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Abstract

Previous studies have revealed modular projections from area V2 to area V4 in macaques. Specifically, V2 neurons in
cytochrome oxidase (CO)-rich thin and CO-sparse pale stripes project to distinct regions in V4. However, how these modular
projections relate to the functional subcompartments of V4 remains unclear. In this study, we injected retrograde fluorescent
tracers into V4 regions with different functional properties (color, orientation, and direction) that were identified with intrin-
sic signal optical imaging (ISOI). We examined the labeled neurons in area V2 and their locations with respect to the CO
patterns. Covariation was observed between the functional properties of the V4 injection sites and the numbers of labeled
neurons in particular CO stripes. This covariation indicates that the color domains in V4 mainly received inputs from thin
stripes in V2, whereas V4 orientation domains received inputs from pale stripes. Although motion-sensitive domains are
present in both V2 and V4, our results did not reveal a functional specific feedforward projection between them. These results
confirmed previous findings of modular projections from V2 to V4 and provided functional specificity for these anatomical
projections. Together, these findings indicate that color and form remain separate in ventral mid-level visual processing.
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Introduction

Area V2 in primates contains functionally distinct subcom-
partments that have been revealed with CO staining. Thin
CO stripes contain more color-sensitive neurons, thick and
pale stripes contain more orientation neurons, and thick
stripes contain more binocular disparity and direction neu-
rons (De Yoe and Van Essen 1985; Hubel and Livingstone
1985, 1987; Peterhans and von der Heydt 1993; Levitt et al.
1994; Shipp and Zeki 2002; Peres et al. 2018). Functional
imaging also confirmed this functional segregation in V2
(Ts’o et al. 1990, 2001; Roe and Ts’o 1995; Xiao et al. 2003;
Wang et al. 2007; Chen et al. 2008; Lu et al. 2010). These
CO stripes also exhibit different patterns of projections to
downstream areas. Neurons in thin and pale stripes mainly
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project to area V4, whereas neurons in thick stripes mainly
project to area MT (DeYoe and Van Essen 1985; Shipp and
Zeki 1985; Nascimento-Silva et al. 2003). In V2-V4 feed-
forward projections, thin and pale stripes appear to project
to separate regions in V4 (Zeki and Shipp 1989; Nakamura
et al. 1993; DeYoe et al. 1994; Felleman et al. 1997; Xiao
et al. 1999), indicating a modular organization of V4 and
modular connections with V2 functional organizations.
However, the functional properties of these V2-receiving
modules remain unclear. With the discovery of different
types of functional modules in V4 (Ghose and Ts’o 1997;
Conway et al. 2007; Tanigawa et al. 2010), an important goal
is to establish the relationship between the anatomical and
functional modules in V4. This relationship will help us to
determine whether different visual features are processed in
parallel or in a merged manner in the ventral visual pathway.

Area V4 is an important visual area that performs
midlevel visual processing (Roe et al. 2012; Pasupathy et al.
2020). Similar to its upstream areas, V4 also contains func-
tional modules that preferentially process color and form
information (Ghose and Ts’o 1997; Conway et al. 2007;
Tanigawa et al. 2010). These spatially segregated modules
may receive inputs from the corresponding color and form
modules in V2. One of the purposes of this study was to
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provide direct evidence supporting these functional con-
nections between V2 and V4. Motion-sensitive modules
were another potential functional connection between these
two areas we wanted to investigate. In both V2 (Lu et al.
2010) and V4 (Li et al. 2013), direction-selective neurons
tend to cluster and form functional modules. These findings
inspired us to investigate the functional link between these
two modules.

In this study, we first mapped three functional responses
(color, orientation, and direction) in V4 with ISOI. We then
injected retrograde tracers into different V4 regions with
different functional properties. Finally, we counted labeled
neurons in different CO compartments in V2. We observed
covariations between the labeled neurons in V2 and the
functional properties of the tracer injection sites in V4;
we then used this information to estimate the connections
between V2 and V4 functional compartments.

Materials and methods
Animal subjects

Four adult male macaques (3 Macaca mulatta and 1 Macaca
fascicularis) were examined. All procedures were performed
in accordance with the National Institutes of Health Guide-
lines and were approved by the Institutional Animal Care
and Use Committee of Beijing Normal University.

Surgery

Aseptic surgical procedures were similar to those described
in a previous study (Li et al. 2013). Animals were artifi-
cially ventilated and anesthetized with isoflurane (1.5-3%)
in oxygen. Heart rate, end-tidal CO,, blood oximetry, and
body temperature were closely monitored, and the anesthe-
sia depth was estimated based on these values. A circular
craniotomy (24 mm in diameter) was performed over area
V4. The center of the craniotomy was 30-38 mm from the
midline and 10-18 mm from the posterior bone ridge. A
durotomy was performed to expose parts of areas V1, V2
and V4 (illustrated in Fig. 1a, b).

Intrinsic signal optical imaging (I1SOI)

ISOI was performed immediately after surgery. The imag-
ing procedures used in the present study were described in
detail in a published article (Li et al. 2013). The brain was
stabilized with a cover glass (2-3 mm thickness) and agar
(4%). The anesthetic was switched to propofol (induction:
5 mg/kg, maintenance: 5 mg/kg/h, i.v.). Animals were para-
lyzed with vecuronium bromide (induction: 0.25 mg/kg,
maintenance: 0.05 mg/kg/h, i.v.) and respirated to prevent
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eye movements. Atropine sulfate (10 mg/ml) or tropicamide
(5 mg/ml) was applied to dilate the pupils. Appropriate con-
tact lenses were determined using retinoscopy and used to
focus the eyes on a CRT screen 57 cm from the eyes. The
cortex was illuminated with 632 nm light, and the reflec-
tance light was collected using Imager 3001 (Optical Imag-
ing Inc., Germantown, NY) at a 4 Hz frame rate. The frame
size was 654 X 540 pixels, with a pixel size of 38 um. Each
imaging session started 0.5 s before the presentation of the
visual stimulus and lasted for 4 s (16 frames). The duration
of the visual stimulation was 3.5 s. The intertrial interval
was 8 s.

Visual stimulus

The visual stimuli used in this study were the same as those
previously used to obtain functional maps (Lu et al. 2010
for V2 maps; Li et al. 2013 for V4 maps). Visual stimuli
were created using ViSaGe (Cambridge Research Systems
Ltd) and displayed on a 21-inch CRT monitor refreshing
at 100 Hz. The stimulus patch was a full screen (30 x40°)
presented binocularly that fully covered the visual field
of the imaged cortices. Two sets of gratings were used to
obtain three types of functional maps (color, orientation,
and direction). For the color functional map, responses to
red—green isoluminant sine wave gratings and black—white
sine wave gratings were compared. The spatial frequency
(SF) of the gratings was 1 cycle/degree, and the temporal
frequency (TF) of the gratings was 4 cycles/second. Gratings
were presented in one of two orientations (45° or 135°) and
in random directions orthogonal to the grating orientation.
Data from different orientations were pooled. For orientation
and direction maps, black—white square wave gratings were
used. Gratings had an SF of 1 cycle/degree, a TF of 4 cycles/
second and drifted in one of eight equally spaced directions
(0°, 45°, 90°, 135°, 180°, 225°, 270°, or 315°). All stimuli
were presented in a random order. An orientation map was
obtained by comparing responses to orthogonal gratings
(direction pooled), and a direction map was obtained by
comparing responses to oppositely moving gratings.

Map-guided tracer injection

V4 injection sites were selected from the 3 functional maps
(color, orientation, and direction) with the aim of maximiz-
ing differences in the responses. For monkeys A, B, and D,
the cortex was stabilized with a cover glass over holes in
the injection regions and a silicon membrane (~ 0.2 mm)
underneath. For monkey C, the cortex was stabilized with a
cover glass and agar. Three types of retrograde tracers (CTB-
488, CRB-555, and CTB-647; 1%, Invitrogen) were used in
this study. A pressure injection system (53,311, Stoelting)
and a glass pipette with a tip size of 23-35 pm (beveled)
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Fig. 1 V4 functional imaging and tracer injection sites in monkey A.
a An illustration of a macaque brain and the imaging chamber loca-
tion (shading). ls, lunate sulcus; sts, superior temporal sulcus; ios,
inferior occipital sulcus; A, anterior; L, lateral. Scale bar: 10 mm. b
Surface blood vessel pattern of the imaging chamber in monkey A.
Circles represent tracer diffusion sizes (green: CTB-488; red: CTB-
555; blue: CTB-647), measured from the tracer uptake zones in c.
The black framed region is enlarged in d—i. Dashed lines represent
area borders. Scale bar: 2 mm. ¢ Left panel: Confocal fluorescence
image of a V4 section showing the three injection sites. Scale bar:
1 mm. Right panels show the tracer uptake zones of the framed
regions imaged from this or adjacent sections and from which the

were used. The connection tube was filled with silicone
oil, and the tracer was drawn into the glass pipette from
its tip. A small amount of air (~40 nl) was drawn into the
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diameters of injection sites were measured. Scale bar: 0.3 mm. d
Color versus luminance map of area V4 (black framed region in b)
obtained by comparing cortical responses to color and luminance
gratings (illustrated below). The map was clipped at the median+2.5
SD. The colored circles are the same as in b. Scale bar: 2 mm. e An
orientation-preference map for the same region as in d. f A direction-
preference map for the same region as in d. g-i Functional strength
map for color (g), orientation (h), and direction (i) obtained based
on the contrast maps shown above. Functional strengths were then
measured as the average pixel values within the circles. j Normalized
functional strength values for the three injection sites, each with three
values, corresponding to the three functional maps

tip. Under a surgical microscope, the pipette was perpen-
dicularly lowered to the planned V4 site based on the sur-
face blood vessel pattern. The pipette tip was lowered into
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Table 1 Case information

Case information V4 information

V2 information

Site Anm. Tracer Depth  Vol. Dia. Section Layers V4 functional strength Neuron number

(mm) (nl) (mm) Method Involved* - - - -

Color  Ori. Dir. Thin Pale  Thick

No. 01 A CTB-4388 1.40 30 0.61 Tangential I, IV 0.22%  0.12 0.45% 12101 3547 1282
No. 02 A CTB-555 1.30 30 0.72  Tangential 1L IV, V 0.10 0.22% 0.10 1728 3042 873
No.03 A CTB-647  1.30 30 0.59  Tangential  TLIV,V  033% 0.12 028" 2130 551 1570
No. 04 B CTB-4388 0.90 30 0.56  Tangential I, IV 0.06  0.58* 0.15 1375 6404 2455
No.05 B CTB-555  1.10 30 0.83  Tangential LI, v 021 0.17 027" 1960 747 3319
No. 06 B CTB-647 0.90 30 0.52  Tangential I, IV 0.11 045* 0.14 746 1534 372
No. 07 C CTB-647 0.65 100 0.87  Tangential I, IV 0.31%  0.07 0.29% 12992 2596 1598
No. 08 D CTB-4388 1.10 35 0.62  Perp. I, IV 0.06  0.24* 0.34% 2501 8259 8116
No. 09 D CTB-555 1.00 35 0.51 Perp. I, IV, V 0.40*  0.10 0.64* 5012 1458 1262

Anm. animal, Vol. volume, Dia. diameter, Ori. orientation, Dir. direction, Perp. perpendicular

*Layers involved by traction injections (tracer uptake zones can be discerned)

#Injection sites located close to functional domains (i.e., strength > 0.18)

the cortex to a depth of 0.65-1.40 mm (Table 1), and then
tracer injection started. The pipette was withdrawn 0.1 mm
after half the volume was injected, i.e., half of the volume
was injected at the target depth, and the remaining half was
injected after 0.1 mm withdrawal. The injection rate was
30 nl/min. The tracer volume (30-100 nl, see Table 1) was
measured starting when the air disappeared from the vis-
ible tip. After the injection, the pipette was held in place
for 10 min before retraction. One to three injections were
administered to each animal (different tracers for different
functional sites). An imaging chamber (Li et al. 2013; Tang
et al. 2020) was implanted. In vivo fluorescence images (e.g.,
Fig. S1b-c) were examined immediately or 1 week after the
tracer injections to confirm tracer loading and to determine
the center of tracer diffusion. We used a Brucker Ultima
IV Extended Reach microscope (Bruker Nano Inc.). The
frame size was 654 X 540 pixels, covering 3.9 X 3.2 mm. For
CTB-488, CTB-555, and CTB-647, we used 500-548 nm,
574-608 nm, and 663—735 nm emission filters, respectively.
Images were montaged and aligned to the surface blood ves-
sels (e.g., Fig. Sla—c).

Histology and areal delineation

Eighteen to 23 days after the tracer injection, the animals
were killed with an overdose of sodium pentobarbital
(80-100 mg/kg, i.v.) or thiopental sodium (125 mg/kg, i.v.)
and perfused transcardially (step 1: 2 L of phosphate buffer
saline, step 2: 1 L of phosphate buffer saline containing
2% paraformaldehyde, and step 3: 1 L of phosphate buffer
saline containing 2% paraformaldehyde and 10% sucrose; all
pH 7.4). The brain tissue containing the lunate sulcus was
separated, and the lunate sulcus was flattened. The brain
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tissue containing the injection sites was separated without
unfolding. The tissues were postfixed in phosphate buffer
containing 2% paraformaldehyde and 30% sucrose at room
temperature for 2-3 h. Then, the tissues were cryoprotected
in 30% sucrose in phosphate buffer overnight at a tempera-
ture of 4 °C. The flattened tissues from all monkeys and
tissues containing the injection sites from monkeys A-C
were sectioned in the plane tangential to the cortical sur-
face using a freezing microtome (Rem-710, Yamato). Sev-
eral hole markers were created with a used microelectrode
perpendicular to the surface (with~5 mm intervals) to aid
in subsequent coarse alignments of sections. The first sec-
tion, which contained surface blood vessels, was sectioned
at a thickness of 120-150 pm, and the remaining sections
were 60—80 pm thick. For monkey D, the tissue containing
injection sites was sectioned in the plane perpendicular to
the cortical surface at an 80 pm thickness. Most of the sec-
tions were loaded onto a glass slide and sealed with cover
glasses for fluorescence imaging. For monkeys A, B, C, and
D, 3 (of 11), 3 (of 14), 1 (of 10), and 2 (of 11) flattened
sections, respectively, were selected for CO staining (Wong-
Riley 1979) and imaging (MVX10, Olympus, 1 X objective).
The depths of the CO sections ranged from 0.45 to 1.10 mm,
with a spacing of 0.16-0.24 mm. For monkeys A, B, and C,
fluorescence imaged sections were Nissl stained and imaged
using the same method as for CO staining. For monkey D,
half of the perpendicularly sectioned sections were selected
for Nissl staining.

For fluorescence imaging of sections, we used a confocal
microscope (A1R, Nikon) and a 10 X objective. The structure
of labeled neurons (soma) was determined by adjusting the
software parameters (laser power, PMT amplification, and
offset) to ensure that the labeled neuron sufficiently bright
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but not overexposed. The software parameters were adjusted
to a very low level to determine the tracer uptake zone. For
CTB-488, CTB-555, and CTB-647, we used 500-550 nm,
570-620 nm, and 663—738 nm emission filters, respectively.
These monochromatic channels were colored green, red, and
blue, respectively, in the software (Nis-Elements). These
three channels were then merged. In the merged images,
neurons were identified manually based on their color and
structure of the soma: red, green, or blue neurons indicate
CTB-488, CTB-555, or CTB-647, respectively; yellow,
cyan, or magenta neurons indicate double-labeled neurons.
We did not include triple-labeled neurons (white) since some
nonneuronal noise (blood vessels and dust) also appeared
white. These triple-labeled neurons accounted for less than
1% of the total labeled neurons. Images of fluorescence labe-
ling and CO staining in adjacent sections were aligned with
zooming, rotation, and warping according to the radial blood
vessels (imtransform, MATLAB, e.g., Fig. S1d-k). The ISOI
maps, in vivo fluorescence maps, and images of the first sec-
tion were aligned based on the surface blood vessel pattern
(e.g., Fig. Sla—c). The center of the injection site was deter-
mined based on the in vivo fluorescence images (Fig. S1c).
The diameters of the injection sites were determined from
in vitro confocal fluorescence maps of sections (e.g., Fig. 1c
and S2): for monkeys A—C, V4 tissues were sectioned in the
plane tangential to the cortical surface. Tracer uptake zones
were discerned where no labeled cell bodies were discern-
ible (Federer et al. 2013). It has been shown that, besides
the main target of layer 4, V2-V4 projections also termi-
nates at layer 3 and deep layers, and usually form vertical
columns (Rockland and Pandya 1979; Gattass et al. 1997).
In this study, tracer uptake zones were mainly observed in
layers 3 and 4, and in several cases in layer 5 (Table 1).
Tracer injection sizes (diameters, Table 1) were measured
from the section close to layer 4 and had the largest uptake
zone. Finally, layer information was verified by performing
Nissl staining of these sections (Fig. S2a, b). For monkey
D, V4 tissue was sectioned in the plane perpendicular to the
surface, and layers were detected using Nissl staining (Fig.
S2d). The diameters of tracer uptake zones were determined
according to the largest dense core in layer 3 and 4 from the
section that had the largest core diameter.

The CO stripes were determined by overlaying two to
three images of serial CO sections without obvious impair-
ment, aligning the radial blood vessels, and merging the
images (mean) in MATLAB. Thin and thick CO stripes were
identified based on the width of the densely stained stripes
and their alternating patterns in CO cycles. All seven authors
performed the identification task independently and their
results were compared. 48.6% of the thin or thick stripes
exhibited greater than 86% consistency (i.e., at least 6 of
7 authors agreed). These stripes were labeled with upper-
case letters (N, K) and the rest of the stripes were labeled

with lowercase letters (n, k) in the CO images (e.g., Fig. 2b).
In one case (monkey C), we also obtained three functional
strength maps (color, orientation, and direction) from area
V2 and aligned these maps to CO sections to facilitate the
CO classification (Fig. S5). The CO-stained sections were
no longer suitable for fluorescence imaging. The numbers
of labeled neurons in these sections were estimated based on
the average numbers of labeled neurons in their neighboring
sections to obtain an accurate cell count.

Data analysis
Functional maps

V4 functional maps (e.g., Fig. 1d—f) were obtained with
established support vector machine (SVM) methods (Xiao
et al. 2008; Chen et al. 2016). Compared with regular
subtraction maps, SVM maps have a better signal/noise
ratio while maintaining the linear relationship of the map
signals. For each stimulus condition, we first obtained a
baseline subtracted image using the following formula:
dR/R=(R¢.14 — R, 3)/R, 3, in which R¢ _,, is the average of
frames 6-14 and R, ; is the average of frames 1-3 (frames
1-2 (prestimulus frames) and frame 3 (frame imaged imme-
diately after the stimulus onset that exhibits very low visual
responses)). Two sets of dR/R images (e.g., from color and
Iuminance stimuli) were then used to train an SVM classifier
(LIBSVM, Chang and Lin 2011). An optimal classifier was
obtained after fivefold cross-validation. The weight map of
the trained SVM classifier was used as the functional map
(e.g., Fig. 1d—f), in which a pixel value represents the con-
tribution of the pixel to the classification. Each map was
bandpass filtered (high cutoff: 0.2 mm/cycle, average 6 pix-
els/cycle, low cutoff: 3 mm/cycle).

Functional strength of the injection site

For area V4 in each case, we obtained one color map (color
vs. luminance), two orientation maps (0° vs. 90° and 45° vs.
135°), and four direction maps (0° vs. 180°, 45° vs. 225°,
90° vs. 270°, and 135° vs. 315°). A color strength map was
created with the absolute values of the color map pixels.
Similarly, an orientation strength map was created by com-
bining the absolute values of the two orientation maps using
the mean value of each pixel. A direction strength map was
obtained from the four direction maps with the same method.
Each of the three functional strength maps was then normal-
ized to 0-1 (Fig. 1g—i). The mean pixel values of the three
functional strength maps within injection cores (e.g., circles
in Fig. 1g—i) were then used as the functional strength values
of the V4 injection sites in the subsequent data analysis.
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Fig.2 Retrogradely labeled neurons in V2 CO stripes in monkey A.
a Illustration of a macaque brain and regions of V2 (shading). Scale
bar: 10 mm. b Average image of two sections stained with CO. Thin
and thick stripes are labeled with corresponding letters. Uppercase
letters (‘N” or ‘K’) are used for stripes identified with higher certainty
(see Methods). Lowercase letters (‘n’ or ‘k’) are used for stripes
identified with less certainty. sul, area buried in the sulcus; sur, area
exposed on surface. Scale bar: 2 mm. ¢ A fluorescence image of a
single V2 section that was aligned to the CO image shown above.
The white framed region is shown at higher magnification in e. d All
labeled neurons overlaid on CO stripe outlines. Labeled neurons are

Correlation analysis and linear regression

For each tracer, percentages of the labeled neurons were
calculated for each stripe type (the numerator was the
number of neurons in one stripe type, and the denomina-
tor was the number of neurons in all three types of stripes).
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represented by colored dots. Colors for neuron overlap regions were
merged. e Top left panel: a high magnification view of the framed
region in c, scale bar: 0.5 mm. The other three panels are single-
wavelength images of the corresponding framed regions of the same
color in the top left panel (note that the color of these 3 images was
added off-line and does not represent imaging light wavelengths).
Scale bar: 0.1 mm. f Distributions of labeled neurons in three types
of CO stripes for each tracer in monkey A. For comparisons among
tracers, neuron numbers were normalized in each tracer and plotted
as percentages

Spearman’s correlation coefficients (corr, MATLAB) were
calculated between V4 functional strength values and
percentages of V2-labeled neurons (Fig. 4a—i), as well as
between V4 functional strength values (Fig. 5) to investigate
the potential connection patterns between V2 CO stripes
and V4 functional domains. A linear regression (polyfit,
MATLAB) was also calculated for each of these pairs. The
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goodness of fit was evaluated with the following formula:
R =1-% (v - 371()2/ Tt (v _y)z’ in which y,
(k=1, 2..., n, n represents the number of data points) are
the original data values and y is the average of these values.
Y. (n=1, 2..., n) represents the values from the regression
curve.

Results

Four hemispheres from four macaques were analyzed in this
study. For each hemisphere, color, orientation, and motion
direction maps in area V4 were first obtained from anes-
thetized animals using ISOI (Li et al. 2013). V4 sites with
different functional properties were selected and used for
tracer injection.

Functional properties of the V4 injection sites

Figure 1a—c shows the V4 injection sites in monkey A. This
monkey received 3 injections, all of which were close to
the foveal representation of V4. Figure 1d—f shows contrast
maps obtained by comparing V4 responses to different vis-
ual stimuli. Black and white pixels in these maps represent
regions preferentially activated by the stimuli illustrated on
the left or right, respectively. Figure 1g—i shows the corre-
sponding strength maps for the functional maps described
above. Each map was obtained by calculating the mean abso-
lute values of a type of contrast map(s) and then normalizing
them (see Methods). For each injection, we obtained three
functional strength values (color, orientation, and direction)
from the corresponding strength maps by calculating the
mean pixel values inside the largest injection uptake zones
(circles in Fig. 1g—i). The sizes of the tracer uptake zones
were determined based on in vitro fluorescence imaging
of the tracer cores (Fig. 1c right panel). The centers of the
injections were carefully determined in in vivo fluorescence
images (Fig. Sla—c). The three injection sites had differ-
ent response properties (Fig. 1j): site 1 (blue, CTB-647)
exhibited strong responses to both color and direction, site
2 (red, CTB-555) mainly responded to orientation, and site
3 (green, CTB-488) mainly responded to direction and color.
Next, we examined whether these differences caused system-
atic changes in labeled neurons in V2.

Retrogradely labeled neurons in V2

Figure 2b shows the CO staining results in V2 of monkey
A (the same monkey shown in Fig. 1). Thick (K) and thin
(N) stripes were determined based on their width and the
alternating order. Lowercase letters (n, k) indicate where the
identification of stripes is less certain (see Method). Con-
focal fluorescence images show clear V2 neurons labeled

with different tracers (Fig. 2c, e). In Fig. 2d, colored dots
represent all labeled neurons from multiple examined sec-
tions. For each color (tracer), the labeled neurons formed
several bands perpendicular to the V1/V2 border. CTB-488
(green)- and CTB-555 (red)-labeled neurons appear to be
mainly located in thin and pale stripes, respectively. CTB-
647 (blue)-labeled neurons are found in both thin and thick
stripes, but we also notice that the stripe types here are less
certain (n4, k4, and n5). Note that CTB-555 (red)- and CTB-
488 (green)-labeled neurons occupy neighboring regions,
but have little overlap (yellow, mainly in thin pale borders).
For each tracer, we calculated the distribution of its labeled
neurons among the three stripe types (Fig. 2f). We compared
distributions across different tracers and cases by calculat-
ing percentages of neurons for each tracer instead of neuron
numbers (see the Methods). CTB-647 was injected into a V4
region close to the color and direction domains (Fig. 1j, left
panel), and its labeled neurons in V2 were mainly located
in thin and thick stripes (Fig. 2f, left panel). CTB-555 was
close to a V4 orientation domain (Fig. 1j, middle panel),
and its V2 labeled neurons were mostly found in pale stripes
(Fig. 2f, middle panel). For CTB-488, the V4 injection site
was close to the direction and color domains (Fig. 1j, right
panel), and its labeled neurons in V2 were mostly located in
thin stripes (Fig. 2f, right panel). Thus, certain correlations
appeared between the V4 injection sites (and their functional
properties) and the distribution of labeled neurons in V2.

Figure 3 shows a second example case (monkey D) in
which two tracers were injected (Fig. 3a, b). CTB-555 was
injected into a V4 site with strong color and direction selec-
tivity, and the labeled V2 neurons were mainly found in thin
stripes (red dots, Fig. 3e). CTB-488 was injected into a V4
site with strong orientation and direction selectivity, and its
labeled neurons were mainly detected in pale stripes. Note
that the overlapping regions (yellow, mainly located at thin
pale borders) were very small, indicating a high degree of
parallel projection. Other tracer injections showed similar
trends (Fig. S3-S5). This qualitative observation is examined
quantitatively below. We performed nine injections in four
hemispheres from four monkeys. Detailed information on
the injection sites and labeled neurons in V2 is shown in
Table 1.

V2-V4 correlation analysis

We analyzed the relationship between the functional
strengths of the V4 injections and the distributions of
labeled neurons in V2 CO stripes by constructing scatter
plots of these two factors (Fig. 4a-i). Each plot comprises
nine data points, representing nine tracer injections. For each
injection, the X axis value represents its functional strength
in one functional map, and the Y axis value represents its
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monkey D

Fig.3 The injection and projection results for monkey D. a In vivo
fluorescence image of the tracer injections overlaid on a V4 surface
blood vessel map. The centers of injection sites were determined
according to the image. Scale bar: 2 mm. b Left panel: in vivo fluo-
rescence image of CTB-488 and corresponding functional maps (col,
color; ori, orientation; dir, direction). Dashed circles represent the
tracer uptake zone determined in this study, as shown in Fig. S2e.
Right panel: tracer CTB-555. Scale bar: 0.5 mm. ¢ CO image of the
examined V2 region, showing CO stripes oriented perpendicular to
the V1/V2 border. Scale bar: 2 mm. d Same CO image as shown in ¢
but with the stripes identified (same plot conventions as in Fig. 2b). e
All labeled V2 neurons (dots) overlaid on the CO images (same as c,
d). The colors are merged for neuron overlap regions

percentage of labeled V2 neurons in a certain stripe type.
The dotted line represents the linear regression of these data
points.

As shown in Fig. 4a, the percentages of labeled neurons
in thin stripes were positively correlated (Fig. 4j) with the
color strengths of the V4 injection sites. Namely, when
the injection site was closer to the center of the V4 color
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domains, more labeled neurons were observed in the V2
thin stripes. This positive correlation was not present in
V2 pale—V4 color (negative correlation in Fig. 4b) or V2
thick—V4 color (correlation close to zero in Fig. 4c) plots.
In addition, neurons projecting to the V4 color domains
tended to be located close to the center of the thin stripes
(Fig. S7b, e). Taken together, these results indicated that V4
color modules tended to receive inputs from V2 thin stripes.

The V4 orientation feature positively correlated with
the V2 pale stripe, indicating a contribution from the V2
pale stripes to the V4 orientation domains (Fig. 4e). V2 thin
stripes, in contrast, appeared to avoid projecting to V4 ori-
entation (negative correlation in Fig. 4d). The correlation
between the thick stripe and orientation feature was close to
zero (Fig. 4f). Thus, neurons projecting to the V4 color and
orientation domains had very different distribution patterns
in V2 stripes (also see Fig. S7).

Figure 4g shows that the V4 direction domain positively
correlated with the V2 thin stripes. A possible explanation
for this finding is that many of the direction domains we
selected for injection also displayed strong color responses
(see Fig. 5 and Discussion). As shown in Fig. 4h, i, the V4
direction had negative or zero correlations with pale and
thick stripes, respectively, indicating that the V4 direction
domains did not tend to receive input from V2 pale or thick
stripes. Since V2 direction neurons were more likely to be
located in thick stripes, V4 direction domains are unlikely to
be a main projection target for V2 motion direction-selective
neurons. For each plot, Spearman’s correlation coefficient
and the slope of linear regression were calculated and are
illustrated in Fig. 4j, k.

The slopes of the nine plots in Fig. 4a—i are related to
each other. One reason is that the functional maps in V4
have certain spatial correlations. For example, the color
and orientation domains in V4 tend to occupy complemen-
tary regions (Tanigawa et al. 2010; Li et al. 2013). We ana-
lyzed functional maps in 13 V4 cases, including 4 cases in
this study and 9 additional cases. Two-dimensional plots of
the color response and orientation responses in V4 showed
a negative relationship, thus confirming the previous find-
ings (Fig. 5a). In addition, the selection of tracer injection
sites is also important. In this study, the color and orien-
tation properties of the nine injection sites also showed a
negative correlation (Fig. 5f, i), consistent with the map
features. In Fig. 4, the slopes in the first and second rows
are opposite to each other, which may reflect this nega-
tive relationship. In contrast, the V4 direction domain was
positively correlated with the V4 color (Fig. 5b) and orien-
tation domain (Fig. 5c), consistent with previous findings
(Li et al. 2013). The color and orientation properties of the
9 injection sites showed positive and negative correlations
with direction, respectively (Fig. 5g—i). Another factor that
affects the independence of the scatter plot slopes is that
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Fig.4 Correlations between V4 injection sites and V2-labeled neu-
rons. a-i Scatter plot of injection site properties (functional strengths,
X axis) and labeled neuron properties (percentages, Y axis) for all
nine injections (9 open circles) in four monkeys. Dotted lines repre-
sent linear regression of the data points, and gray regions represent

V2 neuron numbers were normalized within a tracer group
(to percentages). Since the percentages of three stripes
add up to 100%, increasing the percentage of one stripe
always causes the other 1 or 2 percentages to decrease.
Thus, for three plots in a row, their slopes would not have
the same sign (i.e., all positive or all negative). Normally,

95% confidence intervals. j Spearman’s correlation coefficients for
the nine plots shown above. Asterisks indicate that the correlation is
significantly different from zero (¥p <0.05, **p <0.01, ***p <0.001).
k Slope values of the regression lines in the nine plots shown above

a weak positive slope or a zero slope may become nega-
tive because of this factor. Finally, V4 functional maps
were individually normalized (e.g., Fig. 1g—i). Based on
an examination of their original subtraction maps (dR/R
values), orientation and color maps had similar strengths
(0.39%0 and 0.43%o, respectively), whereas direction maps
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Fig.5 Correlated functional properties of the maps and injection
sites. a Pixel density map showing pixel numbers with a certain
color strength (X axis) and orientation strength (Y axis). This map
shows the average of data from 13 cases. The color and orientation
strengths were calculated using the same approach as described in
Fig. 1g-h. Strong color-selective pixels normally have weak orienta-
tion selectivity and vice versa. b Similar to a, but for direction and
color strengths. Strong direction-selective pixels tended to have a
strong color selectivity. ¢ Similar to a but for direction and orientation

had a relatively weaker map strength (0.29%o, Fig. 5e).
Therefore, the correlations we observed for the V4 direc-
tion feature were more easily affected by the other two
factors (color and orientation).

In this case, the strong positive correlation (r>0) in Fig. 4
was explained as the existence of a corresponding V2-V4
connection. A negative correlation ( <0) or near zero cor-
relation (r ~ 0) was normally explained as an absence of a
corresponding V2-V4 connection after considering multi-
ple factors, including the spatial relationships between func-
tional maps in V4 (Fig. 5a—d), the properties of V4 injection
sites (Fig. 5f—i), and the normalization procedure for V2
neuron numbers.

Figure 6 summarizes our findings. Among V2-V4 pro-
jections, V2 thin stripes mainly project to V4 color modules
(Fig. 4a). V2 pale stripes mainly project to V4 orientation
modules (Fig. 4e), and V2 thick stripes send fewer projec-
tions to V4 than the other two stripes and have the weakest
correlations with V4 functional domains (Fig. 4c, 4f, and
41). Pale and thick stripes do not project to V4 direction
modules (Fig. 4h—i). We did not clearly determine whether
thin stripes project to V4 direction modules (Fig. 4g, also
see “Discussion”).
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strengths. Strong direction-selective pixels tended to have a strong
orientation selectivity. d Spearman’s correlation coefficients for map
pairs in a-c. Every cross or dot represents one case. Blue crosses are
for monkeys A, B, C, and D. *p<0.05; **p <0.01; **¥p <0.001, ¢
test. e Average response magnitudes (dR/R) of color, orientation, and
direction maps. The results were obtained from the same cases as in
d. Error bar, SD. f-h Scatter plots of different injection site properties
for all nine injections (9 open circles). i Spearman’s correlation coef-
ficients for scatter plots in f~h

Discussion

In this study, we injected retrograde tracers into different
functional modules in V4 and examined the patterns of
labeled neurons in V2. We observed functionally specific
projections from V2 CO stripes to V4 functional modules. In
this study, functional and projection factors were quantified
to determine the correlation between these two factors. The
results not only confirmed previous anatomical findings, but
also established a relationship between V2 CO stripes and
V4 functional modules.

Parallel visual processing

The existence of functional modules, as well as the parallel
projections among these modules, indicates that the process-
ing of visual information occurs in parallel. In V2—V4 pro-
jections, previous studies revealed that thin and pale stripes
project to different regions in V4, whereas thick stripes
rarely project to V4 (De Yoe and Van Essen 1985; Zeki
and Shipp 1989). The same projection patterns were also
observed in New World monkeys (Nascimento-Silva et al.
2003, 2014). Our findings are generally consistent with these
earlier findings. The additional information we provide is
the functional properties of these V4 targets. Our findings
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generally support the hypothesis that visual features are pro-
cessed in parallel in the visual pathway.

However, increasing evidence has also shown that dif-
ferent visual features (color, form, motion, and depth) are
not processed strictly in parallel. A large degree of inte-
gration has been observed at both the single-cell and func-
tional architecture levels. First, multidimensional neurons
were observed at all levels of visual processes. For example,
many V2 neurons exhibit dual selectivity for color and ori-
entation (Gegenfurtner et al. 1996; Shipp et al. 2009; Peres
et al. 2018). Second, functional modules are not pure. In
V2, orientation and direction neurons are also detected in
thin stripes, and color neurons are found in pale and thick
stripes (Gegenfurtner 2003; Peres et al. 2018). Third, differ-
ent types of functional modules often exhibit different levels
of overlap (e.g., Fig. 5a—d).

Taken together, the processing of visual features in
early- to mid-tier visual cortices is neither pure parallel nor
pure integrative. The overall picture appears to be partially
mixed visual features are processed in partially overlapped
functional modules and are relayed in parallel to the (par-
tially overlapped) functional modules in the next stage.
Additionally, the same types of information (e.g., orienta-
tion) processed in different functional modules (e.g., pale
and thick stripes) are eventually sent to different down-
stream areas (e.g., V4 or MT). The functional significance
of this processing strategy is worth further investigation,
and new techniques such as high-density recording probes

V4

V2
/)@
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Fig.6 Summary of functional inputs to V4 from V2. In V2-V4 pro-
jections, V4 color domains mainly receive inputs from V2 thin stripes
(Fig. 4a), whereas V4 orientation domains mainly receive inputs from
V2 pale stripes (Fig. 4e). Although we have not yet clearly deter-
mined whether V4 direction domains receive inputs from V2 thin
stripes (Fig. 4g), they do not systematically receive inputs from thick
or pale stripes (Fig. 4h-i). Some weak and unbiased projections from
thick stripes to V4 may be due to uncertainty in identifying stripe
types based on CO images

and two-photon imaging may contribute to answering this
question.

Labeled neurons in thick stripes

Previous studies have reported a lack of V2 thick stripe pro-
jections to V4 (DeYoe and Van Essen 1985; Shipp and Zeki
1985; Nascimento-Silva et al. 2003). Our results show cer-
tain thick stripe V4 projections. We discuss here the possible
technical reasons for this discrepancy. First, some degree of
uncertainty in identifying CO stripes existed. Since thin and
pale stripes both project to V4, misclassifying CO stripes
will increase the percentage of labeled thick neurons. We
found that many labeled thick neurons were in “less certain”
thick stripes (e.g., stripe k4 in Fig. 2d). In all certain and
less certain CO stripes, the labeled thick neurons account
for 24.6% of the total labeled neurons. If only those “cer-
tain” thick stripes were counted, this proportion decreased to
18.8%. Thus, our relatively high percentage of labeled thick
neurons may be due to uncertainty in stripe identification.
We subsequently repeated the correlation analysis based on
“certain” CO stripes (Fig. S6) and found that the correlation
trends were the same. Therefore, the main conclusions of the
correlation still hold. Second, the identification of borders
between thick and pale stripes has some uncertainty. Previ-
ous studies also identified some V4-projecting thick neurons.
Examples are shown in Fig. 1c (middle panel) in the study
by Nakamura et al. (1993) and Fig. 5 in the study by Zeki
and Shipp 1989. These neurons were mainly located at the
edge of thick stripes or patches of thick regions with weaker
CO intensity. V2 projections to area MT are related to CO-
dense patches within thick stripes (Shipp and Zeki 1989).
Thus, the weak CO regions in thick stripes might alterna-
tively project to V4. Regardless of these conjectures, our
results show that thick projections to V4 had no obviously
preferred targets. Its correlations and slopes to V4 functional
domains were all close to zero (Fig. 4c, f, 1).

Taken together, the projection from thick stripes to V4,
if it exists, is minor. The actual strength of this projection
should be less than what has been observed due to the uncer-
tainty in the CO stripe identification.

Origin of V4 direction selectivity

Thus far, we have obtained a relatively clear map of the
information sources for V4 color and orientation features.
However, the inputs to V4 that carry direction-selective
motion information remain unclear. Many (13-33%) V4
neurons have direction selectivity (Desimone and Schein
1987; Ferrera et al. 1994a), some of which cluster into
direction domains (Li et al. 2013). One potential region
that provides input is V2, where direction neurons are
mostly located in thick stripes. However, our results show
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that V4 direction domains do not receive inputs from V2
thick or pale stripes (Fig. 4h, i). In addition, our prelimi-
nary imaging results also show that V4 direction domains
do not receive inputs from V2 direction domains (Fig.
S5j). Thus, V4 direction domains are unlikely to obtain
their motion inputs from V2 thick or pale stripes. Regard-
ing the positive correlation between the V4 direction and
V2 thin stripes (Fig. 4g), one possibility is that a major
input to the V4 direction domain is V2 thin stripes. This
possibility is less likely but not unreasonable, since direc-
tion neurons are present in V2 thin stripes, although fewer
of these neurons are present in this location than in thick
stripes (Peterhans and von der Heydt 1993; Gegenfurtner
et al. 1996; Peres et al. 2018). Another more likely pos-
sibility is that the phenomenon that V4 direction domains
receive inputs from V2 thin stripes is a by-product of the
positive correlation between V2 thin stripes and the V4
color domain, because the V4 injection sites we selected
generally exhibited positively correlated color and direc-
tion strengths (Fig. 5g), and V4 color neurons (not direc-
tion neurons) received inputs from V2 thin stripe projec-
tions. Compared with the V4 color domains, the clustering
of the V4 direction domains was weaker (inferred from
map strengths, see Fig. 5e), and the tracing results were
more likely dominated by the connection patterns of color
neurons. Indeed, a weaker V4 direction domain to V2 thin
stripe correlation (0.48, Fig. 4g, j) is observed compared
with the V4 color domain to V2 thin stripe correlation
(0.85, Fig. 4a, j). Finally, a V1 lesion study (Schmid et al.
2013) also suggests that V4 direction selectivity may
not depend on V1-related sources (including V2). If this
hypothesis is true (V4 direction domains do not receive
inputs from V2 thin stripes), then V2 is unlikely the source
of V4 direction selectivity. More differences in color and
direction selectivity in our injection sites to differentiate
their inputs are needed to prove this hypothesis.

Another potential source for V4 direction selectivity
is area MT, since direct projections from MT to V4 have
been identified (Maunsell and van Essen 1983; Unger-
leider et al. 2008). However, previous studies selectively
inhibited magnocellular (M) or parvocellular (P) layers in
the lateral geniculate nucleus (LGN) and found that V4
direction selectivity does not particularly rely on M or P
input (Ferrera et al. 1992, 1994b). This finding is different
from what was observed in MT neurons, whose response
mainly relied on M inputs (Maunsell et al. 1990). Thus far,
no evidence has shown that V4 direction neurons obtain
direction selectivity from the MT.

Since V4 receives inputs from many other visual areas
(Ungerleider et al. 2008), all are potential sources for V4
direction selectivity. One study has shown that after V1
lesion, the response of V4 direction neurons is relatively
better preserved than that of other types of V4 neurons
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(Schmid et al. 2013). Thus, V4 direction-selective neurons
may mainly rely on subcortical inputs that bypass V1. In
summary, V4 direction neurons do not seem to rely on
inputs from V1, V2, or MT and form a spatialized group
in V4 visual processing.

In addition to color, orientation, and direction, V4 has
other functional architectures, such as size (Ghose and
Ts’o 1997), curvature (Hu et al. 2020; Tang et al. 2020),
binocular disparity (Tanabe et al. 2005; Fang et al. 2019),
border ownership (Franken and Reynolds 2021), and solid
shape (Srinath et al. 2021). The functional inputs from V2
responsible for these V4 functional architectures can be
studied using a similar approach.
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