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The Organization of Orientation-Selective,
Luminance-Change and Binocular-
Preference Domains in the Second (V2)
and Third (V3) Visual Areas of New World
Owl Monkeys as Revealed by Intrinsic
Signal Optical Imaging

Optical imaging was used to map patterns of visually evoked
activation in the second (V2) and third (V3) visual areas of owl
monkeys. Modular patterns of activation were produced in
response to stimulation with oriented gratings, binocular versus
monocular stimulation, and stimuli containing wide-field luminance
changes. In V2, luminance-change domains tended to lie between
domains selective for orientation. Regions preferentially activated
by binocular stimulation co-registered with orientation-selective
domains. Co-alignment of images with cytochrome oxidase (CO)-
processed sections revealed functional correlates of 2 types of CO-
dense regions in V2. Orientation-responsive domains and binocular
domains were correlated with the locations of CO-thick stripes, and
luminance-change domains were correlated with the locations of
CO-thin stripes. In V3, orientation preference, luminance-change,
and binocular preference domains were observed, but were more
irregularly arranged than those in V2. Our data suggest that in owl
monkey V2, consistent with that in macaque monkeys, modules for
processing contours and binocularity exist in one type of
compartment and that modules related to processing-surface
features exist within a separate type of compartment.
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In the present experiments, we used optical imaging to reveal
aspects of the functional organization of V2 (the second visual
area) and V3 (the third visual area) in owl monkeys. Although V2
is an area common to most if not all mammals (Rosa and
Krubitzer 1999), in primates it forms an elongated strip of
cortex anterior to the border of V1 (Allman and Kaas 1974;
Tootell et al. 1985; Stepniewska and Kaas 1996; Gattass et al.
1997; Lyon and Kaas 2002a). The distribution of V3 across
mammals is less certain however, although it now appears that
V3 likely exists in all primates (Kaas and Lyon 2001). Present
understandings of the functional organization of V2 are rather
extensive, with most results coming from either Old World
macaque monkeys (DeYoe and Van Essen 1985; Hubel and
Livingstone 1985; Peterhans and von der Heydt 1993; Roe and
Ts’o 1995; Tootell and Hamilton 1989; Ts’o et al. 2001; Xiao et al.
2003; Wang et al. 2007; Chen et al. 2008) or New World squirrel
monkeys (Livingstone and Hubel 1982; Tootell et al. 1983; Hubel
and Livingstone 1985, 1987; Malach et al. 1994). In brief, there is
evidence that V2 in these primates is subdivided into repeating
sets of 3 functionally distinct types of stripe-like modules, often
revealed with stains for the mitochondrial enzyme cytochrome
oxidase (CO) (Wong-Riley 1979), that cross the width of V2. The
3 types of modules are usually referred to as thick, pale, and thin
stripes, as they typically appear in brain surface views of brain
sections processed for CO (Livingstone and Hubel 1983; Horton
1984; Tootell et al. 1985; Krubitzer and Kaas 1990a; Olavarria
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and Van Essen 1997; Sincich et al. 2003), although the 2 types of
CO-dark bands are not consistently distinguishable as thick or
thin (Tootell and Hamilton 1989; Krubitzer and Kaas 1990a;
Levitt et al. 1994; Roe and Ts'o 1995). Thus, our usage of the
terms “thick” and “thin” have become a functional term for
stripes that exhibit preference for ocular integration and surface
properties, respectively (Roe and Ts'o 1997). Despite these
difficulties, much of the research effort has been in defining the
functional properties of these 3 types of stripes. In V2 of
macaque monkeys, most of the neurons in thick stripes are
binocular and sensitive to horizontal disparities between the 2
eyes (Livingstone and Hubel 1987; Poggio et al. 1988; Peterhans
and von der Heydt 1993; Roe and Ts'o 1995; Ts'o et al. 2001,
Bakin et al. 2000). Recent optical imaging studies in macaque
monkeys demonstrated that the thick stripes in V2 are more
highly activated when both eyes were stimulated (Chen et al.
2008). As the binocular disparity-sensitive cells in the thick
stripes require binocular stimulation, it seems reasonable that
thick stripes would be more responsive to binocular stimuli than
other stripes. The thick stripes also contain orderly representa-
tions of stimulus orientation (Malach et al. 1994; Ts’o et al. 2001,
Xu et al. 2004). In contrast, the thin stripes in V2 of macaques are
thought to represent surface properties of visual objects such as
luminance and color (Tootell and Hamilton 1989; Roe and Ts’o
1995; Tso et al. 2001; Xiao et al. 2003; Wang et al. 2007).
Luminance provides a basic cue for the percept of brightness
and attribute commonly ascribed to surfaces. In macaque
monkeys, the thin-stripe domains have been found to be
responsive to changes in luminance (Wang et al. 2007). In
addition, the thin-stripe domains have been shown to be
sensitive to changes perceived by humans as changes in
brightness (e.g., contrast effects), even when there was no
physical change in luminance of the actual stimuli (Roe et al.
2005a). The question we had was if different stripe-like domains
in V2 of owl monkeys (Fig. 1, Supplementary Fig. 1) are sensitive
to binocular stimulation, and to luminance change, as the thick
and thin stripes are in macaque monkeys.

New World owl monkeys, typically considered nocturnal
(but see Wright 1994, for reports of daylight activity), have not
shared a common ancestor with Old World macaque monkeys
in approximately 40 million years. Similarities between
macaque and owl monkeys would indicate that a type of
functional organization of V2 has been retained in anthropoid
primates for over 40 million years as the 2 lines adapted to
quite different visual environments. Previous studies in owl
monkeys indicate that they have dark and pale CO stripes as in
other monkeys, but the dark stripes are often interrupted and
sometimes fail to cross the width of V2 (Tootell et al. 1985;
Krubitzer and Kaas 1990a). In addition, the stripes are not
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always clearly thick and thin. Nevertheless, the thick stripes in
V2 of owl monkeys resemble those of macaques in that they
contain an orderly representation of stimulus orientation (Xu
et al. 2004). Our present results indicate that different sets of
CO bands in owl monkeys are selectively activated by binocular
stimulation or by changes in luminance and that binocular- and
luminance-sensitive domains appear to correspond to thick and
thin stripes, respectively.

The other cortical area that we studied in these experiments
was V3. Although the existence of V3 as a separate visual area or
avisual area with dorsal and ventral halves corresponding to the
lower and higher visual quadrants has been in question (for
review, see Kaas and Lyon 2001), recent anatomical studies have
provided clear evidence for a traditional V3 in owl monkeys as
well as other primates (Lyon and Kaas 2002a, 2002b, 2002¢). In
owl monkeys, dorsal V3 is exposed on the dorsal surface of the
brain next to V2, where it is accessible for optical imaging.
Previous optical imaging studies in owl monkeys and prosimian
galagos have provided evidence for orientation-specific domains
in V3 that typically appear wider than those in V2 and
a retinotopic organization that corresponds to that expected
for V3 (Lyon et al. 2002; Xu et al. 2004). Here, we provide
evidence for luminance-change and binocular preference
domains, as well as orientation preference domains in V3.

Materials and Methods

In general, procedures followed those used previously (Kaskan et al.
2007). All procedures used in this study were approved by the
Vanderbilt Animal Care and Use Committee and conformed to
guidelines set out by the National Institutes of Health.

Animal Preparation

The 7 adult owl monkeys (Aotus trivirgatus) used in this study were
initially given intramuscular injections of ketamine and atropine
(10 mg/kg each) and were intubated and artificially ventilated with
2% isoflurane in oxygen. Anesthetic depth was continuously monitored
by electroencephalography (EEG). End-tidal CO,, heart rate, body
temperature, and blood oxygen were also monitored continuously.
Eyes were dilated with atropine sulfate and were refracted to focus on
a computer screen, placed 24.5 c¢cm from the animals’ eyes. A
craniotomy and durotomy were performed to expose the occipital
lobe. The cortex was covered with agar and a clear glass coverslip to
stabilize the brain. During imaging, the animal was maintained under
a combination of sufentanil (2-4 pg/kg h), propofol (4-8 mg/kg h), and
vecuronium bromide (0.05 mg/kg h). Values of propofol and sufentanil
were adjusted within these ranges in order to keep the animal in
a “surgical” plane of anesthesia (stage 3, plane 2).

Optical Imaging
Stimuli were generated with a Visual Stimulus Generation board
(Cambridge Research Systems) and presented on a cathode ray tube
monitor (Sony Trinitron, GDM F500R). The refresh rate was 100 Hz,
well above the temporal frequency cut-off of owl monkeys (Jacobs et al.
1979). A Minolta CS-100 luminance meter was to measure the lowest
luminance level of this monitor, which was 0.00 cd/m?. Visual stimuli
averaged 43 cd/m? Screen extent spanned about 70 x 56 degrees of
visual field. In experiments that examined response to orientation and
binocularity, electromechanical shutters were placed in front of the
eyes to control monocular and binocular stimulations. The shutters
were also used in some experiments to produce changes in luminance.
Images of reflectance change (intrinsic hemodynamic signals)
corresponding to local cortical activity were acquired using Imager
3001 (Optical Imaging Inc, Germantown, NY) with 630-nm illumination
(Roe and Ts'o 1995, Ramsden et al. 2001). Signal to noise ratio was
enhanced by trial averaging (10-50 trials per stimulus condition) and by
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synchronization of acquisition with heart rate and respiration. Stimuli
were presented for 5 s, during which 16-20 consecutive image frames
were taken (4 Hz frame rate). Interstimulus interval for all stimuli was
8 s. Each frame contained 504 x 504 pixels (representing 8 x 8 mm
cortex area). Stimuli were presented in blocks of randomly interleaved
conditions. Stimulus onset and shutter opening for the respective eye
occurred after the first 2 frames of imaging (0.5 s).

Visual Stimuli and Image Analysis

Orientation preference maps were acquired using full-screen, drifting,
achromatic square-wave gratings with a mean luminance of 43 cd/m” and
100% contrast. Gratings drifted at 0.5 c/deg at 2 Hz and were of different
orientations (0, 45, 90, and 135 deg). Orientation preference maps were
generated from the binocular presentation of oriented gratings.

In order to reveal responses biased toward binocular stimulation, the
4 orientation conditions were presented to either both eyes
simultaneously or to either the left eye or the right eye using eye
shutters. Activity due to monocular stimulation was then subtracted
from that due to binocular stimulation. The parameters used in
generating monocular and binocular stimuli were the same as those
used in generating orientation preference maps. We generated
subtraction maps for orientation preference (e.g., 0-90 deg, 45-135
deg), binocularity (binocular conditions—monocular conditions) and
luminance-change (temporal frequency—blank, or luminance-change
conditions—luminance-sustained conditions).

In order to capture the responses of cells in the visual cortex that
respond best to full-field luminance change, we used 2 methods.
Luminance stimuli had no contour content and consisted of an even
field of luminance. These binocularly presented stimuli were modu-
lated either sinusoidally in time or with rapid onsets and offsets.

In one set of experiments, we sinusoidally modulated the luminance
(100% contrast) of a wide-field stimulus at several different tem-
poral frequencies (0.5, 1, 4, 8, and 16 Hz) around a mean luminance of
43 cd/m>. To generate luminance-change maps, the activation resulting
from a nonmodulated (steady state) blank screen of 43 cd/m? was
subtracted from each modulated field of luminance. In another set of
experiments, we used eye shutters to produce abrupt onsets and
offsets of luminance. Four different stimulus conditions were pre-
sented. Two of these conditions contained changes in luminance and 2
did not. The 2 luminance-change conditions consisted of either the
shutter opening or closing at the start of a trial (transient conditions).
The 2 conditions that did not contain changes in luminance (sustained
conditions) were created by either leaving the shutters open (43 cd/m?
light sustained) or by leaving them closed (dark sustained). Single-
condition luminance-change maps were generated by subtracting
luminance non-modulated conditions (i.e., either light-sustained or
dark-sustained conditions) from luminance-modulated conditions.

All results were initially first-frame subtracted using the first 2 frames
in each trial. Maps were low-pass filtered with a Gaussian kernel of 3, 5,
or 7 pixels, high-pass filtered with a Gaussian kernel of 80 or 120 pixels
(1.27 or 1.9 mm) and clipped at 1 or 1.5 standard devaition from the
mean using custom written software in Matlab. Signal strength scales
and timecourses were generated with custom software in Matlab.

Histology and Border Placement

The animals were given a lethal dose of sodium pentobarbitol (80 mg/
kg), and when the EEG showed no electrical activity, they were
perfused transcardially with phosphate-buffered saline (PBS, pH 7.4),
followed by 2% paraformaldehyde in PBS. After perfusion, the brain was
removed and prepared for processing. The cortex was carefully
removed from the underlying white matter, manually flattened
(Krubitzer and Kaas 1990a), held between 2 glass plates, and stored
overnight in 30% sucrose in PBS. The cortex was cut on a freezing
microtome in sections parallel to the surface at a thickness of 100 pum
(top 3 sections) and 50 pm (remaining sections). Sections were
processed for CO (Wong-Riley 1979) to reveal architectonic borders
and modular features of V2. Photographs of the histological material
were taken with a digital camera (Nikon, DXM1200F) attached to
a Nikon Eclipse E800 microscope. In some instances, photographs of
CO-processed material were contrast-enhanced, leveled, high-pass



filtered, and blurred using Photoshop to make visualization of
architectonic features more evident.

Several sources of information were used to identify the locations of
the V1/V2 border and the V2/V3 border. The V1/V2 border, apparent
on sections processed for CO, was identified by the location of CO
blobs and was transferred to camera frames of interest (aligned as
described below). This border closely corresponded to the V1/V2
border identified in optical imaging maps. Where adequate CO-stained
material was unavailable, the optical imaging maps were used to
identify the locations of the V1/V2 border, which was most apparent in
binocular preference maps. The location of the V2/V3 border was
estimated from previous estimates of the width of V2 at this
eccentricity (approximately 4 mm, Lyon et al. 2002; Lyon and Kaas
2002a) and from the optical imaging maps, where orientation
preference domains in V3 are known to join into regions wider than
orientation preference stripes in V2 (see Xu et al. 2004).

Alignment Methodology

Images of the tissue were aligned to images of the surface vasculature
taken in vivo with the imaging camera. Figure 2 is an example of these
procedures (see also Supplementary Fig. 2) Figure 24 is an image of the
surface vasculature of the visual cortex of owl monkey 07-46, taken in
vivo with the optical imaging camera under green (570 nm)
illumination. The same field of view was used during optical imaging
procedures. The superficial vasculature seen in a CO-stained superficial
section (Fig. 2B) aligns well with the cortical vasculature seen in vivo

Figure 1. Irregular CO stripes in V2. A flattened section of the visual cortex from owl
monkey 07-46, stained for CO revealed the borders between V1 and V2 (solid line)
and between V2 and V3 (dashed line). In V1, a pattern of CO blobs was evident. In
V2, larger irregular CO-dark bands or stripes running roughly perpendicular to the V1/
V2 border were present. Two thinner CO-dense regions are indicated with arrows.
The large box represents the 8 X 8 mm field of view centered over V2 shown
in Figures 2 and 4. Scale bar: 5 mm.

(Fig. 2A), as demonstrated by the blood vessels that have been traced
from the in vivo image (Fig. 24) and overlaid upon the superficial CO-
stained section (Fig. 2B). Adobe Photoshop was used to align the
histological sections with the optical imaging camera frames. In some
instances, “stretching” was required in addition to scaling and rotating
images to account for minor irregularities due to curvature of the brain
in vivo, flattening the cortex and mounting the CO-processed tissue on
slides. Deeper sections of the flattened cortex, like that shown in Figure
2C were aligned with more superficial sections by using radially
oriented blood vessel lumens. In Figure 2B,C, several of these radially
oriented vessel lumens are indicated with black arrows. Optical
imaging maps (such as the orientation map shown in Fig. 2D) are
therefore in register with CO-processed sections of the cortex (note:
vascular artifacts in Fig. 2D match large vessels in superficial CO section
in Fig. 2B, as shown with vessel overlay).

Results

We used intrinsic signal optical imaging to examine the
functional organization of the second (V2) and third (V3)
visual areas in 7 adult owl monkeys (A. trivirgatus). Modular
patterns of activation were present in V2 and V3 in response to
visual stimulation. Table 1 lists the cases examined for
orientation preference, luminance-change, and binocular pref-
erence domains in V2. We report for the first time the presence
of domains in V2 and V3 of owl monkeys that correspond to
changes in full-field luminance and domains exhibiting prefer-
ence to stimulation of both eyes versus one eye. Maps of
orientation preference in V2 were present in every case, and
they were related in systematic ways to the locations of
luminance-change domains and domains biased to respond to
binocular stimulation. In V3, these relationships were less
regular. In the following sections, we describe orientation
preference, luminance-change domains, and binocular prefer-
ence domains in V2 and V3, and in V2 relate the locations of
these domains to CO preparations of the flattened neocortex.
We did not find any relationship between CO architecture and
optically imaged domains in V3. The 3 figures presented below
are organized in a similar manner, with 3 optical imaging maps
presented first, followed by a section stained with CO, where
available, and finally a summary panel demonstrating the
relationships between the optical imaging maps and the CO-
stained cortex. Despite the high degree of interindividual
variability in CO expression in V2, the organization of V2 for
luminance-change and binocularity corresponded well with
patterns of CO expression.

Figure 2. Alignment method. The panels in this figure demonstrate the procedures used to align flattened sections of the visual cortex to the optical imaging camera frame. Each
panel corresponds to the boxed region shown in Figure 1. In A, an image of the surface vasculature taken with the imaging camera in vivo is shown. Panel B is the most
superficial CO-stained section. Blood vessels from panel A have been outlined and are shown overlaid on panel B. Panel C is a photograph of a CO-stained section approximately
500 pm deep. Radial blood vessels used for alignment are indicated with arrows in B and C. Panel D is a horizontal-vertical orientation preference map; the blood vessel pattern
traced from panel A is included. Blood vessel patterns in A, B, and C were used to align the CO-processed sections with the imaging frames. Scale bar: 5 mm.
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Orientation Response
In each owl monkey, we measured changes in cortical
reflectance in response to the presentation of full-screen drifting
gratings of 4 orientations, where movement of the grating was
perpendicular to the orientation of the grating. Figure 34
illustrates a typical reflection pattern seen when the responses
to horizontal gratings were subtracted from those of vertical
gratings. Horizontal preferring domains are represented by
darker pixels; vertical preferring domains are represented by
lighter pixels. By obtaining this type of orientation preference
map, we were able to estimate the anterior and posterior borders
of V2, based on the rostrocaudal extent of orientation domains,
which were congruent with previous estimates (Lyon et al. 2002;
Xu et al. 2004) of the rostrocaudal width of V2 at this eccentricity
(approximately 4 mm). Borders were later confirmed by
alignment with sections stained for CO. Orientation preference
maps from other cases are shown in Figures 44, 54, and 6A.
Similar to previously described orientation domains in owl
monkeys (Xu et al. 2004), orientation preference domains were
smallest in V1 and larger in V2 and V3. In V1, orientation
preference domains were found throughout its extent. In V2,
orientation preference domains were noticeably larger and
sometimes clustered to form stripes alternating with regions
lacking orientation preference domains. Although the stripe
organization is less evident in this case, in other cases (e.g.,
Fig. 4A), the stripe organization of orientation response in V2 is
quite clear. We termed these regions orientation-responsive

Table 1

Summary of cases examined

Case OR stripes  Orientation  Luminance-change  Binocular co Figure
preference  domains domains histology
domains

05-14 + + + Not tested ~ Good

05-41 + + Weak Not tested  Poor

06-28 Weak + + + Poor

06-38 + + Weak Not tested  Poor

06-59 Weak + Absent + Good

07-37L  + + + + Good 4

07-37R  + + + + Good 5

07-46 + + + + Good 6

Note: We examined visual cortex in 7 adult owl monkeys. Most cases demonstrated the
presence (+) of luminance-change domains, binocular domains, and orientation preference
domains in V2. Those that exhibited good CO staining are shown in Figures 4 and 6.

-0.028%

stripes, or OR stripes. Orientation preference domains were
also present in V3 (Figs 34-6A4). As in V2, orientation
preference domains in V3 were interrupted by zones lacking
orientation preference (arrow, Fig. 3A4).

We examined the temporal response of reflectance change
in owl monkeys due to the presentation of oriented gratings to
gauge whether this response was similar to that observed in
other primates and to compare it to the timecourse and signal
strength of response to luminance modulation (see below).
Figure 3B shows the timecourse of reflectance change for the
small “superpixel” (white box in Fig. 34) centered over
a horizontal preferring domain (0 deg) in V2. Changes in
reflectance over a period of 5 s of stimulation are shown
(4 frames/s). Similar to intrinsic signals recorded in anesthe-
tized macaque monkeys, the magnitude of maximal reflectance
change ranged from about 0.1-0.2%. The magnitude of this
signal also varied with the orientation preference of the
recorded domain. The greater response for the superpixel
measured in Figure 34 was obtained with horizontal (0 deg)
gratings (solid line), with a weaker response observed for
90-degree gratings (dotted line).

Orientation Preference, Luminance Modulation, and
Binocular Preference Response in V2
In addition to oriented gratings, 2 types of stimuli that have not
previously been used in owl monkeys revealed additional aspects
of the functional organization of V2. In macaque monkey V2,
binocular preference domains colocalize with thick stripes (Roe
and Ts’o 1995; Ts'o et al. 2001; Roe et al. 2007; Chen et al. 2008)
and regions preferentially responsive to full-field luminance
change colocalize with thin stripes (Roe et al. 2005a). In owl
monkeys, responses to luminance modulation, to binocular
minus monocular stimulations and to luminance change were
examined. In most cases examined (Table 1), a clear spatial
relationship between luminance-change domains, binocular
domains, CO stripes, and domains selective for orientation was
evident. In the following 3 figures (Figs 4-06), results from 3 cases
are presented that demonstrated the presence of these domains
and their relationship with CO-stained cortex.

In the first case (Fig. 4), 3 optical imaging maps are shown
(case 07-37L) along with the corresponding region of visual
cortex stained for CO. The locations of the borders were based

frame number (4Hz)

5 10 15 20
\\v

\ 90 degrees

% dR /R 0 degrees

Figure 3. Orientation preference map and timecourse. In panel A, an acute-oblique orientation preference map is shown for owl monkey 06-28. The camera frame is 8 X 8 mm.
The approximate borders between V1 and V2 (solid line) and between V2 and V3 (dotted line) are indicated. The white box indicates a superpixel placed within a horizontal (0
deg) orientation domain within V2. The black arrow indicates a portion of V3 that lacked orientation preference domains. Percent signal change for the map shown in panel A is
shown to the left of A. The signal strength (% change in reflectance) from the superpixel indicated in A for 0 and 90 deg orientations is shown in panel B during a 5-s period of
stimulation (4 Hz frame rate) with drifting gratings. Numbers at the top of the timecourse data in B indicate frame number. Scale bar: 1 mm.
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Figure 4. Orientation, luminance-change, and binocular domains in V2 and V3, and their relationship to CO-dense stripes in case 07-37L. An acute-oblique orientation preference
map is shown in A. The borders between areas V1 and V2 (solid lines) and between V2 and V3 (dashed lines) are shown in orange. Stripes of well-organized orientation
preference (OR stripes) are indicated with blue-dashed lines in V2. Two OR stripes ran across the extent of V2 and joined with a region of V3 containing OR domains. The OR
stripe on the right stopped short of the V2/V3 border (black arrow). In B, a map of luminance change is shown (see Materials and Methods), and luminance-change domains in V2
and V3 are indicated with green-dashed lines. Panel C shows a binocular-monocular imaging map; binocular domains in V2 and V3 are highlighted with blue-dashed lines. In
a section stained for CO, D, alternating CO-thick (large arrows) and CO-thin stripes (small arrows) are apparent. The hole in the center thick stripe is the site of an injection of
anatomical tracer. The V1/V2 border is indicated with 2 small orange arrows. In £, a diagram showing the relative locations of OR stripes (blue shading), luminance-change
domains (green shading), and binocular domains (blue dashed lines) is shown. Binocular domains coregistered with OR stripes in V2 and V3. In V2, luminance-change domains
(light green shading) occupied regions of V2 adjacent to OR stripes and binocular domains (blue shading and blue-dashed lines, respectively). In V3, luminance-change domains
and binocular domains were found within regions containing orientation preference domains, but luminance-change domains and binocular domains were found to occupy
adjacent regions of V3. In £, luminance-change domains and binocular domains are shown in relation to a “filtered” (see Materials and Methods) CO-processed section of visual
cortex. CO-thick stripes (wide arrows, panels £, 0, and f) coregistered with orientation preference domains and binocular domains, and CO-thin stripes (narrow arrows)
coregistered with luminance-change domains. This relationship was most obvious within the bracketed region (panels £, D, and f); note the correspondence between the optically
imaged domains and the CO architecture, indicated between the brackets and the black line in panels £, 0, and F. The green arrow in panels 0, £, and F indicates the location of
luminance-change domain and a corresponding CO-dense spot in V2. Scale bar: 1 mm.

upon sections stained for CO, from previous estimates of the
width of V2 at this eccentricity and from the optical imaging
maps (see Materials and Methods). As previously reported,
orientation preference domains in owl monkeys typically formed
stripes that were oriented across the anterior-posterior extent of
V2 (regions within blue dotted lines in Fig. 44). The orientation-
responsive (OR) stripes in this case were approximately 1.5 mm
thick. Most OR stripes were about 3-5 mm long and stretched
across V2 from the posterior border with V1 to the anterior
border with V3. Regions of V2 between the OR stripes did not
contain orientation-responsive domains. In some owl monkeys,
we have observed OR stripes that stop short of the V2/V3 border.
Although we cannot rule out the possibility of a weak cortical
signal, in this case, one stripe (indicated with an arrow on the
right side of Fig. 4A4) appeared shorter than the others.
Luminance-modulated domains in V2 were also revealed in
this case. Eye shutters placed in front of both eyes were
simultaneously opened and closed to reveal a neutral gray
screen (43 cd/m?) in order to create binocular onsets and

offsets in luminance. Conditions not containing changes in
luminance (“blanks,” sum of images obtained with shutters
open throughout imaging period plus those obtained with
shutters closed throughout imaging period) were subtracted
from conditions containing luminance change (sum of closed-
to-open and open-to-closed conditions) to create a luminance
modulation map (see Materials and Methods). In Figure 4B,
luminance-modulated domains are indicated by green dashed
lines. The long axis of some of these luminance-modulated
domains was oriented perpendicular to the V1/V2 border.
Other luminance-change domains appeared as patches or beads
strung together across the anterior-posterior extent of V2.
Some of the patch-like domains in this case formed extensions
of the more stripe-like or oval-shaped domains that originated
from the V1/V2 border. In this case, the overall impression was
one of luminance-change stripes that ran from the V1/V2
border to the V2/V3 border in a beaded or patch-like manner.

Preferential responses to binocular stimulation were also
apparent in V2. Domains preferring binocular stimulation

Cerebral Cortex Page 5 of 14
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Figure 5. Orientation and luminance-change domains in V2 and V3 in case 07-37R.
An acute-oblique orientation preference map is shown in A. The borders between
areas V1 and V2 (solid lines) and between V2 and V3 (dashed lines) are shown in
orange. In V2, regions of well-organized orientation preference (OR stripes) are
indicated with blue-dashed lines. OR stripes in V2 were coextensive with regions of
V3 (also indicated with blue-dashed lines) containing orientation preference domains.
In B, a map of luminance change is shown, where luminance-change domains are
circled with green-dashed lines in V2 and V3. In C, a binocular-monocular map
demonstrated the presence of binocular preferring domains, circled in blue in V2 and
V3. The light gray oval indicates a “zebra stripe-like” region in V3 that includes
alternating binocularly biased domains. In diagrammatic form in D, orientation-
preference domains are indicated with blue shading, binocular preferring domains are
circled in blue, and luminance-change domains are indicated in green. In V2, binocular
domains were found within regions containing orientation preference domains that
were adjacent to luminance-change domains. In V3, luminance-change domains
occupied regions of cortex adjacent to binocular domains. Each panel is 8 X 8 mm.
Scale bar: 1 mm.

(Fig. 4C) were revealed by subtracting the activity to monocular
stimulation from that to binocular stimulation (see Materials and
Methods). Binocular preference domains were oval in appear-
ance and formed patches that ran together into stripes or bands
across the anterior-posterior extent of V2, similar in extent to
the luminance-change domains shown in Figure 4 B. The majority
of binocular preference domains (Fig. 4C) co-registered with
the locations of OR stripes (Fig. 44) and largely avoided regions
of V2 occupied by luminance-change domains (Fig. 4 B). These
relationships are represented schematically in Figure 4F
(light blue: orientation, green: luminance, dotted blue outlines:
binocular). The stripe-like organization and patchiness of these
domains was apparent and gave the impression of an anterior to
posterior organization.

We related the imaging results to the patterns of CO-dense
stripes in V2. In Figure 4D, a flattened CO-stained section
revealed the borders between V1 and V2 and demonstrated the
presence of CO-dense stripes in V2. The CO-dense stripes in this
case were mottled and patchy; one varied in width and appeared
to merge with a neighboring CO light region (see small arrow,
left thin stripe, Fig. 4 D). In some portions of V2 in this case, the
CO-dense stripes were relatively thick (thick black arrows) or
thin (thin black arrows) and were oriented perpendicular to the
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V1/V2border. The bracketed region is most characteristic of CO
thick and thin stripes. The stripe-like patterns and patchiness of
CO label in V2 is mirrored by the organization of luminance-
change domains, binocular domains, and OR stripes.

In the diagram shown in Figure 4, the large arrows indicating
CO thick stripes point toward OR stripes containing binocular
domains. The 2 thin-stripe arrows indicate adjacent luminance-
change domains whose long axis is oriented perpendicular to
the V1/V2 border. Regions of V2 that were occupied by OR
stripes (shown in blue shading) and binocular domains (shown
in blue dashed lines) tended to avoid those areas of V2 that
contained luminance-change domains (shown in green shading).

Further examination revealed a good degree of correspon-
dence between CO staining and luminance-modulated
domains (Fig. 4F). For instance, in the left-most thin stripe,
2 domains of strong luminance modulation overly 2 domains
of strong cytochrome staining (indicated by green arrow).
The middle thin stripe co-localizes with a portion of the
luminance-change region (outlined by green dotted line).
The rightmost thin stripe also largely co-localizes with the
luminance-change activation, the lower portion of which
stops short of reaching the V2/V3 border. In the bracketed
region of Figure 4F, the 2 thin stripes (indicated with thin
arrows) co-registered with luminance-change domains (in-
dicated with green dashed lines). The thin stripes defined by
CO architecture (Fig. 4D, see also Supplementary Fig. 3)
seemed to stop short of reaching the V2/V3 border, indicated
with a solid black line. This line also indicates the location
within V2 where these luminance-change domains ended,
short of the V2/V3 border (Fig. 4F). Note that the thick stripe
between these 2 thin stripes (thick arrow, Fig. 4D) also
seemed to stop short of the V2/V3 border and at a point that
corresponded to the location of 2 binocular preference
domains. Thus, although the relationship between luminance
modulation and thin cytochrome stripes is not one-to-one,
there are still some striking correspondences. The domains
imaged in this case and their relationships to CO-architecture
were common to the owl monkeys we examined (see Table
1). In the sections that follow we present 2 additional cases.

Similar results were obtained in a second case (Fig. 5).
Modular patterns of visually evoked activation were present in
V2, and these activity patterns were related to each other in
systematic ways. As in the previous case, orientation stripes
were revealed in V2 of case 07-37R. Figure 54 illustrates an
orientation map with 4 OR stripes in V2 (blue dashed lines).
These stripes were oriented roughly perpendicular to the V1/
V2 border. Each stripe ran from V1 to V3 without interruption;
the several joining OR stripes in V2 appeared to merge into
a large region of orientation preference in V3. Although OR
stripes in this case seemed thinner than others, the overall OR
stripe width in this case was approximately 1 mm. Luminance-
change domains were also observed in case 07-37R (Fig. 5B).
Between the OR stripes were regions of V2 that did not contain
orientation-responsive domains. As in the previous case,
luminance modulation was produced by using eye shutters
(see Materials and Methods) to create luminance onsets and
offsets. Luminance-change domains are circled in green dashed
lines. In this case, luminance-change domains did not seem to
form obvious stripes across the anterior-posterior extent of V2.
Rather, they formed oval-shaped domains within V2. Finally, the
locations of domains more activated during binocular stimula-
tion are shown in Figure 5C. The binocular domains in this case
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Figure 6. Orientation, luminance-change, and binocular domains in V2 and V3 and their relationship to CO-dense stripes in case 07-46. In A, an acute-oblique orientation
preference map is shown; the borders between areas V1, V2, and V3 are indicated in orange. Orientation domains in V2 clustered to form stripes (blue-dashed lines) that were
continuous with orientation domains in V3. In V2, gaps or spaces in the map of orientation preference were evident (circled, blue-dashed lines). The blue-dashed lines distinguish
regions with orientation-selective domains from those without. In B, a map of luminance change is shown; luminance-change domains, present in V2 and V3, are indicated with
green-dashed lines. In C, binocular domains were apparent within V2 and V3 (blue-dashed lines). In D, a section stained for CO revealed CO-dark regions that appeared as spots
or ovals in V2; the borders of luminance-change domains (marked with green-dashed lines) are shown in relation to the CO section. Several luminance-change domains indicated
with green-dashed lines in B corresponded to CO-dense regions in V2. In E, a diagram showing the relative locations of OR stripes (blue shading), binocular domains (blue-dashed
lines), and luminance-change domains (green-dashed lines) in V2 and V3 is shown. Scale bar: 1 mm.

appeared oval shaped, the long axis of which ran perpendicular
to the V1/V2 border.

A diagrammatic representation of each of the optical imaging
maps is shown in Figure 5D. Binocular domains (blue dashed
lines) largely overly regions of orientation preference (light
blue regions) and, in V2, luminance-change (green domains)
domains largely avoid regions of orientation preference.

Similar patterns of visually evoked activity were present in
a third case. In Figure 64, a map of orientation preference is
shown. Orientation-responsive domains were apparent in V2
along the V1/V2 border, but this case exhibited weaker stripe-
like organization. More anteriorly within V2, OR stripes merged
and ran into V3. Because of the lack of clear stripes, it was
difficult to discern the width of OR stripes. Between OR stripes,
there were obvious regions that did not exhibit prominent
orientation responsiveness. These regions appeared as holes or
breaks in the OR map. The blue dashed lines in Figure 64
distinguish regions with orientation-selective domains from
those without. Figure 68 shows a map of luminance modula-
tion. The stimulus used in this case is different from the
luminance modulation stimulus used in Figures 4 and 5. This
map is a subtraction of activation due to a full-field luminance
stimulus sinusoidally modulated (4 Hz) minus an unmodulated
blank control of equal average luminance. In this case,
luminance-change domains appeared round or elongated. The
axis of elongated luminance-change domains was oriented
roughly perpendicular to the V1/V2 border as in previous
examples. The locations of binocular domains are shown in
Figure 6C and are circled in blue dashed lines. The binocular

domains in this case appeared oval shaped, the long axis of
which ran perpendicular to the V1/V2 border. In this case, one
binocular domain appeared much larger than the others and
measured approximately 700 pm x 2 mm. Other binocular
domains in this case ranged in size from about 300-600 pum
wide and 800 um to 1.5 mm long and were similar in size to
those in other cases (see Figs 4 and 5).

In Figure 6D, the corresponding region of the visual cortex
stained for CO is shown. In this section, CO-dense regions were
apparent, and there was some impression of a stripe-like
pattern across the width of V2, where the darkest CO-dense
regions appeared thin. When the luminance-change domains
shown in B were aligned with this CO-stained section of the
visual cortex, it was apparent that the majority of luminance-
change domains (green dotted lines) corresponded with the
thinner CO-dense regions of V2.

The diagram in Figure OF illustrates the relative locations of
luminance-change domains (green domains), binocular
domains (blue dashed lines), and OR stripes (light blue
domains). Again, binocular domains (blue dashed lines) largely
overlay regions of orientation preference (light blue regions),
and, in V2, luminance-change (green domains) domains largely
avoid regions of orientation preference.

Intrinsic Signal Timecourse Related to Luminance
Modulation in V2

To further convince ourselves that these luminance domains
were not artifactual, we examined cortical response to
luminance modulation presented at different temporal
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frequencies. Because cortical neurons are known to have
different temporal frequency tuning curves, the response
magnitude of the intrinsic signal should vary with the
population temporal frequency preference. Furthermore,
we predicted that if these luminance domains are true
domains that their location should remain constant regard-
less of temporal frequency optimality. To address these
predictions, we used a temporally varying uniform field of
luminance that oscillated sinusoidally at frequencies ranging
from 0.5 to 16 Hz. We chose this range of temporal
frequencies because these values span those that have been
shown to activate single neurons in V1 of owl monkeys
(O’Keefe et al. 1998) and V2 of macaque monkeys (Levitt
et al. 1994). The majority of neurons in V2 were responsive
to frequencies ranging from 4 to 8 Hz, with fewer neurons
responding to frequencies above or below this range (Levitt
et al. 1994). In V1 of owl monkeys, the temporal frequency
preferences of cells in superficial layers were significantly
lower than in deeper layers (O’Keefe et al. 1998), suggesting
that there may also be layer-specific differences in temporal
response. We predicted 2 results. First, we expected that, at
the locations of the luminance-change domains, we should
obtain significant reflectance changes within the 0.5-16 Hz
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range. Second, given that the imaged response results from
an integration of a population of neurons, that neurons
responsive to wide-field luminance change tend to be tuned
to lower temporal frequencies and that nocturnal animals
such as the owl monkey may have visual systems optimized
for lower contrasts and lower temporal frequencies, we
predicted that the optimal temporal frequency of the optical
signal would be similar or lower than the published single
unit optimum (in macaque thick (4.1 Hz), thin (2.8 Hz), and
pale (3.2 Hz) stripes (Levitt et al. 1994) and in owl monkey
V1 (3 Hz) (O’Keefe et al. 1998)).

In Figure 7, 5 luminance modulation maps are presented
(same case as shown in Fig. 6). Each map is a subtraction map
and represents the activation due to a given temporal
frequency of full-field sinusoidal modulation minus a blank
condition (see Materials and Methods). Temporal frequencies
of 0.5, 1, 4, 8, and 16 Hz are shown in Figure 4 A-E, respectively.
These maps revealed that, as predicted, each of these temporal
frequencies produced significant optical response and that the
locations of luminance-modulated domains are constant across
different temporal frequencies of modulation, demonstrating
localization of luminance-modulated response to these
domains. In addition, luminance-modulated domains appeared
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Figure 7. Signal strength related to luminance modulation. Five luminance-change maps taken from the boxed region shown in Figure 1 are displayed. Each panel is a map of
sinusoidally varying frequencies minus equiluminant blank control. Frequencies are A, 0.5 Hz; B, 1 Hz; C, 4 Hz; D, 8 Hz, and £, 16 Hz. Percent signal change for the 5 maps is shown
below panels B and C. A superpixel placed within a luminance-change domain within V2 is indicated with a small box in each of the maps. In F, the signal strength (% change in
reflectance) from this superpixel for each of the 5 temporal frequencies is shown following 5 s of stimulation. The camera frame shown in A-E is 8 X 8 mm. Scale bar: 1 mm.
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most prominent in the 1 Hz (B) and 4 Hz (C) maps. To quantify
the magnitude of response, a superpixel was placed within
a luminance-change domain (small white square in panels A-E),
and the signal strength at this point was measured after 5 s of
stimulation. The graph shown in Figure 4F demonstrates the
bias toward lower frequencies with the strongest signal change
from a 1-Hz stimulus. Thus, consistent with our expectation,
the locations of luminance activations were constant, modu-
lations ranging from 0.5 to 16 Hz produced significant
activations, and the optimal population response was some-
what lower than the optimal temporal frequencies of pre-
viously published single-unit studies (Levitt et al. 1994).

Luminance Modulation and Binocular Preference
Response in V3

Although the aim of this study was to examine functional
organization in V2, our procedures exposed cortex anterior to
V2, which included the third visual area (V3). Like V2, V3 also
demonstrated the presence of orientation preference domains.
Orientation preference domains in V3 were grouped into large
clusters. In some cases, 2 or more OR stripes in V2 were
observed to merge into these larger clusters of orientation-
responsive domains in V3 (see Figs 34-6A4). The larger clusters
of orientation domains in V3 were often separated by much
smaller gaps lacking OR preference domains (e.g., Fig. 34,
arrow). The gaps in V3 that failed to demonstrate OR domains
were, in some cases, coextensive with regions of V2 lacking
orientation preference domains. As such, some degree of
continuity was evident from V2 to V3 with respect to both
orientation preference domains and regions lacking orientation
preference domains, as previously reported (Xu et al. 2004).

In every case where luminance-change domains were evident
in V2, they were also apparent in V3. For example, 2 oval-shaped
luminance-change domains were evident in V3 in case 07-37L
(Fig. 4B, or light green shading, Fig. 4F). These were of similar size
and shape to those observed in V2 in this case. In another case,
9 smaller oval-shaped luminance-change domains were observed
in V3 (Fig. 5B,D). In this case, the V3 luminance-change domains
were smaller than those in V2. In a third case (Fig. 6B.E),
3 luminance-change domains were apparent in V3. These
domains in V3 were of similar size and shape to those in V2.

Binocular domains were apparent in V3 in each case
examined. For example in Figure 4C, 2 prominent oval-shaped
domains were visible in V3 and appeared “in line” with those in
V2, giving the impression of binocular preferring stripes, that
ran from V2 to V3. In this case, another larger irregularly
shaped binocular domain was evident that appeared continu-
ous across the V2/V3 border. Five binocular domains were
observed in V3 in a second case, shown in Figure 5C,D. In this
case, the binocular domains appeared to alternate with
“monocularly-biased” regions in a zebra stripe-like fashion,
indicated with a light gray oval in Figure 5C. In a third case, 4
binocular domains were observed in V3 (Fig. 6C,E). These
domains were larger than those observed in other cases.

In V3, as in V2, the locations of luminance-change domains
and binocular domains were related. In all cases examined,
luminance-change domains and binocular domains in V3
occupied adjacent or nonoverlapping regions of cortex. These
domains were never found to coincide with each other. For
example, in Figure 4F, 2 luminance-change domains were
observed adjacent to 2 similarly sized binocular domains. This
same relationship was observed in another case (Fig. 5C,D),

where luminance-change domains and binocular domains
interdigitated with one another (see gray oval in Fig. 5C).
In Figure OF, binocular domains were observed next to
luminance-change domains. In V2, luminance-change domains
tended to interdigitate with regions containing orientation
preference and binocular domains. In V3, large regions of
orientation preference domains were apparent, but within
these regions, both luminance-change domains and binocular
domains were typically observed. Hence, in V3, luminance-
change domains and binocular domains were nonoverlapping.
As in V2, binocular domains tended to overly orientation
domains. However, unlike V2, luminance-change domains were
found overlying regions of orientation preference as well as
regions lacking in orientation preference.

Discussion

In the present study, we used optical imaging to reveal aspects
of the modular organization of areas V2 and V3 of New World
owl monkeys. Monkeys are known to have 3 functionally
distinct types of modules in V2, the so-called thick, thin, and
pale stripes, named after their appearance in brain sections
processed for CO. In macaque monkeys, the thick stripes are
most highly activated when both eyes are stimulated (Chen
et al. 2008), and present evidence indicates that this is the case
for owl monkeys as well. In addition, the thin stripes in
macaque monkeys are responsive to changes in luminance
(Wang et al. 2007), and we have demonstrated that the thin
stripes of owl monkeys also have this property. Thus, these and
other properties of the modular organization of area V2 of
anthropoid primates have been retained in 2 distinct lines of
descent for at least 40 million years, even though owl monkeys
became the only nocturnal monkey, having evolved from
dichromatic diurnal New World monkey ancestors, whereas
macaque monkeys are diurnal trichromatic Old World mon-
keys. The conservation of these features over such long periods
of time and over a considerable divergence in other features of
the visual system suggests that the modular organization of V2
in primates, once achieved, has been valuable enough to
remain. Other characteristics of V2, such as the size of this area
relative to the total size of the visual cortex, also seem to have
remained relatively constant (Kaskan et al. 2005). Quite likely,
these and other features of V2 of monkeys have been retained
in humans. These and other aspects of the modular organiza-
tion of V2 of owl monkeys are discussed and compared with
other primates in more detail below. In addition, our evidence
that area V3 of owl monkeys has orientation-selective,
binocular and luminance-change domains is related to previous
findings. Although optical imaging V3 has not been possible in
macaques, where V3 is hidden deep in fissures, it has been
possible to image modular features of V3 in New World owl
monkeys (Lyon et al. 2002; Xu et al. 2004). However, the
present report is the first to demonstrate modular activations in
V3 related to luminance change or binocularity.

Orientation Selectivity and CO Architecture in Owl
Monkey V2

To date, our understanding of the organization of V2 in owl
monkeys comes from 2 lines of investigation. In owl monkeys,
V2 was initially defined by microelectrode recordings (Allman
and Kaas 1974) but was later characterized in sections flattened
and stained for CO (Tootell et al. 1985). In these sections, CO-
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dark stripes alternated with CO-light stripes and were oriented
perpendicular to the V1/V2 border. CO-dark stripes were
spaced about 1-1.5 mm apart, and some noticeably thicker
stripes alternated with thin stripes. In the cases we examined,
CO-dense regions were present in a surround of less heavily
stained tissue, but not all cases exhibited “thick” and “thin” CO
stripes. For instance in Figure 1, CO-dense stripes do not always
cross the width of V2 and are similar in width. However, in
another case (Fig. 4D), CO stripes are alternately thick and thin
and run across the width of V2. Though we observed variability
from case to case in the appearance of CO-dense regions, these
regions were always present in V2. Moreover, CO-dense
regions consistently corresponded to regions of V2 activated
by particular kinds of stimuli. These stimuli were oriented
gratings and gratings presented binocularly (to elicit binocular-
biased activation) and full-field changes in luminance (to elicit
activation related to luminance change).

Previous optical imaging studies of V2 in owl monkeys have
examined the organization of orientation selectivity and
correlated the locations of OR-selective stripes with the CO-
dense thick stripes and neighboring pale stripes (Xu et al. 2004).
In general, our data support these findings. In most cases, well-
organized OR stripes were evident (e.g., see Figs 44 and 5A4). In
parallel to the variability of CO architecture that we observed,
we found variability in patterns of orientation selectivity. Some
cases exhibited well-organized OR stripes (see Figs 44 and 5A4),
but others were less “stripe-like” (Fig. 64). Though orientation
selectivity varied in its organization, patterns of CO expression
paralleled this variability, such that the most “stripe-like”
patterns of orientation selectivity were found in cases with
prominent CO-thick and CO-thin stripes (see Fig. 4). In cases
where OR stripes were not well organized or appeared jumbled,
patterns of CO expression were likewise disorganized (Fig. 6).
The variability in the extent and organization of orientation-
selective domains is paralleled by variability in CO stripes.
Others have also noted the variability of CO stripes in owl
monkeys (Tootell et al. 1985). This variability is not surprising,
given that CO is an enzyme associated with metabolic activity
(Wong-Riley 1989). The variables that influence the develop-
ment of processing modules in V2 also seem to influence
patterns of CO expression, such that functionally related groups
of cells in V2 have corresponding metabolic architectures
revealed through CO expression. The CO thick and pale stripe
organization and related orientation domains are clearly more
variable in owl monkeys than in macaque monkeys (Tootell et al.
1989; Ts’o et al. 2001; Vanduffel et al. 2002; reviewed in Roe
2003 and Roe et al. 2007) or squirrel monkeys (Krubitzer and
Kaas 1990a; Malach et al. 1994), where more regular relation-
ships are observed from case to case. This difference may be
a consequence of an adaptation to nocturnal life by owl
monkeys.

Binocular Domains in Owl Monkey V2

The unique response profiles that disparity-selective neurons
exhibit for different arrangements of receptive fields have been
used to define different types of disparity-selective neurons in
V2 in macaque monkeys (c.f., Poggio et al. 1988). Each type of
disparity-selective neuron is maximally responsive when
a stimulus falls upon both of its receptive fields but shows
significantly reduced spike-firing rates when only one receptive
field is stimulated. We used this difference in firing rate to
identify the locations of cells that show greater responses to
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binocular stimulation than monocular stimulation, thereby
identifying locations more likely to contain disparity-selective
cells. The resulting patterns revealed regions of owl monkey V2
that exhibited greater activity to binocular stimulation than
surrounding regions, and we termed these regions binocular
preference domains. This study provides the first evidence of
binocular preference domains in owl monkeys.

In macaque monkeys, binocular preference domains co-
localize with the thick stripes of V2 (Ts'o et al. 2001), and
binocular preference is believed to reflect the prominence of
disparity-selective neurons in V2 thick stripes (Livingstone and
Hubel 1987; Poggio et al. 1988; Peterhans and von der Heydt
1993; Roe and Ts'o 1995; Ts'o et al. 2001; Bakin et al. 2000).
Indeed, a recent study has directly demonstrated the co-
localization of binocular preference and maps for near-to-far
disparity within the thick stripes of V2 in macaque monkeys
(Chen et al. 2008), providing further evidence for a role of
thick stripes in binocular integration. The correspondence
shown in this study between binocular preference domains and
thick stripes raises the possibility that thick stripes in owl
monkeys are also regions of disparity selectivity, something that
will require further investigation. Although binocular prefer-
ence does not necessarily imply disparity selectivity, it is
consistent with the presence of disparity-selective neurons.
Though the owl monkeys in these experiments did not have
a binocularly converged view of the screen, it is unlikely that
this could have produced an artificial map of binocular
preference for 2 reasons: 1) our findings were consistent from
case to case, despite the fact that the each animal’s eyes were
in different locations on the screen; and 2) relative eye position
effects the location of near and far disparity domains, not the
location of binocular preference domains (Chen et al. 2008).

Our experiments demonstrated the presence of binocularly
biased regions of V2 in owl monkeys and that these binocular
domains overlapped regions of well-organized orientation
selectivity. In cases where CO stripes appeared relatively thick
and thin, binocular domains correlated with the locations of
CO-thick stripes. In owl monkeys, as in macaque monkeys,
binocular domains, OR-selective stripes and CO-thick stripes
share common territories within V2.

In macaque monkeys, CO-dense thick stripes have re-
ciprocal connections with the middle temporal visual area
(MT) (Shipp and Zeki 1985; DeYoe and Van Essen 1985; Shipp
and Zeki 1989). MT, one of the many proposed visual areas that
is recognized as present in all primates (Kaas 1997), is a myelin
and CO-dense area containing a high proportion of direction-
ally selective and disparity-selective neurons (for review, see
Orban 1997; Born and Bradley 2005). In macaque monkeys, the
majority of V2 connections with MT are with regions
characterized as CO-thick stripes. These connections may be
crucial for relaying signals related to disparity to the dorsal
stream area MT, where columns of disparity-selective cells have
been hypothesized to be present (DeAngelis and Newsome
1999). Consistent with this hypothesis, inactivation by cooling
of V2 and the neighboring visual area V3 degrades the disparity
tuning curves of binocular neurons in MT (Ponce et al. 2008).
In some studies of smaller New World monkeys, where it has
been difficult to tell thick from thin, it has been difficult to
discern which type of CO-dense stripes have connections with
MT (Krubitzer and Kaas 1990a). Nevertheless, in these studies,
modular patterns of connectivity are clearly evident between
MT and V2. Our study is consistent with the role of thick



stripes in dorsal pathway function. However, combined optical
imaging and tracer studies in owl monkeys are needed to
directly establish the association between MT and regions of
binocular integration in V2.

Luminance-Change Domains in Owl Monkey V2

We were able to activate regions of V2 in owl monkeys using
sinusoidally modulated wide-field luminance or stimuli con-
taining abrupt changes in luminance. This is the first report of
luminance-change domains in V2 of owl monkeys. In general,
these regions did not overlap with those activated by oriented
gratings and binocular stimulation. In optical imaging maps of
orientation or binocular preference, we typically found spaces
or gaps in the map. By correlating orientation or binocular
preference maps to patterns of activation elicited by changes in
luminance, we discovered that the spaces or gaps in maps of
orientation and binocular preference corresponded to the
locations of cortex activated by luminance modulation.
Furthermore, we discovered that luminance-change domains
correlated to CO-dense stripes or spots. In some cases, we
were able to identify these CO-dense regions as thin stripes. In
other cases, the stripes appeared dense but did not seem to be
thicker or thinner than neighboring CO-dense regions. In these
cases, the prominent “stripe-like” CO architecture was not
present, and V2 appeared as a jumbled collection of CO-dense
ovals or stripes.

To date, there have been no studies on the functional
properties of cells associated with CO-thin stripes in owl
monkeys. In macaque monkeys, thin stripes are associated with
the processing of surface features such as color and luminance
(Hubel and Livingstone 1987; Xiao et al. 2003; Wang et al. 2007;
Roe et al. 2005a; Lu et al. 2007). Optical imaging studies have
demonstrated the presence of hue maps (Xiao et al. 2003; Roe
et al. 2007) and achromatic luminance domains (Roe and Ts'o
1995, Ts'o et al. 2001, Wang et al. 2007) within V2 thin stripes
of macaque monkeys). These maps contain domains of color-
or achromatic-luminance preference. Furthermore, thin stripes
exhibit responsiveness to both luminance and perceived
brightness change (Roe et al. 2005a) and with greater dynamic
range of contrast sensitivity (Lu et al. 2007), consistent with
a preferential role in surface feature encoding. Because owl
monkeys express only one type of cone in the retina, the
medium wavelength or M-cone (Wikler and Rakic 1990; Jacobs
etal. 1993, 1996), we focused on achromatic stimuli containing
only luminance change. Our findings suggest that thin stripes in
owl monkeys may share similar role of processing surface
feature information.

Luminance provides a basic cue to the percept of
brightness, an attribute commonly ascribed to surfaces and
the ventral stream. Cells responsive to full-field stimulation
and changes in luminance may be involved in representing
surfaces. Electrophysiological and optical imaging experi-
ments have provided evidence for the presence of such cells
in V1 (Bartlett and Doty 1974; Kayama et al. 1979; Maguire and
Baizer 1982; Rossi et al. 1996; Kinoshita and Komatsu 2001;
Peng and Van Essen 2005; Roe et al. 2005; Tucker and
Fitzpatrick 2006; Geisler et al. 2007; Hung et al. 2007). Less is
known about luminance-responsive cells in V2, but what is
known suggests that these cells are present in V2 and are
associated with CO-thin stripes in macaque monkeys (Roe
et al. 2005a; Wang et al. 2007; Roe and Ts'o 1995; Ts'o et al.
2001). This literature suggests that thin stripes in owl

monkeys may be involved in processing luminance, and our
data support this conclusion. We have identified patterns of
visually evoked activation in response to luminance change
that correspond to the locations of CO-dense stripes that
typically can be identified as “thin.”

V2 Comparisons with Other Primates—Similarities and
Differences

The majority of optical imaging studies have been carried out in
macaque monkeys, but some studies have investigated V2
organization in marmosets (Roe et al. 2005b; McLaughlin and
Schiessl 2006), owl monkeys (Xu et al. 2004), and squirrel
monkeys (Malach et al. 1994). In species other than macaque
monkeys, the organization of orientation selectivity has been
the focus, and in general, regions of orientation selectivity are
organized in stripes or patches that stretch across the anterior-
posterior extent of V2. For instance, in squirrel monkeys, highly
selective regions of orientation preference are centered on CO-
thick stripes, but orientation preference domains also involve
CO-pale stripes (Malach et al. 1994). In owl monkeys and
marmosets, the “stripe-like” organization of orientation selec-
tivity has been reported previously, and, as in squirrel monkeys
regions of orientation selectivity are centered over CO-thick
stripes, but also “spread” into neighboring CO-pale regions (Xu
et al. 2004; Roe et al. 2005b; McLaughlin and Schiessl 2006). We
have also observed CO-pale regions to exhibit orientation
selectivity that seems continuous with that associated with
neighboring CO-thick stripes.

Our experiments on V2 of owl monkeys indicate that
luminance change regions correspond to gaps between
orientation preference regions and to the locations of CO-
dense stripes or spots, which in some cases appear thinner than
neighboring CO-thick stripes. The luminance-change domains
and neighboring binocular domains that we describe here have
not been reported in other studies of New World monkeys.
Hence, we can only relate this data to what is known about
these functional modules in macaque monkeys, where domains
biased to respond to binocular stimulation correspond to CO-
thick stripes (Ts'o et al. 2001; Chen et al. 2008) and luminance-
change domains correspond to thin CO stripes (Wang et al.
2007). We find the same spatial relationships in New World owl
monkeys, which have not shared a common ancestor with Old
World macaque monkeys in about 40 million years. Despite the
fact that these 2 primates are distantly related and have evolved
on separate continents to occupy nocturnal or diurnal niches,
the organization of V2 is similar in the 2 primates, although the
shapes and sizes of domains are more variable across individuals
in owl monkeys.

Orientation- Preference, Binocular Domains, and
Luminance-Change Domains in V3

V3 is an area along the outer border of V2 that is similar in
shape but more narrow than V2; V3 mirrors V2 in retinotopy
(for review, see Kaas and Lyon 2001). In prosimians (Lyon and
Kaas 2002b), New World marmosets, owl monkeys and titi
monkeys (Lyon and Kaas 2002a), and macaque monkeys (Lyon
and Kaas 2002c), V3 has separate dorsal and ventral halves
along the outer margin of V2 that are similar in architecture
and connections. Optical imaging experiments have verified
the size and location of dorsal V3 in owl monkeys (Lyon et al.
2002). Thus, there is considerable evidence that the luminance-
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change domains and binocular domains we observed anterior
to V2 were indeed in V3.

This is the first study to reveal patterns of visually evoked
activation in V3 related to luminance or binocularity. Previous
studies of the response properties of neurons in V3 in macaque
monkeys have identified cells responsive to luminance,
orientation, and binocular disparity (Felleman and Van Essen
1987; Gegenfurtner et al. 1997). However, little is known about
their functional organization. We found no clear relationship
between functional domains in V3 and patterns of CO
expression in V3, which were quite irregular.

As previously reported (Xu et al. 2004), orientation domains
in V3 form bands that are much wider than those in V2.
However, luminance-change domains and binocular domains in
V3 were similar in size and shape to those in V2. As in V2, in V3,
luminance-change domains and binocular domains occupied
adjacent regions of cortex; these domains were never found in
coregistration, suggesting segregated pathways to and from V3
related to luminance or binocularity, yet luminance-change
domains in V3 differed from those in V2 in that they were
located in regions of V3 where orientation preference domains
were found. Orientation preference domains in V3 were
coextensive, in some regions, with luminance-change domains,
and in others, with binocular domains, suggesting that V3 is
involved with integrating luminance and orientation, and
binocularity and orientation. Further study will be required to
examine the role of V3 in higher order perceptual processes
requiring the integration of information about orientation,
luminance and binocularity.
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