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Introduction: While the fovea on the retina covers only a small region of the

visual field, a significant portion of the visual cortex is dedicated to processing

information from the fovea being a critical center for object recognition, motion

control, and visually guided attention. Despite its importance, prior functional

imaging studies in awake monkeys often focused on the parafoveal visual

field, potentially leading to inaccuracies in understanding the brain structure

underlying function.

Methods: In this study, our aim is to unveil the neuronal connectivity and

topography in the foveal visual cortex in comparison to the parafoveal visual

cortex. Using four di�erent types of retrograde tracers, we selectively injected

them into the striate cortex (V1) or V4, encompassing the regions between the

fovea and parafovea.

Results: V1 and V4 exhibited intense mutual connectivity in the foveal visual

field, in contrast to the parafoveal visual field, possibly due to the absence of

V3 in the foveal visual field. While previous live brain imaging studies failed

to reveal retinotopy in the foveal visual fields, our results indicate that the

foveal visual fields have continuous topographic connectivity across V1 through

V4, as well as the parafoveal visual fields. Although a simple extension of

the retinotopic isoeccentricity maps from V1 to V4 has been suggested from

previous fMRI studies, our study demonstrated that V3 and V4 possess gradually

smaller topographic maps compared to V1 and V2. Feedback projections to

foveal V1 primarily originate from the infragranular layers of foveal V2 and V4,

while feedforward projections to foveal V4 arise from both supragranular and

infragranular layers of foveal V1 and V2, consistent with previous findings in the

parafoveal visual fields.

Discussion: This study provides valuable insights into the connectivity of the

foveal visual cortex, which was ambiguous in previous imaging studies.

KEYWORDS

foveal visual field, feedback projection, retrograde labeling, striate cortex, Macaca

mulatta

Introduction

In the primate retina, there is a tiny pit responsible for the most central visual field

(<1.5 degrees), known as the fovea. Human eyes make saccades onto the visual scene,

guiding motion and directing attention, ensuring that visual objects of interest fall into

the fovea. Consequently, foveal vision is at the center of conscious vision in daily life

(Knapen et al., 2016; Guzhang et al., 2021; Intoy et al., 2021). Nevertheless, previous

studies on processing such information were mostly conducted on the parafoveal visual

field or the mixture of foveal and parafoveal visual fields in the brain (Bastos et al., 2015;

Doostmohammadi et al., 2023), which may lead to inaccuracies in understanding brain
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FIGURE 3

Illustrations for layer divisions. (A) Tangential sections stained for CO (left and right columns), and dark field fluorescence (middle column) of Case 1

are shown. Upper, middle, and bottom panels are for supragranular, middle, and infragranular layers, respectively. Images are aligned in the guidance

of vasculature patterns (black circles). Even though each section contained several layers due to incomplete flattening, layers were identified by CO

staining patterns in V1. Blue arrows indicate the injection site of CTB-555 identified by the loss of CO staining, robust fluorescence, and a

consecutive hole in the tissue. The rectangle area is magnified in the inset to exhibit retrograde labeling of cells. Layer number are indicated by L3,

L3B (L3), L3Bb (L4A), L5 and L6. Here, we recruit Hässler’s scheme for V1 layer numbering, and the numbering by Brodmann is written in the

parenthesis (Balaram et al., 2014). (B) Tangential sections stained for Nissl substance (left and right columns), and dark field fluorescence (middle

column) of Case 1 are shown. Layers were identified by Nissl staining patterns in extrastriate areas. Upper right numbers represent depth from the

pial surface. Scale bar = 1mm.

Injection sites were identified by dense fluorescent labeling and

BDA signals, as well as the loss of CO signal with penetration holes

(blue arrows in Figure 3A).

The receptive field of the CTB-647 injection site was slightly

upper visual field near the vision center, while those of CTB-

488 and CTB-555 were in the lower visual field within the foveal

visual field. The BDA injection site was right outside the foveal

visual field. Images were carefully demarcated into three layers

of supragranular (layers 1–2, and upper layer 3), middle (deeper

layer 3, layer 4, and upper layer 5), and infragranular layers (layers

5–6), and every labeled neuron was manually plotted in high

magnification images (Figures 4A–C). V3 borders were speculated

recruiting the discontinuous model (Lyon and Connolly, 2012),

referring slightly darker CO staining patterns (Lyon andKaas, 2001;

Sincich et al., 2003). The signals spread into V2, V3, and V4, as

well as V1 near the injection sites. V2 contained the majority of

labeled neurons, appearing clustered near the injection sites for

each color. Retrograde signals were abundant in supragranular

and infragranular layers, but less in middle layers. Immediately

outside V2, another group of clusters for CTB-488 and CTB-555

was observed (indicated by a black arrow in Figure 4A), likely in

V3d. Furthermore, scattered signals in a more ventral anterior part

(indicated by white arrows in Figure 4A) were most likely in V4.

To statistically evaluate possible topographic distribution of labeled

neurons, we counted the number of labeled neurons in extrastriate

visual areas between the foveal and parafoveal visual fields. A

half-ellipse line of presumptive foveal visual field was drawn at

∼10mm from the edge of the V1 ellipse as shown in Figures 4A–

C. Lines of area borders among V1, V2, V3d, V3v, and V4 were

also drawn.

According to our analysis, 99.6% of CTB-647 labeled cells,

96.6% of CTB-488 labeled cells, and 71.2% of CTB-555 labeled

cells were found in the foveal visual field. For BDA labeled cells,

the parafoveal visual field covered 98.0% of them (Figure 4D). The

results suggest that the closer the injection site is to the vision

center (the edge of the V1 ellipse), the more labeled neurons are

distributed in the foveal visual field, implying that the topographic

map is maintained from V1 to extrastriate visual areas.

To assess differences across layers, we counted labeled cells in

the foveal V2 and V4 for each tracer, calculating the percentages

of these cells among all labeled cells in V2, V3, and V4 (see

methods; Figures 4E, F). Due to rare BDA signals in the foveal

visual field, percentages of labeled cells in the foveal V2 and V4

were nearly zero. However, we obtained sufficient ratios for the

other three tracers. Infragranular layers dominated percentages

over supragranular and middle layers in both foveal V2 and V4

regions. In supragranular layers of V2, percentages of CTB-647,

CTB-488, and CTB-555 labeled cells were 17.3%, 24.3%, and 22.9%,

respectively. In infragranular layers of V2, they were 53.9%, 41.6%,

and 27.4%. In middle layers of V2, they were 5.7%, 5.9%, 3.7%.

In infragranular layers of V4, they were 14.7%, 6.3%, and 6.1 %,

while in supragranular layers of V4, they were 5.2%, 4.2%, and 2.0%,

and in middle layers of V4, they were 0.4%, 0.4%, and 0.6%. These

results suggest that feedback projections from foveal V2 and V4

Frontiers inNeuroanatomy 07 frontiersin.org
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FIGURE 4

Retrograde labeling in Case 1. (A–C) All labeled cells are plotted and separated into supragranular (A), middle (B), and infragranular layers (C). Plots

are overlaid on flattened visual cortex stained for CO activity. Colored dots represent labeled cells (blue: CTB-647, green: CTB-488, red: CTB-555,

and brown: BDA). Examples of labeled cells are circled for each color in high magnification in the inset in (C). A black arrow indicates clusters in V3d,

and white arrow indicate clusters in V4; (D) Percentages of distribution of labeled neurons based on their foveal and parafoveal localizations; (E, F)

Percentages of distribution of labeled neurons located in di�erent layers in foveal V2 (E), and foveal V4 regions (F), shown out of all labeled neurons

in V2, V3 and V4; (G) An illustration of labeling density, and scaling rates of cluster centers in V2, V3, and V4 relative to the distance of adjacent

injection sites in V1, based on the hypothetical discontinuous V3 model. “x”, star, and asterisks indicate cluster centers in V2, V3, and V4, respectively;

(H) An illustration of labeling density, and scaling rates of cluster centers in V2, V3 and V4 relative to the distance of adjacent injection sites in V1

based on the hypothetical continuous V3 model.

predominantly arise from neurons in infragranular layers, rather

than supragranular or granular layer 4 to foveal V1 neurons.

Cluster-like signal distribution patterns observed in extrastriate

visual areas prompted us to determine cluster center locations. We

calculated central position coordinates using the arithmetic mean

of Cartesian coordinates of the same type of labeling in a specific

visual area. Cluster center locations in relation to injection sites and

cortical topography are shown in Figure 4G. Cluster centers in V2

aligned with the injection sites in V1 and appeared on the same

isoeccentricity lines as V1. However, in V4, cluster centers were
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FIGURE 5

A simplified illustration of injections and retrograde labeling in the

visual cortex relative to presumed cortical map in Case 1.

scattered near the V1 edge.We also calculated scaling rates between

injection sites and cluster centers. The scaling rates between CTB-

647 and CTB-488, CTB-488 and CTB-555, CTB-555 and BDAwere

nearly zero in V2 (0.13, −0.01, and 0.15, respectively), indicating

almost comparable topography in V2 than in V1. In V3 and V4,

however, the scaling rates were lower than zero (−0.59,−0.21, and

−0.55 for the scaling rates between CTB-488 and CTB-555 in V3,

between CTB-647 and CTB-488 in V4, and CTB-488 and CTB-555

in V4, respectively), indicating that the topography of the foveal

V3 and V4 is much smaller than that in the foveal V1. Since the

labeling of BDA was too few in V3 and V4, we did not determine

cluster centers for BDA in V3 or V4. These results suggest that

the topography is mostly continuous from the foveal V1 to the

foveal V2, but not to the foveal V3 and V4, and the map is more

concentrated in the foveal V3 and V4.

To examine statistics based on the continuous V3 model, we

drew the border of the hypothetical continuous V3, marked cluster

centers, and calculated the scaling rates (Figure 4H). The results

and conclusions were mostly similar, except that the scaling rate

of CTB-647 and CTB-488 was large in V3 (0.29).

To summarize the results of Case 1 and for ease of comparison

with subsequent cases, we illustrated signals on a simplified map

of retinotopy and visual areas in Figure 5. Retrograde labeling

clusters were observed along the same scaling rates as the injection

sites in V2, but they were more concentrated in V4, although

they maintained topographical alignment. Almost no signals were

observed for BDA in V4, which was injected into the parafoveal V1.

For CTB-488 and CTB-555, another group of clusters was observed

in presumptive V3d. The cluster of CTB-647 is large anterior to V2,

and the separation between V3 and V4 was unclear.

Case 2
In this case, we altered the sequence of four tracers from the

foveal V1 region to the parafoveal V1 region, namely CTB-555,

CTB-488, CTB-647, and BDA. We followed the same criteria to

estimate the topographic organizations during the injection as

Case 1 (Figures 6A, B). CTB-555 was injected in the vicinity of

the vision center, and CTB-488, CTB-647, and BDA were injected

about 2.0mm apart, each targeting alignment parallel to V.M.

After a 23-day survival period, however, tissue compression due

to brain inflammation posed challenges in unfolding sulci during

flattening. Despite these difficulties, we applied the same flattening

and sectioning procedures (Figure 6C), along with histology works

using CO staining, BDA staining, and Nissl staining (Figures 6D,

E). We observed signals of CTB-555, CTB-647, and BDA, but not

CTB-488, likely due to the failure of CTB-488 injection. Scattered

retrograde labeling of tracers was clearly observed, andwemanually

plotted every labeled neuron, categorizing the labeled neurons into

the same three depth layers and foveal/parafoveal visual fields as

in Case 1 (Figures 6F–H). Signals spread into V2 and V4, as well

as V1 near the injection site. Outside V1, the majority of labeled

cells were found in V2, appearing as clusters near the injection

sites for each tracer type. According to our statistical analysis,

100% of CTB-555 labeled cells, 99.7% of CTB-647 labeled cells, and

97.6% of BDA labeled cells were found in the foveal visual field

(Figure 6I). The labeling in the extrastriate visual areas exhibited

a similar distribution, maintaining the topographic map in V1,

despite changing the sequence of injections, consistent with Case 1.

We also separately counted the number of labeled cells in the

foveal V2 and V4, calculating the percentages of them among all

labeled cells in V2, V3, and V4 (Figures 6J, K). Although brain

inflammation may have caused some loss of labeled neurons, we

still obtained sufficient numbers of labeled cells for the three

tracer types. According to our analysis, infragranular layers were

dominant in percentages over the other two types of layers in both

foveal V2 and V4. In infragranular layers of V2, the percentages

of CTB-555, CTB-647, and BDA labeled cells were 67.7%, 65.2%,

and 59.7%. In infragranular layers of V4, they were 11.7%, 7.9%,

and 7.9%, while they were 6.9%, 5.3%, 6.7% in supragranular

layers and 6.0%, 2.6%, 3.2% in middle layers. These results suggest

that feedback projections from the foveal V2 and V4 to V1

predominantly originate from neurons in infragranular layers, as

observed in Case 1.

The cluster center locations of CTB-555, CTB-647, and BDA

were all in the lower visual quadrant (Figure 6L). In V2, they

aligned just like the injection sites in V1, with the locations of the

cluster centers appearing on the same isoeccentricity lines as the

injection sites. However, the cluster centers were scattered near

the V1 edge in V4. We also calculated the scaling rate between

the injection sites and the cluster centers. In our analysis, the

scaling rates between CTB-555 and CTB-647, and CTB-647 and

BDA were 0.02 and 0.21, respectively, in V2, whereas in V4, the

scaling rates between CTB-555 and CTB-647, and CTB-647 and

BDA were lower than zero (−0.26 and −0.17, respectively). These

results suggest that the topographic map is mostly continuous from

the foveal V1 to the foveal V2 but not to the foveal V4, and the map

is more focused in the foveal V4, consistent with Case 1.

Figure 6M shows a simplified map of retinotopy with our

tracing results for Case 2. For ease of comparison, we use the same

map as Figure 5 here. Retrograde labeling clusters were observed

along the same isoeccentricity lines as the injection sites in V2,

but they were more concentrated in V4, although they maintained

topographical alignment.
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FIGURE 6

Tracer injections and retrograde labeling in Case 2. (A) An image of the foveal V1 at the time of injection with injection sites (red for CTB-555; blue for

CTB-647; brown for BDA), and presumed V1/V2 border, and foveal region border. Right is anterior and upper is dorsal; (B) Macaque brain photograph

depicting injection sites, presumed V1/V2 border, and foveal region border immediately after extraction; (C) Flattened brain tissue photograph with

injection sites, V1 border, V2 border, and foveal region border; (D, E) Tangential sections of flattened V1 stained for BDA labeling with Nissl substance

counterstaining (D), and dark field image of fluorescent labeling (E); (F–H) All labeled cells are plotted and separated into supragranular (F), middle

(G), and infragranular layers (H). Plots are overlaid on flattened visual cortex stained for CO activity. Colored dots represent labeled cells. Examples of

labeled cells are shown in high magnification in the inset in (H); (I) Percentages of distribution of labeled neurons based on their foveal and

parafoveal localizations; (J, K) Percentages of distribution of labeled neurons located in di�erent layers in foveal V2 (J), and foveal V4 regions (K),

shown out of all labeled neurons in V2, V3 and V4; (L) An illustration of labeling density, and scaling rates of cluster centers in V2 and V4 relative to

the distance of adjacent injection sites in V1. “x” and asterisks indicate cluster centers in V2 and V4, respectively; (M) A simplified illustration of

injections and retrograde labeling in the visual cortex relative to presumed cortical map.
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FIGURE 7

Tracer injections and retrograde labeling in Case 3. (A) An image of the foveal V1 at the time of injection with injection sites (red for CTB-555; blue for

CTB-647; green for CTB-488; brown for BDA), and presumed V1V2 border and foveal region border. Left is anterior and upper is dorsal; (B) Macaque

brain photograph depicting injection sites, V1/V2 border, and foveal region border, immediately after extraction; (C–E) Tangential sections of

flattened V1 stained for CO activity (C), BDA labeling with Nissl substance counterstaining (D), and dark field image of fluorescent labeling (E). This

cortex is the left hemisphere, but right and left is inverted for ease of comparison with other cases; (F–H) All labeled cells are plotted and separated

into supragranular (F), middle (G), and infragranular layers (H) in the map of flattened visual cortex. Colored dots represent labeled cells. MT/middle

temporal area; MST/middle superior temporal area; (I) Percentages of distribution of labeled neurons based on their foveal and parafoveal

localizations; (J, K) Percentages of distribution of labeled neurons located in di�erent layers in foveal V1 (J), and foveal V2 regions (K), shown out of

all labeled neurons in V1, V2, and V3; (L) An illustration of labeling density, and scaling rates of cluster centers in V1 and V2 relative to the distance of

adjacent injection sites in V4. “x” indicates cluster centers in V2, and asterisks indicate cluster centers in V1; (M) A simplified illustration of injections

and retrograde labeling in the visual cortex.
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FIGURE 8

Tracer injections and retrograde labeling in Case 4. (A) An image of the foveal V4 at the time of injection with injection sites (blue for CTB-647; green

for CTB-488; red for CTB-555; brown for BDA). Right is anterior and upper is dorsal; (B) Macaque brain photograph depicting injection sites,

presumed V1/V2 border, and foveal region border immediately after extraction; (C–E) Tangential sections of flattened V1 stained for CO activity (C),

BDA labeling with Nissl substance counterstaining (D), and dark field image of fluorescent labeling (E); (F) All labeled cells are plotted in the map of

flattened visual cortex. Colored dots represent labeled cells; (G) Percentages of distribution of labeled neurons based on their foveal and parafoveal

localizations; (H) An illustration of labeling density, and scaling rates of cluster centers in V1 and V2 relative to the distance of adjacent injection sites

in V4. “x” and an asterisk indicate cluster centers in V1 and V2, respectively; (I) A simplified illustration of injections and retrograde labeling in the

visual cortex.

Distribution of labeled neurons in V4
injection cases

Case 3
Referring to the results of the two V1 foveal injection cases

above, we planned to inject four retrograde tracers into the

foveal and parafoveal V4 regions. The placement of the tracers

was guided by the orientation and extension of lunate sulcus

(lus) and superior temporal sulcus (sts) (Nakamura et al., 1993;

Tanigawa et al., 2010). CTB-555 and CTB-647 were both injected

in the vicinity of the vision center, with a distance of about

2.0mm apart. CTB-488 and BDA were injected about 3.0mm

apart, each targeting alignment parallel to lus (Figures 7A, B).

This monkey was used for a separate study involving imaging

of the visual cortex. Upon brain removal, we observed cortical

deformation attributed to the edge of the installed imaging window,

as seen in Figure 7B. Despite this deformation posing challenges

to the analysis of V1, we managed to extract data regarding the

topographic arrangement.

After histology works of CO staining, Nissl staining, and BDA

staining, the sections were visualized by dark-field and bright-

field microscopy (Figures 7C–E). According to our estimation, the

receptive field of the CTB-555 injection site was slightly upper

visual field in the vicinity of the vision center, and that of the CTB-

647 was the lower visual field of the foveal visual field. CTB-488 was

considered in the foveal field but near the border to the parafoveal

field, while BDA was in the parafoveal field. Scattered retrograde

labeling of tracers was clearly observed in V1, V2, V3, V4, and
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other cortical areas (Figures 7F–H). Notably, the clusters of CTB-

555 and CTB-647 labeled neurons mixed with each other around

the injection sites and scattered to both upper and lower visual

quadrants of V2 and V3.

To statistically estimate the possible topographic distribution

of labeled cells, we drew lines of presumed foveal visual field,

extending half ellipse lines of the foveal V1 border. In our

evaluation, ∼99.0% of CTB-555 labeled cells and 90.2% of CTB-

647 labeled cells were observed in the foveal region, while 85.0% of

CTB-488 labeled cells and 96.1% of BDA labeled cells were observed

in the parafoveal field (Figure 7I). These results suggest that the

closer the injection site is to the vision center of V4, the more

labeled neurons are distributed in the foveal visual field, implying

that the topographic map is inherited from V1 to extrastriate

visual areas.

To quantify differences across layers, we separately counted

the number of labeled cells in the foveal V1 and V2 for each

tracer and calculated the percentages of them among all labeled

cells in V1 and V2 (Figures 7J, K). Although the injection sites of

CTB-488 and BDA were slightly distant from the vision center, we

still acquired sufficient numbers of labeled cells. According to our

analysis, the labeled cells were distributed in all three depths of

layers in the foveal V1 and the foveal V2 (Figures 7J, K). There were

14.4%, 19.2%, and 34.0% of CTB-555 labeled cells in supragranular,

middle, and infragranular layers of V2, respectively, while they were

11.2%, 6.1%, and 5.1%, respectively, in V1. For CTB-647 labeled

cells, there were 7.9% (supra), 12.3% (middle), 19.1% (infra) in V2,

while they were 9.8% (supra), 6.0% (middle), and 1.9% (infra) in

V1. These results suggest that the feedforward projections to the

foveal V4 arise from all layers of the foveal V1 andV2. Furthermore,

22.4% of CTB-555 labeled neurons and 17.7% of CTB-647 labeled

neurons were found in the foveal V1 (Figure 7J), while only a small

number of labeled cells (0.02% of CTB-555 labeled neurons, and

1.2% of CTB-647 labeled neurons) were found in the parafoveal

V1. These results indicated that there were abundant feedforward

projections from the foveal V1 to the foveal V4, while there were

few feedforward projections from the parafoveal V1 to V4.

To compare the topography of feedforward projections, we

calculated the scaling rates between adjacent clusters in V1 and

V2, in comparison to V4 injection sites (Figure 7L). As there were

apparently two clusters for CTB-555 and CTB-647 labeled neurons

each in the lower and upper visual fields, we separately defined

their cluster centers segregated by the H.M. line and calculated the

averages of the scaling rate. The cluster center locations of CTB-

488 and BDA were both in the lower visual field, and they were not

in the foveal V2. In our analysis, the scaling rates between CTB-555

and CTB-647, CTB-647 and CTB-488, and CTB-488 and BDAwere

−0.31, 0.49, and 0.56, respectively, in V2. Although the scaling rate

was below 0.0 between CTB-555 and CTB-647 in V2 (−0.22 and

−0.42, in the upper and lower visual field, respectively), it was 0.09

in V1. These results suggest that the map is more concentrated in

the foveal V4 compared to that in V1 and V2, consistent with the

results of V1 injection cases.

Figure 7M shows the simplified map of retinotopy and the

summary of results for Case 3. The labeling clusters were observed

in V1, V2, V3, V4, and other cortical regions, and the topographical

alignment wasmaintained. Retrograde labeling clusters of CTB-555

and CTB-647 were observed in V1 as well, but those of CTB-488

and BDA were not.

Case 4
In this case, upon opening the dura, we encountered a challenge

as the V4 foveal region was in close proximity to the ear bone,

making it difficult to target the foveal V4 accurately. We opted to

inject CTB-647 near the end of sts, followed by CTB-488, CTB-

555, and BDA, each 2.0–3.0mm apart in parallel to lus (Figures 8A,

B). Upon histological examination, we observed that all four tracers

were injected in the lower visual quadrant of V4. The injection sites

of CTB-647 and CTB-488 were estimated to be near the border

of the foveal visual field, while CTB-555 and BDA were placed in

the parafoveal V4 (Figures 8C–E). After plotting all neurons, we

observed signals spreading into V2, V3, and other cortical areas,

as well as V4 near the injection sites (Figure 8F). In V1, there were

few labeled cells except CTB-647. In our evaluation, 99.4% of CTB-

647 labeled cells, 96.5% of CTB-488 labeled cells, 99.9% of CTB-555

labeled cells, and 100% of BDA labeled cells were located in the

parafoveal visual field (Figure 8G). Due to the limited number of

labeled cells in the foveal visual field, we did not analyze laminar

distribution patterns in this case. Our data implied that there were

few direct feedforward projections from the parafoveal V1 to V4.

We then proceeded to compare the topography of feedforward

projections from V1 and V2 to V4. In V1, we determined only

the center of CTB-647 labeled cells and not of other tracers, as the

signals from the other three types of tracers were minimal and too

scattered. However, in V2, we were able to pinpoint cluster center

locations for CTB-647, CTB-488, and CTB-555 (Figure 8H). In our

analysis, the scaling rates between CTB-647 and CTB-488, CTB-

488 and CTB-555 were −0.74 and 0.60, respectively, in V2. These

two values are largely different, but we realized that their average

was nearly zero (−0.07), implying that the topography sizes are

comparable between the parafoveal V2 and the parafoveal V4.

Figure 8I illustrates a simplifiedmap of retinotopy and provides

a summary of our tracing results in Case 4. In V1, a cluster was

observed only for CTB-647. The scaling of clusters was relatively

close between V2 and V4 in the parafoveal visual field.

Discussion

In this study, we investigated the topographic organization of

foveal and parafoveal representations in the visual cortex using

multiple tracers in each individual animal. We observed direct

interconnections between neurons in foveal V1 and foveal V4,

while limited direct connectivity existed between V1 and V4

neurons in the parafoveal visual field.

Before conducting the study, we hypothesized four models

as shown in Figures 1A–D. However, our results did not align

precisely with any of these models. Contrary to the regular

concentric organization model (Figure 1A), cortical topography

did not exhibit exact continuity along isoeccentricity lines.

Additionally, our findings did not support the notion of an

ambiguous foveal topography (Figure 1B), as cortical topography

was evident even in the foveal visual field. Although some
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FIGURE 9

The illustration of the topographic map in the foveal/parafoveal regions of the visual cortex. (A) Assumed topographic maps illustrated on the

flattened view of the visual cortex. Identical colors of each area indicate shared topography. Arrows indicate that there is intense mutual connectivity

in the foveal region, while not outside the foveal region; (B) Assumed topographic maps illustrated on the outer surface view of the macaque brain.

sf, sylvian fissure; ips, intraparietal sulcus. Scale bars = 10mm for (A), 5mm for (B). D and A in (B) indicate dorsal and anterior, respectively.

discontinuity in cortical topography was observed, it was not as

pronounced as V3 depicted in the discontinuous eccentricity model

(Figure 1C). As for the continuous V3 model (Figure 1D), we could

not conclusively determine whether V3 is continuous, but at least

we did not observe separable clusters from those in V4 in any of

the four cases. Regarding layer projection patterns (Figures 1E, F),

our data from Case 1 and Case 2 indicated that connectivity from

extrastriate areas to V1 follows a regular feedback projection mode,

but not intra-areal connectivity mode.

Based on our results, we present our interpretation of

topographies in visual areas around the foveal visual field in

flattened and unflattened surface views (Figure 9). Note that while

we examined topographical connectivity patterns among visual

areas, we did not investigate the receptive fields of each region.

Since we cannot determine whether V3 is continuous or not at the

foveal region, we did not draw clear border of V3. Nonetheless, this

study confirms connectivity patterns of the foveal visual field that

were previously uncertain.

Border of V3

Compared to other visual areas, V3 has not been well-

characterized. Even the position of its borders remains

controversial, lacking a decisive study (Rosa and Tweedale,

2005; Arcaro and Kastner, 2015). Originally proposed as a visual

area mirroring V2 in retinotopic organization and extent along the

outer border of V2, the evidence came from classical experiments

demonstrating anatomical projections from dorsal V1 to both

dorsolateral V2 and to a possible V3 immediately rostral to

dorsolateral V2 (Zeki, 1969). Subsequently, a modified concept

of V3, based on a detailed microelectrode mapping study of

extrastriate visual cortex, suggested that V3 was reduced in size

and divided into separate dorsal and ventral regions representing

the lower and upper visual quadrants, respectively (Gattass

et al., 1988). Interareal differences in metabolic activity revealed

by CO and myelin staining support the idea of segregated V3

in marmosets and macaques (Gattass et al., 1988; Lyon and

Kaas, 2001; Sincich et al., 2003). Some high-resolution fMRI

studies targeted the foveal representation of visual areas in

humans and suggested that the dorsal and ventral halves of

V3 were continuous even in the foveal visual field (Hansen

et al., 2007; Schira et al., 2009), although the resolution was

not yet high enough to determine area borders in the foveal

visual field.

Our current data are not decisive either, but relatively

supportive to the discontinuous model, as clusters of retrograde

labeling from V1 were observed just outside dorsal parafoveal V2

but apart from clusters in the foveal V4 in Case 1. Perhaps, V3 is

continuous within the foveal visual field as well, but even if so, the

foveal V3 region would be very thin.

Moreover, throughout the four cases here, V1 showed direct

connectivity with V4 in the foveal visual field, but much fewer

in the parafoveal visual field. This is likely because the parafoveal

V1 is separated from the parafoveal V4 by the relatively thick

V3, as well as V2, while the foveal V1 is only separated from the

foveal V4 by V2. Direct connectivity between the foveal V1 and

the foveal V4 was previously revealed by neuronal tracing studies

(Zeki, 1978; Nakamura et al., 1993; Ungerleider et al., 2008), but

the current study has more systematically shown a dramatic shift of

connectivity across the foveal and parafoveal visual fields regarding

direct mutual connectivity between V1 and V4. Note that this lack

of direct connectivity does not imply that parafoveal V4 receives

no visual information from V1. Our study solely examined direct

connectivity and did not explore indirect connectivity pathways. It

is likely that parafoveal V1 sends inputs to parafoveal V2 and V3,

which in turn relay information to parafoveal V4. Similarly, foveal

V1 is expected to project to foveal V2 and V4. This delineation
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suggests that feedforward and feedback connectivity extend up to

two hierarchical steps, but not beyond.

Supra-areal eccentricity organization
model in the foveal visual field

The “supra-areal eccentricity organization model” illustrates

large-scale coherence, emphasizing local continuity across

individual visual field maps (Buckner and Yeo, 2014). This idea

initially emerged from electrophysiological mapping studies

across occipital cortical areas in monkeys (Rosa, 2002) and was

further emphasized with large-scale imaging studies (Kolster et al.,

2014). In particular, the eccentricity organization of the foveal

visual field from V1 to V4 is contiguous, forming an elongated

strip that disregards areal boundaries (Arcaro and Kastner,

2015).

However, our current study raises questions about this idea.

We examined layer differences because we wondered whether the

layer projection patterns among visual areas in the foveal visual

field follow inter-areal patterns or intra-areal patterns. Our data

suggest that feedback projections from the foveal V4 to the foveal

V1, and from the foveal V2 to the foveal V1, predominantly

arise from infragranular layers. While distinguishing between

feedforward projection and intra-areal connectivity patterns

proved challenging, there was no particular question to believe

that projections from the foveal V1 to the foveal V4 in our

data followed regular inter-areal feedforward projection mode.

This implicates that projection patterns among visual areas are

more in line with the inter-areal mode, even in the foveal

visual fields.

Furthermore, our data demonstrate that isoeccentricity lines

are not continuous from V1 to V4, with the foveal V3 and V4

being more concentrated than the foveal V1 and V2 (Figure 9).

The concentrated retinotopy of V4 is evident in images from

previous BOLD visuotopic mapping studies as well (Fize et al.,

2003; Arcaro et al., 2011; Kolster et al., 2014; Wang et al.,

2015), although these authors did not emphasize it. While foveal

visual fields in V1–V4 are firmly interconnected, they still appear

as independent cortical areas, cautioning against oversimplifying

brain organization.

Considerations regarding development and
evolution

In the context of primate visual area development, the “two-

seeds theory” has been proposed (Rosa, 2002). According to this

theory, two primary visual areas with the first-order representation

of retinotopy, V1 and MT, are specified early in development,

either through gradual distributions of cell surface chemical

cues (O’Leary and Nakagawa, 2002) or by the spatio-temporal

patterning of afferent projections (Molnar and Blakemore, 1995).

Once the V1 and MT maps are defined, visuotopic maps in

adjacent areas begin to self-organize around these anchors. Two

rules guide this process: (1) the receptive fields of neurons

in adjacent columns must overlap; and (2) the gradient of

representation does not revert within a given area. Throughout

postnatal development, activity-dependent mechanisms fine-tune

the maps.

In line with this theory, the maturation of neurochemical

components occurs first in V1 and MT, followed by extrastriate

visual areas, mirroring retinotopic maps (Bourne and Rosa, 2006;

Turner et al., 2020). Considering this developmental progress, it

might be reasonable to assume that V1, V2, V3, and V4 all share

a retinotopic eccentricity map. However, there is no evidence

supporting the idea that the topography of extrastriate areas is

solely based on V1 and MT, although it is plausible that the

connectivity between V1 (MT) and extrastriate areas plays a role

in refining their topography together. A more recent study in

rodents proposed a different theory. A detailed early postnatal

cortical mapping study using multiphoton calcium imaging in

mice demonstrated that retinotopic maps develop simultaneously

in V1 and multiple higher visual areas, followed by their

interconnection (Murakami et al., 2022). During the early postnatal

period, V1 and higher visual areas develop through afferent

inputs from the lateral geniculate nucleus (LGN) and the lateral

posterior nucleus (LPN, the counterpart of the primate pulvinar),

respectively. This model seems reasonable when considering the

time needed to develop the entire visual system. If hierarchical

development from one area to another were the case, it would

take an extended period to complete the development of all

cortical areas.

While one might argue that visual systems differ significantly

between rodents and primates, recent studies indicate that even

rodent visual systems share more homologous characteristics with

primate visual systems than previously estimated. For instance,

there is a distinction between dorsal and ventral visual pathways

both anatomically and physiologically in rodents (Murakami et al.,

2017). Ocular dominance columns (ODCs), once thought to

be unique to primates and carnivores, have been discovered in

rats, and their developmental events appear similar to those in

primate/carnivore ODCs (Zhou et al., 2023). Thus, rodent brains

can be considered prototypes of primate brains, despite lacking a

prominent fovea. V2, V3, V4, and MT have all been demonstrated

topographically organized, intense mutual connectivity with the

pulvinar (Kaas and Baldwin, 2019; Liu et al., 2021). It is possible

that V3 and V4 develop topographic maps independently of

V1, although they are delayed compared to V1 and MT, via

topographic cues from the pulvinar. The foveal region likely

exhibits strong activity, leading to closely located foveal visual fields

in each area.
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