch as 
Type I sites are more frequent, there was no 
difference in the type of neighbor for both Type 
I and Type II cells (χ2 =0.056, p=0.813).

The distribution of the direction selectivity 
profile is shown in Figure 4c. Here, we were able 
to classify 111 MT sites: 63 unidirectional sites 

(black circle), 30 bidirectional sites (gray circle) 
and 18 pan-directional sites (white circle). In 
order to investigate our entire population of 
sites, we performed the next neighbor analysis 
for all the three recording planes in area 
MT. This classification was done regardless 
of whether the site significantly responded 
to the static grating stimuli. Next neighbor 
analysis revealed: unidirectional sites had 274 
unidirectional, 80 of bidirectional, and 38 pan-
directional sites as neighbors; bidirectional 
sites had 73 unidirectional, 42 bi-directional and 
37 pan-directional sites as neighbors. Finally, 
pan-directional sites had 39 unidirectional, 
32 bidirectional, and 14 pan-directional 
sites as neighbors. Thus, the distribution of 
unidirectional sites was not randomly scattered 
(χ2=3.4, p=0.03), showing a tendency to cluster 
with other unidirectional sites (e.g., see the 
right portion of Fig. 4c). On the other hand, 
bidirectional and pan-directional sites showed 
no preference for any particular neighbor.

Relationship of cell type and direction 
selective classes
Despite the fact that the distributions of Type I 
and unidirectional sites across MT surface were 
not random and exhibited significant clustering, 
the clustering patterns between these two classes 
were independent and showed no correlation 
with one another. A similar phenomenon can 
be observed in V1, for example, where two 
conspicuous organizational maps, namely 
orientation columns and ocular dominance 
columns coexist but are uncorrelated.

Figure 5a shows the next neighbor probability 
for each cell type and each motion selectivity 
based on the percentage of comparable 
neighbors for each site, at different distances in 
a circle of 500 µm-radius. Within a given cluster, 
the probability remains constant in a circle of 
approximately the size of the cluster. We also 
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used the half-width at half-height distance of 
the first (fundamental) component of the 2D-FFT 
power spectrum to estimate the dimensions of 
the unidirectional (>500 µm) and bi-directional 
(400 µm) clusters, as well as the Type I (400 µm), 
Type II (300 µm), and type DS (<300 µm) clusters. 
Therefore, the size of the cluster was estimated 
based on both the cutoff of the first component, 
as well as by the distance at which the next 
neighbor probability falls abruptly. Figure 5c 
shows the PROSAC profile plots of partially 
ordered scalograms of the XY-coordinates of the 
location for the entire population (Figure 5a) and 

for each class of site (Figure 5b) to evaluate the 
cluster arrangement based on the histograms 
of the magnitudes of the vectors (Figure 5c) 
of each interaction among similar sites (Z1-Zn 
distances). Those plots suggest that each group 
has a unique but overlapping size of clusters.

DISCUSSION

Area MT in the capuchin monkey (a New World 
monkey) is homologous to area MT of both Old 
World monkeys (Fiorani et al. 1989, Gattass & 
Gross, 1981) and humans (Tootell & Taylor 1995). 

Figure 5. Clustering analysis of direction selectivity and cell type in the surface dimension of area MT. (a) 
Clustering of direction selectivity evaluated using next neighbor probability (PROSAC). The clustering probability 
is plotted as a function of distance on the surface dimension. Unidirectional sites showed significant clustering 
at around 200 µm (note the decay > 300 µm). (b) Clustering of cell type evaluated using next neighbor probability 
(PROSAC). Type I cells were significantly clustered at around 300 µm (note the marked decay on probability of 
occurrence > 400 µm). Type OS cells showed a trend for clustering at around 200 µm, but the result did not reach 
statistical significance. (c) PROSAC profile plots for each of the four cell types.
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It is considered one of the first stages of motion 
processing. The activity of MT neurons has a 
direct correlate with perception. For example, 
manipulating the coherence of random dot 
patterns directly correlates with the firing rate 
of individual MT neurons, and bears a direct 
relationship with the psychometric function for 
motion perception (Newsome & Stein-Aviles 
1999).

 MT is an oval area mainly located in the 
posterior bank of the dorsal portion of the 
superior temporal sulcus (STS). In order to 

describe the distribution of cell types and 
direction selectivity in the two-dimensional 
surface of area MT, we used a planar 
multielectrode array that recorded multiunit 
responses at an angle tangential to its cortical 
layers. The majority (85%) of the visually 
responsive sites were selective to one or two 
directions of motion (i.e., direction selective 
sites), while the remaining 15% were pan-
directional. About 57% of the sites were selective 
to orientation. We classified our sites as Type I, 
II, DS or OS depending on their selectivity for 

Figure 6. A model for the combined arrangement of cell type and directional selectivity in the surface dimension of 
area MT. (a) Left: The ice-cube model proposed by Albright et al (1984), where columns with opposing directional 
selectivity are organized into larger modules coding for axis of motion. This model assumes a smooth transition 
of direction selectivity across MT surface, with occasional 180-degree flips. Middle: Subsequent work by Diogo et 
al (2003) suggests that smooth transitions in direction selectivity coexist with singularity points (i.e., pinwheels). 
The pinwheels are actually more sparsely distributed across MT surface than initially expected, with relatively 
large intervening slabs coding for the same direction (right). Different shades of gray represent regions with 
different axis of movement selectivity. (b) Left: a modified model relative to the one illustrated in (a), where 
bidirectional and pan-directional modules are incorporated. Middle: A model that incorporates pinwheels and 
direction selectivity columns. Right: A unified model that incorporates pinwheels, direction selectivity columns 
and elongated regions on MT surface coding for axis of motion.
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motion direction or stimulus orientation. We 
employed criteria similar to the ones used by 
Albright et al. (1984) and later by Rodman et al. 
(1989) to classify MT neurons as Type I or Type 
II cells. In capuchins, as in macaques, there 
is a predominance of Type I cells. Moreover, 
Type I and Type II cells are predominantly 
unidirectional, and the majority of bi-directional 
sites are Type I. Finally, we observed that Type 
I sites had a significant tendency to cluster 
together, and that unidirectional sites also 
had a significant tendency to cluster together. 
However, cell type and directional selectivity 
showed no correlation with each other in their 
surface distribution across area MT.

Principles of Cortical Organization
Area MT of macaques cannot be readily 
evaluated by optical imaging, inasmuch as it 
is buried inside a deep STS sulcus. However, 
experimental evidence hinted that the owl 
monkey, which has a relatively flat cortex that 
is optically accessible, possesses a system of 
cortical columns in MT coding for stimulus 
direction (Baker et al. 1981). This result was later 
confirmed by Malonek et al. (1994) using optical 
imaging of intrinsic neuronal signals. The data 
showed a clear tendency for radial organization, 
similar to the orientation column pinwheels 
described in area V1. Using planar multielectrode 
arrays, we showed a combined pattern of linear 
and circular arrangements (Diogo et al. 2003).

Area MT is distinct relative to other cortical 
areas in that it shows a coarse visuotopic 
organization associated with a heavy myelination 
pattern. Additionally, metabolic enzymatic 
staining techniques reveal no clear repetitive 
distribution of cortical modules such as those 
observed, for example, in areas V1 and V2 (Gattass 
& Gross 1981, Van Essen et al. 1981, Desimone & 
Ungerleider 1986, Tootell et al. 1998). Albright 
et al. (1984) used electrode penetrations at 

different angles relative to the cortical surface 
to study the functional architecture of area 
MT. Based on the observation that direction 
selectivity occasionally reversed in 180º, the 
authors proposed a columnar organization 
based on regular ice-cube modules (Fig. 6a, left). 
Later, Diogo et al. (2002, 2003) showed that this 
functional architecture in MT, based on linear 
gradual changes in direction selectivity, was 
integrated with a pattern of radially organized 
pinwheels. The arrangement was dominated 
by rectangular zones of directional selectivity, 
with scattered pinwheels along the surface 
(Fig 6a, center and right). The arrangement of 
unidirectional, bidirectional and pan-directional 
cells can be represented in the scheme shown in 
Figure 6b (left) for the case of quasi-rectangular 
directional zones, and in the scheme shown 
in Figure 6b (middle) in the case of pinwheels. 
We estimated MT surface area in capuchins to 
be about 90 mm2 (Fiorani et al. 1989), and to 
contain 13-15 pinwheels arrangements and 18-22 
polygonal patches of direction selectivity (Diogo 
et al. 2002, 2003).

Independent maps for cell type and direction 
selectivity
During ontogenesis, the establishment of visual 
topography in V1 is followed by the appearance 
of ocular dominance columns, which is then 
followed by the appearance of orientation 
columns (Hubel & Wiesel 1974, Levay et al. 
1975). Following this plan, some features such 
as visual topography are established first and 
are then followed by the development of other 
compartmental organizations. It is thereby 
possible to hypothesize that MT follows a 
similar scheme. First, visual topography is 
established. Second, circuits are constructed to 
extract specific properties of the visual stimulus, 
giving rise to unidirectional, bidirectional and 



ANTONIA CINIRA M. DIOGO et al.	 TANGENCIAL DISTRIBUTION OF CELL TYPE IN MT

An Acad Bras Cienc (2020) 92(2)  e20190564  16 | 19 

pan-directional neurons, as well as to different 
cell types.

Perceptual correlates of cell type
Work by Movshon et al. (1985) used superimposed 
sinusoidal gratings (i.e., plaids) to show that one 
specific population of MT neurons (Type I cells) 
responded to the individual components of 
the stimulus, while another population (Type II 
cells) responded to the combined (i.e., pattern) 
motion of the plaids. Notably, the two cell types 
were directly correlated with the perception 
of component or pattern motion (Movshon et 
al. 1985, Stoner & Albright 1998). Subsequent 
work by Wang & Movshon (2016) reported that 
MT cells with higher index for pattern motion 
correspond to Type II cells. Additionally, these 
neurons tended to have stronger direction 
selectivity, broader direction tuning to gratings, 
better response to plaids compared to gratings, 
smaller receptive fields and stronger surround 
suppression. Based on these findings, the model 
proposed by Rust et al. (2006) suggests that 
pattern responses emerge from the pooling of 
V1 inputs with a wide range of spatial-temporal 
tuning.

Areas downstream to area MT
The dorsal stream of visual information 
processing includes area MT, the MST complex 
and part of Area 7 in the parietal lobe. The medial 
superior temporal area (MST) was originally 
defined by the limits of the MT projections zone 
located in the dorsal and medial portions of STS, 
adjacent to MT (Van Essen et al. 1981, Maunsell 
& Van Essen 1983, Ungerleider & Desimone 1986) 
and lateral to TPOc (anterior STS bank) (Hikosaka 
et al. 1988, Lewis & Van Essen 2000a, b). This 
region, named the MST complex by Lewis & Van 
Essen (2000a), is involved in processing optic flow 
information (often due to the movement of the 
observer), and may be related to the processing 

of object visual motion (Eifuku & Wurtz, 1998, 
1999). Distinct zones in the MST complex were 
functionally defined by the properties of their 
neurons. They responded exclusively to visual 
stimuli, had receptive fields that were larger 
than those found in MT, most were direction 
selective, and exhibited only a crude topographic 
organization of the visual field (Van Essen et al. 
1981, Saito et al. 1986, Desimone & Ungerleider, 
1986, Fiorani et al. 1989).

Based on the d is t inct  response 
characteristics of its neurons, Saito et al. (1986) 
subdivided the MST complex into two functional 
sub-regions: one more medial and dorsal 
where direction size-rotation-cells are found, 
and another more lateral sub-region with few 
direction selective neurons. These data suggest 
that the dorsolateral stream of visual information 
processing, as described by Nascimento-Silva 
et al. (2003), can be hierarchically organized. 
In the context where cells or discrete circuits 
in one specific area exhibit different response 
properties corresponding to the different stages 
of neuronal processing, we hypothesize that 
Type I and Type II cells in MT participate as 
integral components responsible for building up 
this network. Type OS cells, on the other hand, 
could be projecting to more complex networks 
at higher areas, consistent with a more symbolic 
or abstract level of neuronal processing.
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