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The Representation of Orientation in Macaque V2: Four Stripes Not Three
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Area V2 of macaque monkeys is traditionally thought to consist of 3
distinct functional compartments with characteristic cortical connec-
tions and functional properties. Orientation selectivity is one property
that has frequently been used to distinguish V2 stripes, however, this
receptive field property has been found in a high percentage of
neurons across V2 compartments. Using quantitative intrinsic cortical
imaging, we derived maps of preferred orientation, orientation selectiv-
ity, and orientation gradient in thin stripes, thick stripes, and inter-
stripes in area V2. Orientation-selective responses were found in each
V2 stripe, but the magnitude and organization of orientation selectivity
differed significantly from stripe to stripe. Remarkably, the 2 pale
stripes flanking each cytochrome oxidase dense stripe differed signifi-
cantly in their representation of orientation resulting in their distinction
as type-l and type-ll interstripes. V2 orientation maps are characterized
by clockwise and anticlockwise “orientation pinwheels”, but unlike
V1, they are not homogeneously distributed across V2. Furthermore, V2
stripes contain large-scale sequences of preferred orientation. These
analyses demonstrate that V2 consists of 4 distinct functional compart-
ments; thick stripes and type-ll interstripes, which are strongly orien-
tation selective and thin stripes and type-l interstripes, which are
significantly less selective for orientation and exhibit larger orientation
gradient magnitudes.
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Introduction

Area V2 in monkeys receives the majority of cortical input from
V1 and projects to a number of higher cortical areas including
V3, V4, and MT (Zeki 1971; DeYoe and Van Essen 1985; Shipp
and Zeki 1985, 1989; Zeki and Shipp 1989; DeYoe et al. 1994;
Felleman, Burkhalter et al. 1997; Gattass et al. 1997). Histologi-
cally, V2 is characterized by repeating cycles of cytochrome
oxidase (CO) dense thick and thin stripes separated by
CO-pale interstripes (e.g., Livingstone and Hubel 1983; Tootell
et al. 1983). Although there are twice as many pale stripes as
dense stripes in each cycle, the 2 interstripes have generally
been grouped together resulting in a tripartite modular organ-
ization. Early single-unit studies supported this tripartite
model with reports of high degrees of functional specialization
across stripes. Color-selective cells were preferentially found in
thin stripes, orientation-selective cells in thick and interstripes,
end-stopped cells mostly in interstripes, and disparity-selective
cells were preferentially found in thick stripes (DeYoe and Van
Essen 1985; Hubel and Livingstone 1987). However, sub-
sequent studies reported only moderate segregation of neur-
onal properties in different V2 stripes, thus challenging the
notion of a strict tripartite functional specialization in V2
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(Peterhans and Heydt 1993; Levitt et al. 1994; Gegenfurthner
et al. 1996; Shipp and Zeki 2002; Friedman et al. 2003). Specifi-
cally relevant to this study, these investigators found a high
preponderance of orientation-selective neurons in each stripe
compartment as well as numerous examples of cells with
joint selectivity for 2 features such as color-direction or color-
orientation.

The tripartite model of V2 is generally supported by func-
tional imaging studies where color-preferring or brightness/
luminance-change loci and maps of hue are localized to thin
stripes (Ts’o et al. 1990, 2001; Xiao et al. 2003; Wang et al.
2007; Lu and Roe 2008; Lim et al. 2009b), orthogonal
orientation-preferring loci are localized to thick stripes and in-
terstripes (e.g., Ts’o et al. 1990, 2001; Xiao et al. 2003), and
differential responses to binocular disparity or motion stimuli
are localized to thick stripes (Chen et al. 2008; Ts’o et al. 2009;
Lu et al. 2010).

Although spatially organized maps of orientation are a key
feature of the functional architecture of area V1 (e.g., Hubel
and Wiesel 1977; Landisman and Ts’o 2002), surprisingly little
is known about how orientation is represented in macaque V2.
While several investigations have derived V2 orientation maps
(e.g., Lim et al. 2009b; Ts’o et al. 2009; Lu et al. 2010), the
spatial organization of and selectivity for orientation across
macaque V2 stripes has not been studied quantitatively. Fur-
thermore, since the degree of orientation selectivity is asymme-
trically represented in the CO-pale stripes in owl monkey V2
(Xu et al. 2004), it is important to determine whether a similar
functional asymmetry exists in macaque V2. Our analyses of
orientation preferred angle, selectivity, and gradient demon-
strate that its representation varies systematically across V2 and
indicates that macaque V2 consists of 4 distinct sets of func-
tional compartments. Portions of these results have been pre-
sented previously (Lim et al. 2009a).

Materials and Methods

General

The general animal preparation and experimental procedures were
carried out using methods described previously (Xiao et al. 2003;
Wang et al. 2007; Lim et al. 2009b). All procedures were consistent
with the guidelines of the Society for Neuroscience for the use of lab-
oratory animals and approved by the Animal Welfare Committee of
University of Texas-Houston Health Science Center. Briefly, 7 long
tailed macaque monkeys (Macaca fascicularis) were prepared for
semichronic optical recording by sterile implantation of custom record-
ing chambers over V2 of both hemispheres. After postoperative recov-
ery, animals began a series of biweekly recording sessions. Animals
were anesthetized with Sufentanil citrate (6-12 pg/kg/h.) and paral-
yzed with pancuronium bromide (0.05 mg/kg/h) delivered by intrave-
nous infusion (10 mL/kg/h.; lactated Ringer's 5% dextrose).



Electro-cardiogram, spO,, end-tidal CO, and temperature were moni-
tored continuously. A craniotomy and durectomy were performed to
reveal portions of areas V1 and V2 adjacent to the lunate sulcus. Eyes
were brought into convergence on the screen of a Trinitron monitor by
custom fit contact lenses and a prism. The whole screen (19 x 14°)
covered the visual field of the recorded portions of V2 (2-7° along the
vertical meridian).

Optical Recording

During recording sessions, the chamber was filled with sterile silicone
oil and sealed with an antireflection coated glass lid. The cortical
surface was illuminated with 605 or 630 nm light that was generated by
a tungsten source (100 W halogen, Zeiss), driven by an ultrastable
power supply (Kepco), and delivered by fiber optics. The cortex was
imaged using one of 2 cooled, slow-scan CCD cameras (Photometrics
CH 250 EEV0206 or Photometrics Quantix EEV0206) using a dual lens
macroscope (Nikon 50 mm, f 1.2). The data from the CH250 camera
(Cases 1, 4-5) consisted of a series of 8 images (focused 0-300 pm
below the surface), beginning before stimulus presentation and conti-
nuing for 3 s through the stimulation period. Image frames were 105

ms in duration and were acquired at a frame rate of 2/s. An interstimu-
lus interval of 10 s allowed cortical activity to return to baseline con-
ditions before the presentation of the next randomized stimulus. The
data from the newer Quantix camera (Cases 3-4) consisted of a series
of 40-50 images of 40 ms duration that were acquired at a frame rate of
10 frames/s. In all experiments, stimuli were repeated 50 times in a
pseudorandom sequence and the respiration-synchronized frames
were averaged to reduce noise. During the recording sessions, differ-
ential single-condition images were calculated to visualize cortical
responses and to optimize data acquisition parameters.

Visual Stimuli and Data Analysis

Visual stimuli were generated using custom software implemented on
one of 2 visual stimulation systems. In Cases 1, 4-5, visual stimuli were
presented using a Silicon Graphics Indigo XZ workstation and CRT
monitor. In Cases 2-3, stimuli were generated using the Visage visual
stimulation hardware/software environment (Cambridge Research
Systems) and were presented on a Hitachi CRT monitor. In both
systems, custom programs enabled the presentation of grating stimuli
of variable spatial and temporal frequencies, luminance contrasts,
average luminance (10-35 cd/mz, and isoluminant chromatic content.
The luminance and chromaticity of the stimulus were calibrated using
a Tektronix J17 LumaColor meter with a J1803 luminance head and a
J1820 chromaticity head, and different chromatic gratings were ad-
justed for equal luminance (within 3%).

Single-condition Responses

Single-condition responses were calculated by comparing pixel values
before stimulus presentation to those occurring during the stimulus
presentation. In Cases 1, 4, and 5, the single-condition response at
each pixel in each frame (105 ms) was calculated as the average devi-
ation from the no-stimulus first frame divided by the first-frame inten-
sity (AR/R). The resultant single-condition responses were filtered by
Gaussian filters of 105 and 1050 ym to remove high and low frequency
noise, respectively. The mean single-condition response to each stimu-
lus condition was calculated as the pixel-by-pixel average of the single-
condition responses observed during the last 4 image frames (1.3-2.9 s).
In Cases 2-3, which used a higher frame rate camera system, single-
condition responses were calculated using the pixel averages from 10
prestimulus frames (1s) and stimulus-driven responses occurring
during the last 3 s of the 4-s long stimulus. As in the other cases, single-
condition images were filtered and the mean response was calculated
during the period 1.3-2.9 s after stimulus onset.

The statistical significance of single-condition responses was calcu-
lated by Student’s #-test (one-way) based on the pixel means and var-
iances observed during the prestimulus and stimulus-driven responses.
The statistical analysis of single-condition responses in Cases 1, 4, and
5 were based on the mean and variance of the first-frame pixel values
across all stimulus conditions in a given data run (typically 4-6 stimuli)

compared against mean and variance of pixel values during the 4
stimulus-driven frames beginning 1 s after stimulus onset (7-9 degrees
of freedom. The statistical analysis of single-condition responses in
Cases 2 and 3 were based on the mean and variance of the 10 prestimu-
lus frames compared with the last 15 stimulus-driven frames beginning
2.5 s after stimulus onset (24 degrees of freedom).

Ocular Dominance and Chromatic-responses

The pattern of ocular dominance in V1 was revealed in the differential
imaging of left eye versus right eye responses to high contrast gratings
(100% contrast; 1-2 cycles/degree, 1-2 cycles/s) averaged across 4
orientations. Color-preferring thin stripes were identified in the differ-
ential images of responses to isoluminant chromatic gratings as com-
pared with luminance-contrast gratings (Xiao et al. 2003). In several
experiments, thin stripes were first identified in differential images and
the spatial organization of hue maps thin stripes were later character-
ized from the statistically significant, peak single-condition responses
to 4-8 isoluminant hue stimuli (see Xiao et al. 2003).

Orientation Maps

The organization and selectivity for stimulus orientation were analyzed
using the vector summation method (e.g., Blasdel 1992). In these
experiments, orientation maps were generated in response to high
contrast luminance sine wave gratings (1-2 cycles/degree), presented
at 2-8 equally spaced orientations with the responses average across
both directions of movement. The calculated single-condition response
to 50 repetitions of each stimulus was expressed as a vector orientation
(6) and all vectors were summed and divided by sum of the absolute
values of the vectors to define a bias vector whose magnitude varied
from 0 (equal responses to all 8) to 1 (response to only 16). The angle
of the resultant bias vector corresponds to the cells preferred orien-
tation. The resultant vector angles were illustrated by color-coded pre-
ferred angle maps. The degree of orientation selectivity was illustrated
separately in gray-scale maps of orientation vector magnitude in which
bright pixels indicated large vector magnitude. The distribution of
orientation selectivity and preferred orientations was then illustrated
through the logical AND of the RGB preferred angle and vector magni-
tude maps (Image)) such that the degree of orientation selectivity was
encoded by the brightness of each pixel color; bright colors indicate
strong orientation selectivity while dark colors indicate poor orien-
tation selectivity.

Support Vector Machine Analysis of Orientation Preferred Angle

and Selectivity

In Cases 2 and 3, calculation of V2 orientation preferred angle and se-
lectivity maps were also calculated using the multivariate, Support
Vector Machine (SVM) method (Xiao et al. 2008). In contrast to tra-
ditional univariate methods that rely solely on the distribution of
response magnitudes for each stimulus, the SVM method utilizes the
correlated variability of responses across the cortical surface to maxi-
mize the information about each stimulus encoded by the spatial distri-
bution of responses to each stimulus. A major advantage of the SVM
method is that the usually noisy “responses” generated by blood
vessels are systematically removed due to their inherent variability. Un-
fortunately, the SVM method could not be applied to the data from
Cases 1, 4, and 5, so comparisons across cases utilize the traditional
method and the SVM maps are only introduced for comparison.

Orientation Pinwbeels

Similar to V1, orientation maps in V2 were characterized by iso-
orientation domains where the calculated preferred angle was rela-
tively constant across the cortical surface. Furthermore, like V1, these
iso-orientation domains often converged at orientation pinwheel
centers. The locations of orientation pinwheel centers were identified
quantitatively using a Matlab routine that identified pixel locations
within the preferred angle map in which preferred angle values pro-
gressed in a complete sequence within a 5 or 7 pixel radius. These
orientation pinwheels were further distinguished as clockwise or antic-
lockwise on the basis of the direction of change in preferred orien-
tation observed around their centers. These pinwheel types are
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indicated by black and white circles centered on the quantitatively
identified pinwheel centers in the preferred angle maps.

Orientation Gradient

The rate of change of preferred angle was expressed in gray-scale
encoded orientation gradient maps in which regions of constant or low
rate of preferred angle change were encoded by dark gray pixels while
regions characterized by rapid changes in preferred angle were
encoded by the brightest pixels. Orientation gradient was calculated
on a pixel-by-pixel fashion as the average change in preferred angle
over a 1-3 pixel radius. Orientation gradient was thus defined as
average preferred angle change over an ~21-66 ym radius (21 pm/
pixel). These orientation gradient maps facilitated the identification of
stripe compartments with high orientation gradients (e.g., type-I inter-
stripes) and also identified regions of rapid orientation change that
often occurred in association with orientation pinwheels and orien-
tation fractures within thick or type-II interstripes stripes or along their
borders with other stripes.

Statistical Analysis of Orientation Map Features

Orientation selectivity within each stripe was quantified by the average
orientation vector magnitude resulting from the vector summation of
single-condition responses at each pixel. In each case, orientation
vector magnitudes were calculated separately for each stripe (e.g.,
thinl, thin2, thickl, thick2, etc.) and the pixel number-weighted
average values were calculated when multiple instances of a stripe-type
were observed in any given hemisphere (e.g., multiple thin stripes).
Similar analyses were performed using the calculate orientation gradi-
ent magnitudes. The nonparametric Wilcoxon’s test of rank order was
then applied to test for the significance of the observed differences in
selectivity between individual stripes and between average differences
between stripe-types.

Since traditional statistical methods depend on the independence of
samples within a population, yet nearby pixels are likely to correlated,
2 statistical approaches were employed to assess the significance of
stripe differences. Since individual pixels represent ~21 pm of cortical
space, adjacent pixels are expected to be highly correlated due to he-
modynamic and light scattering functions that extend ~50 pm.) In the
first method, pixel values within each stripe compartment were ran-
domly subsampled to minimize the probability of locally correlated
samples. Pixel values within individual stripes were subsampled at 30,
10, 3, and 1% and the resultant pixel distributions between stripe pairs
were then evaluated using the Wilcoxon’s test of rank order. Although
each randomly subsampling procedure produced very similar results,
the 10% method was finally chosen in order to both minimize the poss-
ible correlations between adjacent pixels and to minimize the number
of pixels within each sample. Furthermore, very similar results were
observed using a bootstrap statistical method in which the ratio of
average orientation selectivity magnitude was first calculated from the
full sample of pixel values from a given pair of V2 stripe compartments
which was then followed by random assignments of individual pixels
to either of the 2 stripes under investigation. This randomization pro-
cedure was then repeated 10 000 times to form a ranked distribution of
selectivity ratios to which the “real” ration was compared.

The overall significance of the differences in average vector magni-
tude observed in the individual stripe compartments in each case was
evaluated by comparing the vector magnitudes in each stripe compart-
ment across all 4 cases using the nonparametric Kruskal-Wallis test.
The significance of the difference in vector magnitude between
specific stripe-type pairs was evaluated using the nonparametric Wil-
coxon’s rank order test. Similar methods were used for the analysis of
orientation gradient.

Anatomical Method's

In all cases, multiple neuroanatomical tracers were injected into func-
tionally characterized loci. Their positions relative to the orientation
maps were made with reference to the detailed patterns of cortical
surface vasculature. At the termination of the anatomical transport
period, the monkey was deeply anesthetized with Nembutal (75-100
mg/kg, i.v.) and briefly perfused intracardially with saline followed by
4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brain
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was removed from the skull and the occipital operculum was dissected,
unfolded slightly, gently pressed between glass slides, briefly postfixed
in the final cryoprotective solution, and later sectioned in the tangential
plane.

Frozen sections were cut at 31 pm in thickness. The pattern of CO
activity in V1 and V2 was demonstrated according to Wong-Riley and
Carroll (1984). Briefly, free-floating sections were incubated in a large
volume of oxygenated reaction mixture for 5-24 h at 37°C. Sections
were then washed, mounted on subbed slides, and air dried before
dehydration and cover-slipping. The locations of CO dense and pale
regions in V1 and V2 were determined using a computer-interfaced
microscope scoring system or were digitized using a high resolution
flatbed scanner (1200 dpi). The CO-stained sections were used to
compare the optical activation to the CO structure of V2, and to
confirm the injection sites relative to CO stripes. Histological sections
were aligned to cortical functional maps using the pattern of surface
vasculature and the locations of tracer injection sites. In 2 cases, the
first histological sections contained detailed patterns of the surface vas-
culature that were readily aligned to images of the surface vasculature
in vivo. Radially aligned blood vessels, injection sites, and other fine
edge landmarks were used to align multiple histological sections.

Results

Overview

The representation of orientation in different CO-defined V2
stripes was determined in 8 regions from 6 hemispheres of 4
macaque monkeys. In the first case (2 hemispheres; 4 fields of
view), the spatial distributions of the responses to 2 orthogonal
orientations were compared with the distributions of chromatic-
preferring responses to evaluate the relationship of orientation
selectivity to the CO stripe location. In the remaining 4 cases,
quantitative maps of orientation angle preference and orien-
tation selectivity were computed from 4-12 single-condition
images acquired from parafoveal V2 along the dorsal V1-V2
border. In these cases, orientation pinwheels were identified in
the preferred angle maps by determining the pattern of pre-
ferred orientations surrounding each pixel at different radii. Fur-
thermore, maps of the orientation gradient were determined by
calculating the rate of change in preferred orientation within a
100 pm radius of each pixel. In all cases, robust orientation se-
lectivity was observed in V2 thick stripes and a strong asymme-
try in the orientation selectivity was observed in the interstripes
flanking each CO-dense stripe. While robust orientation selectiv-
ity was observed in each interstripe located medial to each thick
stripe, only weak orientation selectivity was observed in the in-
terstripes located lateral to the thick stripes. Following the termi-
nology of Xu et al. (2004) we call these 2 types of interstripes
the type-II and type-I interstripes, respectively. These results de-
monstrate that orientation selectivity varies systematically across
4 functionally distinguishable V2 stripes. Robust orientation se-
lectivity was observed in thick stripes and type-II interstripes,
whereas weak selectivity was observed in thin stripes and type-I
interstripes.

Distribution of Statistically Significant Responses

Across CO Compartments

The distribution of statistically significant responses to moving
oriented gratings was determined by aligning intrinsic optical
responses, referenced to the cortical surface vasculature, to his-
tological sections stained for the demonstration of CO. This
alignment was achieved by recovering the locations of 2-6
neuroanatomical tracer injections in stacks of histological sec-
tions themselves aligned using the pattern of radial blood



vessels that extended across the flattened, tangential sections.
In 2 of these cases, the alignment was further facilitated by di-
rectly recovering the pattern of the cortical surface vasculature
in the most superficial histological sections.

The distribution of significant single-condition responses and
differential orientation responses across CO compartments for
one exemplary case are illustrated in Figure 1. In this case (Case
1; w04102b), 4 neuroanatomical tracer injections were placed
relative to the surface vasculature (Fig. 14) and were recovered
in the CO sections (Fig. 1B-C). A low magnification view of a
CO-stained section in Figure 1B illustrates 5 CO-dense stripes in
this region. The central region containing 3 CO-dense stripes
and 2 CO-pale interstripes corresponds to the field of view of
the remaining functional images (Fig. 1C). The central
CO-dense stripe was identified as a thin stripe on the basis of 2
different observations. First, this CO-dense stripe is coincident
with the spatially segregated isoluminant hue responses (see
insets in Fig. 14) that are characteristic of thin stripes (Xjao et al.
2003). Second, these hue-specific responses were located within
the dark region correspond to the color-preferring region indi-
cated in the differential image comparing red/green isoluminant
responses to luminance-contrast responses (Fig. 1D). In both the
45° (Fig. 10) and 135° (Fig. 1D) single orientation condition
images, robust responses were observed within the flanking
CO-dense thick stripes and within the CO-pale region immediately
medial to the more lateral thick stripe. Although statistically signifi-
cant (P<0.05) responses to individual oriented gratings were ob-
served in each stripe compartment (Fig. 1H), clearly segregated
single-condition responses, characteristic of robust orientation se-
lectivity was only observed within the 2 thick stripes and in the in-
terstripe medial to the lateral thick stripe (Fig. 1G).

Quantitative Analysis of Orientation Selectivity in
Different CO Compartments

The relationships among CO architecture, chromatic-preferring
and orientation-selective domains are illustrated for Case 2
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(s00) in Figure 2. In this hemisphere, 2 distinguishable neuroa-
natomical tracers were injected into V2 and their positions
were recorded with reference to the cortical surface vascula-
ture (Fig. 24). These injection site locations were subsequently
recovered in the stack of histological tissue including the CO
section illustrated in Figure 2B. The alternating pattern of
CO-staining density across the CO-dense and CO-pale stripes
within the rectangular ROI (white box) in this section is illus-
trated as an optical density surface plot in Figure 2C. The cyclical
variation in relative optical density within this ROI demonstrates
the positions of the CO-dense and CO-pale stripes in this case.

Four CO-dense stripes were distinguished as thin or thick on
the basis of (1) the color-preferring responses observed in the
differential image of red/green isoluminant minus luminance-
contrast grating responses (Fig. 2D) and (2) the robust orien-
tation responses in the differential image comparing responses
to 0 and 90° gratings (Fig. 2G). The dark pixels in the red/
green-luminance differential image (dashed black contours;
Fig. 2D) are coincident with the CO-dense stripe on the left of
this figure, whereas the area devoid of the color-preferring acti-
vations coincides with the CO-dense stripe to the right of the
central thick stripe. Conversely, the central CO-dense stripe de-
monstrated robust activations in the 0-90° orientation differen-
tial image (Fig. 2G) that was lacking in the CO-dense (thin)
stripe at the left of this figure. Unfortunately, the red/green-
luminance and the 0-90° orientation differential images only
partially overlap, so it was not possible to determine whether
color-preferring activations were also coincident with the
CO-dense stripe to the right of the central thick stripe in
Figure 2G. On the basis of these response distributions, the
central CO-dense stripe was identified as a thick stripe and the
2 flanking stripes were identified as thin stripes. Finally, the
orientation-specific responses associated with the most later-
ally positioned CO-dense stripe and immediately medial inter-
stripe are consistent with the view that this most lateral stripe is
also a CO-dense thick stripe.
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Figure 1. Statistically significant responses aligned to CO stripes. (A) Cortical surface vasculature used to align functional images to histological tissue. Crosses indicate the
positions of neuroanatomical tracer injections subsequently recovered in tissue sections. Red, green, and blue contours within the black square indicate the cortical positions of
significant isoluminant single hue responses indicated in the functional image inserts below and superimposed on panels D-H. (B) Low magnification view of CO pattern in this
hemisphere. The black rectangle indicates the region corresponding to the imaged portion of this case. (C) CO section corresponding to the imaged portion of the hemisphere.
Orange contours indicate borders of CO-dense stripes. (D) Differential image comparing responses to isoluminant red/green grating and luminance-contrast grating. The
single-condition hue responses align with the color-preferring (dark pixels) of the thin stripe. (E) Single-condition (AR/R) image resulting from stimulation with a moving 45°
luminance-contrast grating moved in both directions. (F) Single-condition (AR/R) image resulting from stimulation with a moving 135° luminance-contrast grating moved in both
directions. (G) Differential image indicating the activation pattern in response to 135-45° gratings. (H) Sum of the statistically significant single-condition activations in response to

45 and 135° gratings. (Case 1; w04/02b).
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Figure 2. Localization of visual responses and orientation selectivity in CO stripes. (A) Cortical surface vasculature indicating the positions of 2 neuroanatomical tracer injections
subsequently recovered in the stack of histological sections. (B) CO section corresponding to the imaged region in panel A indicating the borders of CO stripes from one histological
section. Narrow white rectangle indicates region evaluated for CO optical density in panel C. The positions of the white arrows correspond to the loci indicated by black arrows in
panel C. (C) Relative optical density measured within the white rectangle in panel B. The black arrows indicate the positions of the CO-dense stripes indicated in panel B. (D)
Differential image indicating the color-preferring (dark pixels) and luminance preferring (bright pixels) in response to isoluminance red/green gratings minus luminance-contrast
gratings summed across 4 orientations. Only the medial portion of the field of view in panel A was imaged in this experimental condition. (E) Single-condition (AR/R) image resulting
from stimulation with a moving 0° luminance-contrast grating moved in both directions. (F) Single-condition (AR/R) image resulting from stimulation with a moving 90°
luminance-contrast grating moved in both directions. (G) Differential image of responses to 0° (dark pixels) minus 90° (bright pixels) luminance-contrast gratings. (H) Orientation
vector magnitude map illustrating high orientation selectivity (bright pixels) within the thick stripe (white arrow) and in the type-Il interstripe medial to it (black arrow). Lower
orientation selectivity was exhibited within the 2 thin stripes (gray arrows) and in the type-I interstripe. Small black and white circles indicate the positions of orientation pinwheel
centers. (/) Average orientation vector magnitude calculated from the 10% random sampling within each of the 8 CO stripe and interstripe compartments. The highest vector
magnitude was exhibited by thick stripe 1 and the lowest orientation selectivity was exhibited by thin stripe 2. (J) Normalized average orientation vector magnitude for each CO
stripe-types calculated from the pixel number-weighted average of individual stripes of the same type. As a result, the highest orientation selectivity was observed in the type-Il
interstripe and the lowest selectivity was observed in the thin stripe. (K) Statistical probability of stripe—stripe comparisons based on the nonparametric Wilcoxon test. The dashed

line indicates the P < 0.05 level. Only the interstripe-| versus thin stripe and thick stripe versus interstripe-Il comparisons failed to reach statistical significance. Case 2; s06.

Orientation selectivity was quantified by the orientation
vector magnitude resulting from the normalized vector sum-
mation of the 4 single-orientation responses (vectors) calcu-
lated on a pixel by pixel basis. The resulting distribution of
orientation selectivity and its relationship to the pattern of CO
architecture is illustrated in gray-scale in Figure 2H. In this
and all other cases, the average and distribution of orientation
selectivity in each CO compartment was quantified from all
pixels demonstrating statistically significant (P<0.05) response
to at least one stimulus orientation. In the resulting vector mag-
nitude maps, pixels exhibiting robust orientation selectivity are
bright, while pixels with low orientation selectivity are dark.

In this case, the most highly orientation-selective responses
were observed in the centrally located CO-dense thick stripe
(white arrow) and in the CO-pale stripe (black arrow) immedi-
ately medial to it. High orientation selectivity was also seen in
the lateral CO-dense thick stripe and in the immediately medial
interstripe. In contrast, lower pixel values of vector magnitude
were observed in each thin stripe and in the CO interstripe
lateral to the thick stripe (gray arrow). Statistically significant
orientation-selective responses are also observed within the 2
thin stripes and in the interstripe lateral to the thick stripe. The
asymmetrical distribution in the magnitude of orientation
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selectivity in sequential V2 interstripes is consistent with that
originally reported for V2 of owl monkey (Xu et al. 2004). Ac-
cordingly, the interstripe exhibiting low orientation selectivity
and located lateral to a thick stripe is designated as a type-I in-
terstripe, whereas the high selectivity interstripe located
medial to a thick stripe is designated as a type-II interstripe.
The average orientation selectivity for statistically significant
responses in each cytochrome oxidase stripe compartment is
illustrated by the histogram in Figure 2I. As indicated in the
Materials and Methods, 10% random sampling of pixels within
each stripe compartment was used to summarize stripe tuning
properties and to facilitate the statistical evaluation of the
differences in average vector magnitude between stripes. It
should be noted that the mean and variance of pixel values
was largely independent of sampling strategy (100, 30, 10, or
1%), but the 10% statistics are reported here because they facili-
tate statistical comparisons between ROISs in different CO com-
partments (see Materials and Methods) while maintaining
adequate sampling without excess degrees of freedom. In this
case, orientation selectivity was assessed separately for the 5
CO-defined compartments (Fig. 21). The highest orientation se-
lectivity was observed in the 2 type-1I interstripes (0.344 and
0.350) and in the 2 thick stripes (0.349 and 0.325). In contrast,



Table 1
Statistical significance of each stripe-type and stripe comparison of orientation vector magnitude
for each case and across all 4 cases (right column)

Case 2 3 4 5 All cases

Comparison s06g s07f m32e m3ig

Thin versus Inter-I 0.339 2.15E-03  0.927 0.063 0.4848

Thin versus thick 535E-07  3.16E-11  3.07E-13  0.004 0.018

Thin versus Inter-ll 6.32E-11  8.73E-05  5.76E-37  0.008 6.66E—04

Inter-1 versus Thick 2.73E-04  262E-33  273E-06  1.40E—07  0.0076

Inter-I versus Inter-II 2.00E-06 1.38E-14  3.84E-19 1.07E-06  6.66E—04

Thick versus Inter-Il 0.283 0.022 2.26E-11 0917 0.3543
K/w 0.0038

Inter-I-1 versus Inter-II-1 3.72E-04  1.90E-07 1.64E—06

Inter-I-1 versus Inter-Il-2~ 9.96E—05 0.001

Inter-I-2 versus Inter-II-1 4.34E-03 127E-14  3.11E-13

Inter-I-2 versus Inter-II-2 1.05E-03 4.93E-15

Inter-I-2 versus Inter-II-3 4.20E-10

the lowest orientation selectivity was exhibited by the 2 type-I
interstripes (0.278 and 0.291) and in the 2 thin stripes (0.287
and 0.248).

The normalized average orientation selectivity for each
stripe-type, based on the pixel number-weighted average of
the orientation vector magnitude exhibited by the 2 thin, thick,
interstripe type-1, and interstripe type-Il, is illustrated in the
histogram in Figure 2J. As with the individual stripe orientation
vector magnitudes, the highest normalized orientation selectiv-
ity was observed in the type-II interstripes (1.00) and thick
stripes (0.976), while lower selectivity was observed in the thin
stripes (0.770) and type-I interstripes (0.824). Overall, orien-
tation vector magnitude varied significantly across stripe
compartments (P < 0.0038, Kruskal-Wallis, nonparametric). A
priori, nonparametric tests (Wilcoxon’s rank sum) were then
used to determine the significance of the observed differences
in average orientation vector magnitude between pairs of indi-
vidual stripes and stripe-types (Fig. 2K; see Table 1). Overall,
the type-II interstripes exhibited greater orientation selectivity
than the type-I interstripes (P<2.00x 107%) and thin stripes
(P<6.32x107'Y). The overall difference between type-I and
type-II interstripes was also born out in the comparisons
between individual stripes. Thus, interstripe-I-1 was less selec-
tive than interstripe-II-1 (P<3.72x 10™%) and interstripe-II-2
(P<9.96x107°), and interstripe-I-2 was less selective than
interstripe-1I-1 (P < 4.34 x 107%) and interstripe-II-2 (P < 1.05 x
1073). Similarly, thick stripes were significantly more selective
than both the type-I interstripes (P<2.73x10™%) and thin
stripes (P<5.35 x 1077). Finally, the average orientation selec-
tivity in thin stripes was indistinguishable from the type-I inter-
stripes (P>0.339) and thick stripes were indistinguishable
from type-II interstripes (P> 0.283).

The systematic differences in orientation selectivity between
different CO-dense stripes and CO-pale interstripes are illus-
trated for a second case (Case 3; s07) in Figure 3. In this case,
the positions of 3 neuroanatomical tracer injections, encoded
relative to the cortical surface vasculature were later recovered
in the histological sections (Fig. 34,B) which facilitated the
alignment if the functional images to the pattern of CO archi-
tecture. Unfortunately, the CO histology in this case was sub-
optimal due to a poor postmortem perfusion. The centrally
located CO-dense stripe was determined to be a thin stripe due
to the robust hue and luminance activations in the red/green-
luminance different image (Fig. 3C). This stripe assignment is
also consistent with the distribution of orientation-specific
responses observed in the CO-dense stripes flanking the

central thin stripe in the 45-135° orientation differential image
(Fig. 3D).

Consistent with Case 2, high orientation selectivity, indi-
cated by bright pixels in the orientation vector magnitude map
(Fig. 3E), was observed in the 2 thick stripes and the type-II in-
terstripe located medial to the thick stripe. The average orien-
tation vector magnitudes exhibited by the individual CO-stripe
compartments are illustrated in Figure 3G and the statistical
significance of these differences is illustrated in Figure 3I. The
orientation selectivity of the type-II interstripe (0.297) was sig-
nificantly greater than both type-I interstripe-1 (0.214; P<1.90
x1077) and type-I interstripe-2 (0.195; P<1.27 x 10~ '%). Simi-
larly, the vector magnitude of thick stripel (0.313) was signifi-
cantly greater than type-I interstripe-1 (P<1.17 x10™") and
type-I interstripe-2 (P<3.91 x 1072%). Thick stripe2 (0.341)
was similarly more selective than both type-I interstripe-1
(P<253x107") and type-I interstripe-2 (P<1.96x 107>%).
Finally, the orientation selectivity of the thin stripe (0.247) was
indistinguishable from type-l interstripe-1 (P>0.472) and
type-1 interstripe-2 (P> 0.090).

The normalized average orientation selectivity for each CO
stripe-type in this case is illustrated in Figure 3H. The statistical
significance of the observed differences in orientation vector
magnitude is illustrated in Figure 37 and in Table 1. Similar to
the pattern of orientation selectivity observed in Case 2, the
average orientation vector magnitude in the type-II interstripe
was significantly greater than in the type-I interstripe (P<1.38
x107'%) and the thin stripes (P<8.73x107°). In addition, the
thick stripes were significantly more selective than the type-I in-
terstripes (P<2.62x 107>%) and thin stripes (P<3.16x 1071,
Finally, unlike Case 2, the orientation selectivity observed in this
thin stripe was significantly greater than the average selectivity
of type-I interstripe (P < 2.15 x 1072).

Across 4 cases, a total of 31 stripe compartments were ana-
lyzed quantitatively for their orientation selectivity; 6 thin
stripes, 6 type-I interstripes, 10 thick stripes, and 9 type-II in-
terstripes. The average orientation vector magnitude for each
stripe in each case is summarized in Table 2. In 3 cases, the
largest orientation vector magnitude was observed in a type-II
interstripe (Case 2, 4, and 5), whereas in Case 3, the greatest
orientation selectivity was observed in a thick stripe. The smal-
lest orientation vector magnitude was observed in a type-I in-
terstripe in 2 cases (Cases 3 and 5), in a thin stripe in Cases 2
and 4. The average normalized orientation selectivity for each
stripe-type in each case is summarized in Table 3. In 3 cases
the highest orientation selectivity was observed in type-II inter-
stripes, whereas in Case 3, the highest selectivity was observed
in thick stripes. In 2 cases, the lowest orientation selectivity
was observed in thin stripes (Cases 2 and 4), whereas the
lowest selectivity was observed in the type-I interstripe in
Cases 3 and 5.

Although a complete analysis of orientation selectivity
across stripe compartments was performed in Cases 4 and 5
(summarized in Tables 1-3, this section focuses primarily on
the observed differences in selectivity between the 2 types of
interstripes in these cases. Although the functional imaging In
Case 4 (m32) spanned more than 2 stripe cycles, the CO stain-
ing was ambiguous in the vicinity of thin stripel and type-I in-
terstripel and thus their selectivity has been excluded from
this analysis. The other type-I interstripe was significantly less
orientation selective than type-II interstripe 1 (P<3.11x
107'%), type-Il interstripe 2 (P<4.93x107"%), and type-II
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Figure 3. Orientation selectivity in V2 stripes () Cortical surface indicating the positions of 3 neuroanatomical tracer injections that were subsequently recovered in the stack of
histological sections and used to align the functional maps to the CO sections. (B) CO section corresponding to the imaged portion of the hemisphere. Orange contours indicate
borders of CO-dense stripes. Colored circles indicate the positions of fluorescent tracer injections recorded in stack of histological sections. (C). Differential image indicating the
color-preferring (dark pixels) and luminance preferring (bright pixels) in response to isoluminance red/green gratings minus luminance contrast gratings summed across 4
orientations. The solid and dashed orange contours indicate the borders of the corresponding CO dense stripes from 2 different sections aligned using the pattern of radial blood
vessels and tracer injection sites. (D) Differential image of responses to 45° (dark pixels) minus 135° (bright pixels) luminance contrast gratings. (£) Orientation vector magnitude
map illustrating high orientation selectivity (bright pixels) within the thick stripes in the type-Il interstripes located medially. Lower orientation selectivity (dark pixels) was exhibited
within the thin stripe and in the type-| interstripes. (F) Orientation selectivity map calculated using the Support Vector Machine method. Bright pixels indicate high selectivity and
dark pixels indicate lower orientation selectivity. See text for details. Case 3 (s07I04f). (G) Average orientation vector magnitude calculated for the 6 individual CO stripe
compartments in this hemisphere. (H) Normalized average orientation vector magnitude calculated from the pixel number-weighted sum across the different stripe-types. The
highest orientation selectivity was observed in thick stripes. (/) Statistical probability of stripe—stripe comparisons based on the nonparametric Wilcoxon test. (J) Normalized average
orientation vector magnitude (selectivity) for the 4 CO stripe-type compartments analyzed across all 4 cases. Overall, the highest orientation selectivity was observed within type-Il
interstripes whereas the lowest selectivity was observed in the type-| interstripes. (K) Histogram illustrating the probabilities associated with the a priori pair-wise comparisons
(Wilcoxon’s rank sum test) of the orientation selectivity observed in the different stripe types across all 4 cases. Dashed red line indicates P < 0.05 probability level. All stripe
comparisons, except thin versus type-| interstripe and thick versus type-Il interstripe, reached statistical significance. See text for details.

interstripe 3 (P<4.20 x 107'%). In Case 5 (m31) the type-I inter-
stripe was significantly less orientation selectivity than the
type-II interstripe 1 (P<1.64x 10~%) and type-II interstripe 2
(P<0.00D).

The normalized average orientation selectivity exhibited by
the 4 types of CO compartments across all 4 cases is summarized
in the histogram in Figure 3/. Overall, high normalized orien-
tation selectivity was observed in type-II interstripes (1.00) and
thick stripes (0.932) and lower selectivity was observed in type-I
interstripes (0.721) and thin stripes (0.773). The statistical signifi-
cance of each a priori stripe-type comparison across these 4
cases is summarized in Figure 3K and in the right-most column
in Table 1. Orientation selectivity (vector) magnitude varied
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significantly across stripe-type (P<0.0007; Kruskal-Wallis). A
priori comparisons (Wilcoxon’s rank sum test) were then used to
determine the sources of this overall difference. Type-II inter-
stripes were found to be significantly more orientation selective
than type-I interstripes (P<6.66 x 107", thin stripes (P< 6.66 x
1079, but their selectivity was indistinguishable from thick
stripes (P> 0.3543). Furthermore, type-I interstripes were signifi-
cantly less orientation selective than thick stripes (P <0.0076),
but were indistinguishable from thin stripes (P> 0.4848). When
considered on a case-by-case basis, orientation selectivity in
type-1 interstripes was indistinguishable from thin stripes in 3 of
4 cases. Similarly, orientation selectivity in thick stripes was in-
distinguishable from type-II interstripes in 2 of 4 cases.



Table 2
Average orientation vector magnitude (orientation selectivity) for each stripe in each quantitatively
analyzed case

Case 2 3 4 5
Stripe s06g s07f m32e m31g
Thin-1 0.287 0.247 0.281 0.556
Thin-2 0.248 0.549
Interstripe-I-1 0.278 0.214 0.323 0.491
Interstripe-I-2 0.291 0.195

Thick-1 0.349 0313 0.465 0.642
Thick-2 0.325 0.341 0.321 0.623
Thick-3 0.494

Interstripe-Il-1 0.344 0.297 0.529 0.668
Interstripe-Il-2 0.350 0.545 0.615
Interstripe-II-3 0.557

Table 3

Normalized average orientation vector magnitude in the 4 V2 stripe-type compartments in each
quantitatively analyzed case

Case 2 3 4 5 Average
Stripe s06g s07f m32e m31g

Thin 0.770 0.756 0.519 0.896 0.773
Interstripe-1 0.824 0.620 0.599 0.603 0.721
Thick 0.976 1.000 0.792 0.957 0.932
Interstripe-Il 1.00 0.909 1.000 1.000 1.00

Organization of Orientation Preferred Angle and
Selectivity

The organization of orientation preferred angle and selectivity
was analyzed quantitatively using the previously described
single-condition vector summation method. The preferred
orientation of each pixel was defined as the angle resulting
from the summation of the individual single-condition
response vectors, whereas the degree of orientation selectivity
was defined as the magnitude of this normalized vector sum-
mation. In the following preferred angle and orientation selec-
tivity maps, the preferred angle is illustrated using a 6 or 8
orientation color code. In this section, the organization of
orientation preferred angle and its relationship to CO stripe
compartments is described in 2 cases to illustrate some of the
basic principles underlying the representation of orientation in
V2.

The organization of orientation preferred angle and orien-
tation selectivity in Case 2 (s006) are illustrated in Figure 44-D
The global preferred angle (Fig. 44) and higher magnification
insert of the central full stripe cycle (Fig. 4B) maps illustrate
several important aspects of the representation of orientation
across V2 CO stripe compartments. First, preferred angle
varies smoothly both within each V2 CO stripe compartment.
Second, like V1, preferred angle maps in V2 are characterized
by both clockwise and anticlockwise orientation pinwheel
centers that indicate loci in which a full set of sequentially
ordered iso-orientation domains converge. Third, in addition
to orientation pinwheels, larger sequences of preferred angles
are observed within individual CO compartments and many of
these sequences span across stripe borders. These features of
the representation of preferred angle are discussed below.

In general, each V2 stripe compartment contains a systema-
tic representation of preferred orientation, but stripe-types
differ in the size of iso-orientation domains and in their degree
of orientation selectivity. For example, the centrally located
type-II interstripe and thick stripe in Figure 44,B, contain rela-
tively large iso-orientation domains. The relatively bright

pixels in the corresponding orientation selectivity maps in
Figure 4C and d indicate that these stripes are also highly selec-
tive for their preferred orientation. In contrast, the color-coded
clusters of preferred angle within the type-I interstripe and
thin stripe are smaller than those observed in thick stripes and
type-1I interstripes (Fig. 44,B). In addition, the relatively dim
pixels in the corresponding orientation selectivity map indicate
they are also less orientation selective (Fig. C,D).

Similar to area V1, V2 orientation maps are characterized by
orientation pinwheels that tend to be organized in pairs; in
one set of pinwheels (white circles) orientation changes from 0
to 180° in a clockwise progression, while in the other set
(black circles), orientation changes in an a counterclockwise
order. However, in contrast to V1 where pinwheel center sep-
aration and iso-orientation domain size are largely homo-
geneous, the distribution of orientation pinwheels in V2 is
highly variable within and between stripes. As described in the
next section, the average rate of change of preferred angle is
an important factor that governs pinwheel density and is
largest within thin stripes and type-I interstripes. Although
orientation pinwheels are a critical organizing feature of the
local representation within each CO compartment, their overall
distribution also plays a critical role in determining more
global aspects of orientation sequences within and across V2
stripes.

In addition to local preferred angle sequences dictated by the
largely alternating pattern of clockwise and counterclockwise
pinwheel centers, V2 stripes also contain larger scale sequences
of preferred orientation. Multiple examples of these large-scale
sequences are indicated by the white arrows superimposed on
the preferred angle (Fig. 44) and orientation selectivity maps
(Fig. 4C) as well as on the corresponding enlargements of the
central stripe cycle illustrated in Figure 4B,D, respectively. In
general, each stripe compartment contains multiple examples of
these large-scale orientation sequences. Furthermore, these se-
quences generally “flow” in an orderly, continuous fashion
across adjacent stripes. However, in some instances, these
large-scale orientation sequences reverse order at the stripe
border.

The organization of these large-scale orientation sequences
in this case is best discussed with respect to the enlargement of
the central stripe set illustrated in Figure 4B,D. For example,
the central thick stripe contains multiple orientation sequences
(white arrows) whose preferred angles progress smoothly in a
clockwise order from medial to lateral. One complete orien-
tation sequence is demonstrated by the white arrow at the
bottom of this thick stripe. Specifically, this portion of the
thick stripe contains a sequence that begins at 90° (aqua) and
shifts through 120° (green), 150° (yellow), through vertical
(180°/0°; red), 30° (purple), and ending at 60° (blue). A
similar, more extensive orientation sequence is depicted by the
white arrow located in the central portion of this thick stripe.

Large-scale orientation sequences are also readily observed
within the medially adjacent type-1I interstripe. Similar to the
thick stripe, clockwise progression of preferred angle are dis-
played along the medial to lateral paths. In general, the
large-scale orientation sequences observed within this type-II
interstripe appear to “flow” continuously across the border
with the thick stripe.

The organization of large-scale orientation sequences in
type-I interstripes and thin stripes was generally more complex,
primarily due to the smaller size of iso-orientation domains and

Cerebral Cortex September 2015, V25N 9 2361



Inter-l Thin Inter-ll  Thick

Inter-I1 Thick Inter-1 Thin

medial

Thick  Inter-Il Thick

1 mm

Inter-ll Thin  Inter-|

Inter-I1 Thick Inter-1

lateral

Thick  Inter-Il Thick Inter-I1 Thin  Inter-I

1 mm

Figure 4. Organization of orientation preferred angle and selectivity. (4) Orientation preferred angle map in which the angle of the summed orientation vector is color-coded for
each significantly modulated (P < 0.05) pixel. The black contours indicate the borders of the dense CO stripes (see Fig. 2). The small circles indicate the positions of clockwise
(white) and counterclockwise (black) orientation pinwheel centers. White arrows indicate large-scale orientation sequences within each CO stripe compartment. (B) Enlargement of
the region bounded by the dashed white rectangle in the map of preferred angle in panel A. (C) Orientation selectivity map in which the brightness of each color-coded preferred
angle indicates the degree of orientation selectivity (orientation vector magnitude). Bright pixels exhibit high orientation selectivity whereas dark pixels are poorly selective for
orientation. (D) Enlargement of the central portion of the preferred angle map in panel C enclosed by the dashed white rectangle. Case 2 (s06). (£) Orientation preferred angle map
illustrating the orientation pinwheels and larger scale orientation sequences across the CO stripe pattern (black contours) in Case 4 (m32). (F) Enlargement of the lateral dashed
white rectangle in panel E highlighting the organization of preferred angle in the thick stripe and adjacent type-ll interstripe. (G) Enlargement of the medial dashed white rectangle
from panel E highlighting the orientation sequences within the central thick stripe and adjacent type-ll interstripe. (H) Corresponding orientation selectivity map from Case 4
illustrating locations of orientation pinwheel centers and large-scale orientation sequences relative to CO stripe borders (orange contours). (/) Enlargement of the lateral dashed

white rectangle from panel H. (J) Enlargement of the medial dashed white rectangle in panel H.

somewhat higher pinwheel center density. Nevertheless, clear
examples of large-scale orientation sequences were observed in
this case. For example, a long sequence that progressed from
~30° (purple), 90° (aqua), 180°/0° (red), and repeated the se-
quence through 135° (yellow) is illustrated by the white arrow
in the lower portion of the type-I interstripe. In contrast to the
type-1I interstripe/thick stripe border, the order of this orien-
tation sequence appears to reverse at the thick stripe border.
However, sequence reversal is only seen in this lower portion of
the stripe, whereas largely continuous orientation progression
is seen in the upper portion of the type-I interstripe/thick stripe
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border. Finally, multiple large-scale orientation sequences are
observed in the thin stripe with more simple progression
located anteriorly and more complex, mirror-symmetrical se-
quences located posteriorly.

Similar patterns of orientation preferred angles, orientation
selectivity, orientation pinwheels, and large-scale orientation
sequences were observed in Case 4 (m32; Fig. 4E—-)). The
orientation preferred angle and orientation selectivity maps,
extending across nearly 2 full stripe cycles, are illustrated in
Figures 4G, H, respectively. The preferred angle and selectivity
maps from the lateral thick and type-II interstripes are illustrated



in Figure 4F]I, respectively. In addition, a close-up view of the
preferred angle and selectivity of the more medially situated
thick, thin and intervening type-II interstripe are illustrated in
Figure 4G,J, respectively. As in Case 2, large iso-orientation
domains and distinct large-scale orientation sequences were ob-
served within the type-II interstripes and thick stripes. This case
further demonstrates how stripe borders impact orientation pre-
ferred angle sequences. For example, the preferred angle se-
quence is largely continuous across the type-II interstripe/thick
stripe border in Figure 4F, whereas the sequence of preferred
angles appears to reverse along this type of border in the more
medially situated stripe pair (Fig. 4G). Finally, this figure also
demonstrates that the preferred angle can also progress in paral-
lel, as indicated by the white arrows along the anterior portions
of this type-II interstripe/thick stripe border.

Orientation Gradient and its Relationship to Vector
Magnitude

The magnitude of the orientation gradient quantifies, for each
pixel, the average rate of change of preferred angle calculated
over a ~21-63 pm radius and averaged over 4 directions.
Orientation gradient magnitude varies from a minimum of
~0°/100 pm within the center of large iso-orientation domains
to a maximum of 90° when a pixel is surrounded by pixels
with maximal preferred angle differences. The relationship
between orientation gradient and CO-compartment was visual-
ized in gray-scale maps in which dark pixels represent low rate
of change in preferred angle while bright pixels indicate a high
rate of preferred angle change. High rates of preferred angle
change were associated with orientation pinwheel centers,
orientation fractures associated with rapid changes of pre-
ferred angle within and/or between CO-stripe compartments,
and relatively rapid changes in preferred angle associated with
small iso-orientation domains within thin stripes and type-I in-
terstripes. In this section, the relationships between orientation
gradient and orientation selectivity as a function of CO com-
partment are illustrated for 2 cases. The section concludes with
a summary of the relative magnitude of orientation gradient
across CO stripe-types in all 4 cases and the statistical analysis
of CO-stripe differences in orientation gradient magnitude.

The relationships among orientation gradient magnitude,
orientation vector magnitude, and CO-compartment from Case
2 is illustrated in Figure 54-G. The orientation gradient map
(Fig. 54) and the higher magnification insert covering the
central 4 stripe compartments (Fig. 5B) demonstrate that rela-
tively low average gradient magnitudes are found within the
thick stripe and type-II interstripe (dark pixels) and somewhat
higher average gradient magnitudes are found within the thin
stripe and type-I interstripe (bright pixels). These panels also
illustrate that the clockwise (white circles) and anticlockwise
(dark circles) orientation pinwheel centers are almost exclu-
sively located within bands of high orientation gradient.
However, not all regions of high orientation gradient contain
orientation pinwheel centers.

The orientation vector magnitude maps (Fig. 5C-D) are
illustrated here to highlight the near complementary relation-
ship between orientation gradient magnitude and orientation
selectivity. In general, regions of low gradient magnitude are
associated with high orientation vector magnitude. This
relationship is most obvious in the central thick stripe
(compare Fig. 5C-D) where the region of high orientation

selectivity and bright, smoothly varying preferred angle (see
orientation sequences in Fig. 4C-D) exhibit very low gradient
magnitude. Conversely, the portions of the type-I interstripe
and thin stripe that exhibit high orientation gradient magni-
tudes are associated with low vector magnitude.

The average orientation gradient magnitude observed within
each of the 7 CO stripe compartments in this case is illustrated in
Figure 5E. The largest average orientation gradients were ob-
served in thin stripe 2 (46.35°/100 pm) and type-I interstripe-2
(41.98°/100 pym). The type-I interstripe exhibited the third
largest gradient magnitude (32.59°/100 pm), whereas the lowest
gradient magnitudes were observed in type-II interstripe-1
(29.36°/100 pm) and thick stripe 1 (31.77°/100 pm).

The normalized orientation gradient magnitude observed
within the 4 CO stripe-types indicates that the type-I interstripe
(1.00) and thin stripe (0.983) had the largest normalized gradi-
ent magnitudes, whereas the type-II interstripes (0.770) and
thick stripe (0.808) had the smallest relative orientation gradient
(Fig. 5F; see Table 4). A priori, nonparametric tests (Wilcoxon’s
rank sum) were then used to determine the significance of the
observed stripe differences. The gradient within type-I inter-
stripes was significantly greater than in type-II interstripes (P<
0.013) and thick stripes (P<0.039), but was indistinguishable
from the gradient observed in the thin stripe (P>0.879). Fur-
thermore, the overall difference in orientation gradient observed
for type-I and type-II interstripe types was observed in 3 of 4
possible stripe comparisons; type-I interstripe-1 had a larger
gradient than both type-II interstripe-1 (P<4.49x10™°%) and
type-1II interstripe-2 (P < 0.043), whereas type-I interstripe-2 was
significantly different from type-II interstripe-1 (P<2.26x
1077, but was indistinguishable from type-1I interstripe-2 (P>
0.229). Finally, the orientation gradient of thick stripes was sig-
nificantly lower than thin stripes (< 0.018), but was indistin-
guishable from that of type-II interstripes (P> 0.660).

Case 3 illustrates a similar pattern of orientation gradient
magnitude and orientation selectivity as a function of CO com-
partment. In this case (s07), the low magnification (Fig. 5H)
and higher magnification (Fig. 50 orientation gradient maps
illustrate relatively low average gradients within the thick
stripes and type-II interstripe (dark pixels) and higher average
gradients within the thin stripe and type-I interstripes (bright
pixels). Similar to Case 2, orientation gradient magnitude was
generally complementary to the magnitude of orientation se-
lectivity. For example, the CO stripes exhibiting high orien-
tation selectivities, indicated by bright pixels in the orientation
selectivity maps (Fig. 5/,K), exhibit low orientation gradients,
indicated by dark pixels in the gradient maps (Fig. 5H,D).

The average orientation gradient exhibited within the 6 CO
stripes in this case is illustrated in the histogram Figure 5L. The
highest orientation gradients were observed in type-I
interstripe-1 (31.23°/100 pm) and type-I interstripe-2 (28.42°/
100 pm). Conversely, the lowest gradients were observed in
thick stripe-2 (22.86°/100 um), thick stripe-2 (24.6°/100 pm),
and interstripe-II (24.03°/100 pm). The normalized orientation
gradient, calculated for the 4 CO stripe-types is illustrated in
Figure 5M. As expected from the single-stripe data, the largest
normalized gradients were observed in the type-I interstripe
(1.00) and thin stripe (0.907) and the smallest gradients were
observed in the thick stripe (0.803) and type-1I interstripe
(0.813). The statistical significance of these stripe differences is
illustrated in Figure 5/V. Similar to Case 2, the type-I interstripe
orientation gradient magnitude was significantly greater than
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Figure 5. Relationship between orientation gradient and CO stripe compartments. (4) Orientation gradient map illustrating the local rate of change of preferred angle. The preferred
angle gradient was calculated for each pixel across 4 directions across a 64-um radius (2 pixels). Bright pixels indicate a higher rate of local change in preferred angle.
(B) Enlargement of the central portion of the orientation gradient map indicated by the dashed white rectangle in panel A. Higher orientation gradient magnitude was exhibited by the
thin stripe and type-| interstripe in this cortical region. (C) Orientation vector magnitude map corresponding to panel A that illustrates the largely complimentary relationship between
orientation gradient and vector magnitude. (D) Enlargement of the dashed white rectangle in panel C highlighting the orientation selectivity within the central 4 stripe compartments.
(E) Histogram illustrating the average orientation gradient exhibited by the 8 stripe compartments illustrated in panel A. Higher average rates of preferred angle change were observed
in the 2 thin stripes and type-| interstripes as compared with thick stripe and type-Il interstripe. (F) Histogram illustrating the normalized average orientation gradient of the 4
stripe-types in Case 2. The highest average rate of preferred angle change was observed in the type-l interstripe and the lowest orientation gradient was observed in the type-Il
interstripe. (G) Statistical probability of stripe—stripe comparisons based on the nonparametric Wilcoxon test. The dashed line indicates the P < 0.05 level. See text for details. (H)
Orientation gradient map illustrating the local rate of change of preferred angle relative to the CO stripe borders from 2 histological sections (dashed white contours). The preferred
angle gradient was calculated across a 42-um radius (2 pixels) and expressed as angle change/100 um. (/) Enlargement of the central portion of the orientation gradient map
indicated by the dashed white rectangle in panel H. Higher orientation gradient magnitude was exhibited by the thin stripe and type-I interstripe in this cortical region. (J) Orientation
vector magnitude map corresponding to panel H that illustrates the largely complimentary relationship between orientation gradient and vector magnitude. (K) Enlargement of the
dashed white rectangle in panel J highlighting the orientation selectivity within the central 4 stripe compartments. (L) Histogram illustrating the average orientation gradient exhibited
by the 6 stripe compartments illustrated in panel H. Higher average rates of preferred angle change- interstripe. (M) Histogram illustrating the normalized average orientation gradient
of the 4 stripe-types in case 3. The highest average rate of preferred angle change was observed in the type-l interstripe and the lowest orientation gradient was observed in the thick
stripe. (V) Statistical probability of stripe—stripe comparisons based on the nonparametric Wilcoxon test. See text for details. (O) Normalized average orientation gradient magnitude
for each stripe-type across the 4 cases. Overall, the largest orientation gradient was observed in thin stripes and the lowest gradient was observed in type-ll interstripes. Orientation
gradient varies significantly across CO stripe compartments (P < 0.0005; Kruskal-Wallis nonparametric test). (P) Histogram illustrating the probabilities associated with the pair-wise
comparisons of orientation gradient magnitude between different CO stripe compartments across all 4 cases. Dashed line indicates P < 0.05. See text for details.
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the gradient of type-II interstripes (P<8.32 x 107°®) and of
thick stripes (P<9.40 x 10~'Y). Unlike Case 2, the orientation
gradient magnitude in the Case 3 thin stripes was significantly
smaller than type-I interstripes (P<7.35x 10™°%), but was in-
distinguishable from that observed in the type-II interstripes
(P>0.001).

The average orientation gradient for each stripe-type in the
4 cases is summarized in Table 5. Furthermore, the average
normalized orientation gradient for each stripe-type in these 4
cases is illustrated in the histogram in Figure 50 and is sum-
marized in Table 4. In 2 of the 4 cases, the largest orientation
gradient was observed in thin stripes whereas in the 2 other
cases the largest average gradient was observed in the type-I
interstripe. Furthermore, in 2 of the 4 cases the smallest
average gradient magnitude was observed in type-II inter-
stripes, whereas in the other 2 cases the smallest gradient was
observed in the thick stripe.

The statistical significance of the comparisons of gradient mag-
nitude between stripe-types in the 4 cases is illustrated in
Figure 5P and summarized for each case in Table 6. Overall,

Table 4
Normalized average orientation gradient magnitude in the 4 stripe-types in each of 4 quantitatively
analyzed cases

Case 2 3 4 5 Average
Stripe s06 s07 m32 m31

Thin 0.983 0.907 1.00 1.00 1.00
Interstripe-1 1.00 1.00 0.79 0.97 0.948
Thick 0.808 0.803 0.81 0.75 0.790
Interstripe-ll 0.770 0.813 0.68 0.80 0.768
Table 5

Average orientation gradient magnitude for each stripe in each quantitatively analyzed case

Case 2 3 4 5
Stripe s06 s07 m32 m31
Thin-1 35.10 26.80 2731
Thin-2 46.35 2571 27.50
Interstripe-I-1 41.19 31.23 26.72
Interstripe-I-2 41.98 28.42 20.41

Thick-1 31.77 24.66 21.64 21.97
Thick-2 35.79 22.86 20.09 16.27
Thick-3 21.04

Interstripe-Il-1 29.36 24.03 12.63 22.84
Interstripe-Il-2 35.24 21.86 19.19
Interstripe-II-3 17.14

orientation gradient magnitude was found to vary significantly
across V2 stripe type (P<6.28 x 10~% Kruskal-Wallis). A priori
nonparametric comparisons (Wilcoxon’s rank sum test) were
then used to determine the sources of this overall difference in
orientation gradient magnitude and to determine the significance
of stripe-type differences within each case. A total of eleven
interstripe-type pairs were evaluated for the significance of the
differences in average orientation gradient magnitude. Only in 2
of these comparisons did the magnitude difference fail to meet
statistical significance (Case 2 Interstripe-I-2 vs. Interstripe-1I-2;
P>0.229 and Case 4 Interstripe-I-2 vs. Interstripe-II-2; P> 0.665).

When examined across all 4 cases, the orientation gradient
magnitude of thin stripes was significantly greater than type-I
interstripes (P < 0.017), thick stripes (P < 0.001), and type-II in-
terstripes (P< 1.20 x 107>). Furthermore, the type-I interstripe
gradient was significantly greater than thick stripes (P < 0.030)
and type-II interstripes (P < 0.018). Finally, the average gradi-
ent magnitude of thick stripes was indistinguishable from that
of type-II interstripes (P> 0.387).

V2 Stripe-types Differ in Their Orientation Selectivity and
Gradient Magnitude

In the previous sections, the 4 CO stripe compartments were
distinguished separately on the basis of their orientation selec-
tivity and orientation gradient magnitude. In this section, these
2 properties are plotted together in order to determine
whether and how these stripe-types can be distinguished in
this multidimensional space. Two individual cases are illus-
trated in Figure 6 along with the average result from the 4
cases in which orientation gradient was computed using 4
stimulus orientations. In Case 2 (Fig. 64), the 4 stripe-types
were largely segregated into 2 clusters; one consisting of the
thin and type-I interstripe that exhibited lower orientation
magnitude and higher orientation gradient magnitude, and a
second cluster consisting of the thick stripe and type-II inter-
stripes that exhibited higher orientation selectivity and lower
orientation gradient magnitude. The overall cluster pattern ob-
served in Case 3 (Fig. 6B) was similar to case 2 except that the
type-1 interstripe was the least orientation selective, the thin
stripe had a slightly smaller orientation gradient, and the thick
stripe was the most orientation selective.

The normalized, average orientation selectivity and orien-
tation gradient magnitude of these 4 stripe-types across all 4
cases is illustrated in Figure 6C. Overall, type-1I interstripes ex-
hibited the highest orientation vector magnitude and the
lowest orientation gradient magnitude, whereas the type-I

Table 6

Statistical significance of each stripe-type comparisons of orientation gradient magnitude for each case and across all 4 cases (right column)

Case 2 3 4 5 All cases

Comparison s06 s07 m32 m31

Thin versus Interstripe-I 0.879 7.35E-04 0.043 0.340 0.017

Thin versus Thick 0.018 0.031 6.63E-04 2.29E-08 0.001

Thin versus Interstripe-Il 0.005 0.061 1.00E-12 1.31E-08 1.20E-03

Interstripe-I versus Thick 0.039 9.40E-11 0.670 0.001 0.030

Interstripe-I versus Interstripe-II 0.013 8.32E-08 3.94E-04 5.10E-04 0.018

Thick versus Interstripe-Il 0.660 0.865 5.15E-07 0.771 0.397
K/w 6.28E—04

Inter-I-1 versus Inter-II-1 4.49E-05 2.38E-08 0.009

Inter-1-1 versus Inter-II-2 0.043 1.8E-05

Inter-I-2 versus Inter-II-1 2.26E-07 1.03E-04 9.24E-10

Inter-I-2 versus Inter-II-2 0.229 0.665

Inter-1-2 versus Inter-I1-3 0.033
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Figure 6. V2 stripe-types distinguished by vector magnitude and orientation gradient. (A) Normalized average orientation vector magnitude versus normalized orientation gradient
for 4 stripe-types in Case 2. The 4 stripe types form 2 clusters. The thin and type-l interstripe cluster is characterized by low orientation selectivity and high orientation gradient. The
thick and type-ll interstripe cluster is characterized by higher orientation selectivity and lower orientation gradient. (B) Normalized average orientation vector magnitude versus
normalized orientation gradient for 4 stripe-types in Case 3. Compared with Case 2, the type-l interstripe in Case 3 had lower orientation selectivity, giving the appearance of a
weaker clustering with the thin stripe. See text for details. (C) Normalized average orientation vector magnitude versus normalized orientation gradient for 4 stripe-types across all 4
cases. (D) Plot of the probability values associated with a priori pair-wise comparisons (Wilcoxon's rank sum test) of orientation vector magnitude and orientation gradient
magnitude between stripe-types across 4 cases. Dashed lines indicate P < 0.05 value for each metric. Three of the 6 stripe-type comparisons were statistically significant for bath
orientation selectivity and gradient magnitude and thick stripes and thin stripes were only distinguishable by orientation selectivity. The comparisons of thick stripes versus type-Il
interstripes and thin stripes versus type-l interstripes were not significant for either orientation selectivity or gradient.

interstripes were the least orientation selective and thin stripes
had the largest orientation gradient magnitude. In 3 of the 4
cases, the thick stripes were slightly but significantly less orien-
tation selective than the type-II interstripes and in 3 of the 4
cases also had significantly higher orientation gradient magni-
tude. The overall statistical significance of the pair-wise stripe-
type comparisons of orientation selectivity and gradient mag-
nitude is summarized in Figure 6D. This figure demonstrates
that 3 of the 6 stripe-types comparisons were statistically sig-
nificant for both orientation selectivity and gradient magni-
tude. However, thick stripes and thin stripes were only
distinguishable by their orientation selectivity. Finally, the
comparisons of thick stripes to type-1I interstripes and thin
stripes to type-I interstripes were not statistically significant for
either orientation vector magnitude or orientation gradient.

Discussion

Representation of Orientation in V2: 4 Stripe
Compartments not 3

Quantitative analysis of the representation of orientation in V2
revealed several organizational features that are common to
several cortical areas and some features that may be unique to
area V2, perhaps due to its characteristic CO stripe architec-
ture. As in V1, the representation of orientation in V2 is charac-
terized by iso-orientation domains which tend to converge at
orientation singularities (pinwheel centers) that are generally
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organized into complementary pairs characterized by clock-
wise and anticlockwise sequences of orientation change (e.g.,
Bartfeld and Grinvald 1992). However, unlike V1 where orien-
tation is homogeneously mapped across the cortical surface,
the representation of orientation in V2 is more heterogeneous.
This heterogeneity is manifested in systematic differences in
orientation selectivity, iso-orientation domain size, distri-
butions of orientation pinwheels, and large-scale orientation
sequences that differ across the CO stripes.

Orientation Selectivity

In contrast to prevailing views of the organization of V2, the
current results indicate that macaque V2 consists of 4 distinct
functional compartments. Specifically, these results indicate
that the interstripes that flank each CO dense stripe are not
functionally equivalent to each other since they differ pro-
foundly both in the selectivity for oriented contours and in the
fine structure of their orientation maps. The most robust orien-
tation selective responses were observed in thick stripes and in
a subset of interstripes. In agreement with the pioneering
investigation of orientation selectivity in owl monkey V2 (Xu
et al. 2004), only one set of macaque interstripes exhibited
robust orientation selectivity. Consistent with the terminology
introduced by Xu et al. (2004) type-1I interstripes, located
medial to thick stripes, exhibited robust orientation selectivity,
whereas type-I interstripes, located lateral to thick stripes,
exhibit weak orientation selectivity.



Orientation Gradient

The rate of change of orientation (orientation angle gradient)
also differentiates the 2 types of interstripes from each other
and thus further distinguishes the 4 functional compartments
in V2. In both thick stripes and type-1I interstripes, preferred
orientation bands tend to be large and to vary smoothly along
the stripe axis except for regions of rapid angle change (orien-
tation fractures). In contrast, iso-orientation domains in thin
stripes and type-I interstripes are smaller and thus preferred
orientation angle changes more rapidly across the cortical
surface.

The joint distribution of orientation selectivity (orientation
vector magnitude) and rate of orientation angle change (orien-
tation gradient magnitude) provides a powerful method to dis-
tinguish different V2 stripe compartments in vivo. As
summarized in Figure 6, these 2 parameters can readily dis-
tinguish thin stripe/type-I interstripes from thick stripe/type-II
interstripes. Additional response features are generally necess-
ary to distinguish the stripe types within each of these 2 clus-
ters. It is generally accepted that color-preferring domains and
spatially organized hue maps are only found in V2 thin stripes
(Xiao et al. 2003; Wang et al. 2007; Lu and Roe 2008). There-
fore, the localization of these color/hue features in V2 func-
tional maps can lead to the clear distinction of thin stripes from
type-I interstripes.

Additional Stripe-specific Selectivities

The in vivo distinction of thick stripes from type-II interstripes
is somewhat more difficult when considering only color/hue
and orientation responses. These 2 stripe types tend to differ in
the locations and density of orientation pinwheels. Orientation
pinwheels are rarely observed within the body of type-1I inter-
stripes, while multiple pinwheel centers are often observed in
thick stripes. V2 thick stripes can also be readily distinguished
from type-II interstripes by the systematic representation of
binocular disparity that has been observed only in thick stripes
(Ts’o et al. 2001; Chen et al. 2008). Finally, the consistency in
the order of stripe types observed in these and other exper-
iments indicates that if the location of a thin stripe can be ascer-
tained, then a type-II interstripe will be located immediately
lateral to it.

Additional Evidence for 2 Types of V2 Interstripes

Several lines of evidence have previously indicated that the 2
interstripes within each CO stripe cycle are not equivalent,
thus raising the possibility that V2 consists of 4, not 3, func-
tional compartments. In their combined optical imaging and
single-unit mapping study, Roe and Ts’o (1995) reported that
each V2 stripe contained a well ordered topographic map that
was discontinuous at sits borders, resulting in the remapping
of visual space for each stripe within a given stripe cycle. Unex-
pectedly they found that neurons in the interstripes medial to
color (thin) stripes (type-I) generally had smaller RF scatter
and smaller receptive fields than neurons located in the inter-
stripes lateral to the color (thin) stripe (type-II). Subsequently,
Shipp and Zeki (2002) found that multiunit activity in the core
of the interstripe and marginal (border) zone lateral to thin
stripes had slightly lower levels of orientation selectivity,
higher levels of color selectivity, and more frequent length
antagonism compared with the marginal zone and interstripe
medial to the thin stripe (type-I interstripe).

It is difficult to reconcile the current evidence of robust
orientation selectivity and high orientation gradient magnitude
with the results of Shipp and Zeki (2002). The intrinsic optical
recording method employed in this study provides an estimate
of orientation selectivity that is largely the product of individ-
ual neuron tuning for orientation and a spatial averaging func-
tion that is limited by the hemodynamic properties of the
cortical tissue. In contrast, estimates of orientation selectivity
based on single- and multi-unit recording are largely due only
to the tuning properties of individual neurons. Therefore, the
optical recording method provides a population estimate of
neuronal tuning that is biased by the local organization/clus-
tering of neuronal properties. Thus, while microelectrode re-
cording estimates of percentage selectivity may demonstrate
subtle differences between stripe compartments, the optical re-
cording method will either amplify or minimize these differ-
ences in neuronal tuning according to the local clustering of
those features.

Evidence for asymmetrical projections from V1 to inter-
stripes flanking CO-dense stripes was first reported by Federer
et al. (2009) in their study of V1 projections to V2 in marmoset
monkeys. The results demonstrated both tangential and
laminar differences in the V1 projections to paleyq (our
type-1D) and paley,, (our type-D) interstripes. Following injec-
tions into both interstripe types, the majority of labeled cells
were located in layer 2/3 of V1 but cells labeled after pale,eq
injections were located closer to V1 interblob centers and in all
cases (4 of 4) avoided V1 blob centers. In addition, paley,, but
not pale,,.q, injections resulted in small numbers of labeled
cells in layers 4B and 5/6 of V1. (4B projections accounted for
4.3% following thin stripe, 9% following paley,,, and 24% fol-
lowing thick stripe injections).

Recently, Federer et al. (2013) reexamined the V1 projec-
tions to V2 interstripes using both “blind” and intrinsic optical
imaging-guided minute injections of multiple neuroanatomical
tracers. In contrast to the findings of Sincich et al. (2010), the 2
interstripes flanking each CO-dense stripe were found to differ
in both the relative contribution of projections from layer 4B
and in the relative density of the inputs from layer 2/3. Specifi-
cally, they reported that the interstripe (type-I) located lateral
to each thick stripe (paley,) received ~16 + 4.5% of its V1 input
from layer 4B, whereas the interstripe (type-II) medial to the
thick stripe (pale,,.q) only received ~1.7 £ 0.9% of its V1 input
from layer 4B (P < 0.0014; Mann-Whitney U test). Additionally,
the paley, interstripe was found to receive a more robust input
from layer 2/3 than the pale),q stripe. The differences in the
layer 4B V1 projection to V2 interstripes are largely consistent
with the previous report from marmosets (Federer et al. 2009),
differing primarily in that marmoset medial interstripes re-
ceived essentially no input from layer 4B.

These results differ from those of Sincich et al. (2010) who
did not observe different V1 projection patterns following retro-
grade tracer injections into interstripes medial (72 =4) and lateral
(1 =4) to thick stripes in macaque V2. The differences in V1 pro-
jection patterns reported by these 2 groups of investigators may
be due to the significantly smaller tracer injections used by
Federer et al. (2013) (50 vs. 140 nl) which resulted in much
smaller injection site diameters (0.3 vs. 1.0 mm). Perhaps these
smaller injections were more restricted to the narrow CO-pale
regions and thus avoided any erroneous contributions from the
adjacent thick stripes which are known to receive robust projec-
tions from layer 4B (Livingstone and Hubel 1983; Hubel and
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Livingstone, 1987; Sincich and Horton 2002a,b; Sincich et al.
2010). Finally, the V1 projections to the different V2 interstripes
appears to be another example of parallel cortical streams since
only 1-2% of double labeled cells following paired injections
into sequential interstripes representing the same portion of the
visual field (Federer et al. 2013).

Functional Significance of 4 V2 Stripe Compartments

Feedforward Projections

The present results complement and extend previous findings
indicating that the 2 interstripes that flank each CO dense
stripe are functionally distinct and should no longer be con-
sidered a single functional compartment of V2. If this assertion
is correct, further insight into their functional significance may
be revealed through a more thorough investigation of the feed-
forward connections of interstripes. Previous studies which in-
jected retrograde tracers into areas V3 (Felleman, Burkhalter
et al. 1997) and V4 (DeYoe et al. 1985; Felleman, Xiao et al.
1997; or posterior inferotemporal cortex (TEO; Nakamura
et al. 1993) resulted in the labeling of cells that flank each
CO-dense stripe. Thus it appears that both types of V2 inter-
stripes project to areas V3, V4, and TEO. Since these studies
employed relatively large tracer injections, small spatial segre-
gations of type-I and type-II axonal projection fields, consistent
with the preservation of the modular segregation of 2 distinct
cortical streams, would be very difficult or impossible to
detect. However, V3 of owl monkeys is characterized by a
modular architecture consisting of CO-dense and CO-pale
domains that exhibit high and low orientation selectivity,
respectively (Xu et al. 2004). While it remains unknown
whether owl monkey type-II and type-I interstripes have differ-
ential projections to these V3 domains, this is highly likely.
Whether macaque V3 also contains a modular organization of
orientation selectivity which may be associated with differen-
tial projections from V2 type-I and type-II interstripes must
await future investigation.

In our previous study of the feedforward connections of V2
to V4, multiple distinguishable anterograde tracers were in-
jected into functionally characterized V2 color-preferring loci
(thin stripes) and into interstripe regions exhibiting high
degrees of orientation selectivity, most certainly type-II inter-
stripes (Xiao et al. 1999). The resultant axonal projection fields
in V4 were highly divergent and were largely segregated from
each other. The individual stripe projection fields in V4 were
generally dense but often included characteristic gaps that
were often “filled-in” by axon terminals derived from the other
stripe-type. In addition, these V2 thin stripe and interstripe
(type-ID) projection fields generally failed to completely cover
the topographically corresponding portion of V4, raising the
possibility that another afferent “stream” fills in these large
gaps. Since the projection patterns of functionally identified
type-1 interstripes have not been systematically examined, it
remains to be determined whether axons from type-I inter-
stripes terminate in these V4 gaps resulting in the modular seg-
regation, at least in layer 4, of 3 V2 afferent streams in area V4.

Functional Properties of V2

It is interesting to speculate that the observed differences in
the proportion of input from layer 4B is reflected in a yet unde-
tected feature of V2 interstripes that may be conveyed to segre-
gated fields in V4. For example, the substantial input from
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layer 4B to the pale stripes lateral to the thick stripes (pale, or
type-I interstripes) may be an important conduit for infor-
mation about binocular disparity to reach V4 and other areas
in the ventral-temporal cortical pathway.

Low levels of orientation selectivity and the lack of spatially
organized, hue-specific responses suggests that type-I inter-
stripes are involved in an aspect of vision that is more compli-
cated than simple orientation or color processing. Although
functional imaging studies or guided single-unit investigations
have yet to reveal this “hidden” function, it is reasonable to
speculate that they participate in some aspect of higher-order
shape processing. Van Essen and colleagues (e.g., Hegde and
Van Essen 2000; Anzai et al. 2007) have demonstrated a popu-
lation of V2 neurons that are highly selective for the precise
spatial configuration of 2 or more oriented elements such that
different parts of the receptive field display different orien-
tation preferences. Since these provocative experiments were
conducted in alert, behaving monkeys the correlation of these
neuron’s positions to the CO pattern in V2 remains unknown.
However, since similar receptive field properties have been
observed in area V4 (e.g., Hegde and Van Essen 2007) it is
reasonable to speculate that these cells were located in V2 in-
terstripes. Nevertheless, it will be important for future studies
to determine whether neurons that are selective for higher-
order shapes or texture borders are preferentially located in
specific V2 compartments.
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