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Abstract

Connections of primary (V1) and secondary (V2) visual areas were revealed in macaque monkeys
ranging in age from 2 to 16 weeks by injecting small amounts of cholera toxin subunit B (CTB).
Cortex was flattened and cut parallel to the surface to reveal injection sites, patterns of labeled
cells, and patterns of cytochrome oxidase (CO) staining. Projections from the lateral geniculate
nucleus and pulvinar to V1 were present at 4 weeks of age, as were pulvinar projections to thin
and thick CO stripes in V2. Injections into V1 in 4- and 8-week-old monkeys labeled neurons in
V2, V3, middle temporal area (MT), and dorsolateral area (DL)/VV4. Within V1 and V2, labeled
neurons were densely distributed around the injection sites, but formed patches at distances away
from injection sites. Injections into V2 labeled neurons in V1, V3, DL/V4, and MT of monkeys 2-,
4-, and 8-weeks of age. Injections in thin stripes of V2 preferentially labeled neurons in other V2
thin stripes and neurons in the CO blob regions of V1. A likely thick stripe injection in V2 at 4
weeks of age labeled neurons around blobs. Most labeled neurons in V1 were in superficial
cortical layers after V2 injections, and in deep layers of other areas. Although these features of
adult V1 and V2 connectivity were in place as early as 2 postnatal weeks, labeled cells in V1 and
V2 became more restricted to preferred CO compartments after 2 weeks of age.

Indexing Terms
V1; V2; pulvinar; lateral geniculate nucleus; macaque monkey

The connections of V1 and V2 in adult macaque monkeys have been extensively
characterized (for reviews, see Felleman and Van Essen, 1991; Casagrande and Kaas, 1994;
Sincich et al., 2010; Markov et al., 2011). Only a few studies have explored connections of
these areas during early development (Barone et al., 1995; Coogan and Van Essen, 1996;
Batardiére et al., 2002); however, these studies did not relate connection patterns to
anatomical markers of the modular organizations of V1 and V2. Previous studies of the
visual system have provided evidence that connections are sometimes exuberant early in
development and mature patterns of connections arise from subsequent pruning of these
imprecise connections, usually as a result of sensory experience (Innocenti et al., 1977;
Wiesel, 1982). The results of other studies suggest that many adult patterns of connections
are in place prior to visual experience (Dehay and Kennedy, 1988; Coogan and Van Essen,
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1996; Horton and Hocking, 1996). Determining how and when adult-like patterns of afferent
projections emerge within and to V1 and V2 would promote our understanding of when
adultlike visual functions may begin to emerge.

Physiological and anatomical studies indicate that there are at least three distinct cortical
processing streams emerging from V1 and V2 (Roe and Ts'o, 1995; Sincich and Horton
2002, 2005; Casagrande and Xu, 2003). Bands or stripes of tissue crossing the width of V2
can be identified in brain sections processed for cytochrome oxidase (CO) or myelin, and
three processing streams have been related to the three different CO band types (Livingstone
and Hubel, 1983, 1984; Tootell et al., 1983; Olavarria and Van Essen, 1997; Sincich and
Horton, 2002; Kaskan et al., 2008; Lim et al., 2009). CO-dark thick stripes have been
associated with neurons sensitive to image disparities between two eyes (information used in
stereopsis), thin stripes with neurons selective for color, and pale stripes with neurons
selective for aspects of shape analysis (Tootell et al., 1983; Livingstone and Hubel, 1984a,
1987; DeYoe and Van Essen, 1985; Shipp and Zeki, 1985; Hubel and Livingstone, 1987;
Tootell and Hamilton, 1989).

Each stripe type preferentially receives different V1 afferents and projects to various cortical
targets. For instance, cortex associated with the CO-dense blobs of V1 preferentially
projects to V2 thin stripes (Livingstone and Hubel, 1983, 1984; Sincich and Horton, 2002,
2005; Sincich et al., 2007), whereas thick and pale stripes receive projections from interblob
regions around CO blobs of V1 (Xiao and Felleman, 2004; Sincich et al., 2010). Horizontal
connections in V2 have been described as widely distributed (Livingstone and Hubel, 1984;
Rockland, 1985; Amir et al., 1993; Levitt et al., 1994; Malach et al., 1994; Roe and Ts'o,
1995). Like stripe types tend to have the most connections with one another, especially at
greater distances (Livingstone and Hubel, 1984; Levitt et al., 1994), although there are also
connections with other stripe types (Levitt et al., 1994; Rockland, 1985). Additionally, thick
stripes have connections with MT, whereas thin and pale stripes have connections with V4
(Livingstone and Hubel, 1983, 1984; DeYoe and Van Essen, 1985; Shipp and Zeki, 1985;
Hubel and Livingstone, 1987), demonstrating the emergence of the two cortical processing
streams (Ungerleider and Mishkin, 1982; Goodale and Westwood, 2004). Subcortically, the
visual pulvinar projects to CO-rich stripes of V2, but not pale stripes (Livingstone and
Hubel, 1982; Levitt et al., 1995).

Previous reports have suggested that adult-like connections are present before birth, with
patchy patterns of label formed after VV1 and V2 injections (Coogan and Van Essen, 1996).
However, the same studies and others also suggest that a substantial amount of
“reorganization” occurs between neonatal monkeys and adults (Barone et al., 1995;
Batardiére et al., 2002). The results of recent electrophysiological studies have suggested, as
well, that there may be some anatomical refinement of V1 and V2 connections over the first
few weeks after birth. Although response latencies for neurons in V1 and V2 appear to be
adult-like as early as 2 weeks after birth (Zhang et al., 2008), the receptive field (RF) center/
surround characteristics within V1 and V2 change between 2 and 8 weeks in that center, and
surround sizes are initially larger than those found in adults and then decrease over time
(Zhang et al., 2005; Zheng et al., 2007).

The observed differences in RF center/surround properties are hypothesized to have
anatomical correlates. Models of the anatomical sources of RF centers and surrounds
propose that feed-forward projections contribute to RF center characteristics (Bauer et al.,
1999), horizontal/intrinsic projections account for near surround suppressive characteristics
(Gilbert et al., 1996), and far surround suppressive characteristics are a result of feedback
projections (Angelucci and Bullier 2003; Angelucci and Bressloff, 2006). Therefore, the
observed decreases in RF center and surround sizes of subjects between 2 and 8 weeks of
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age may be associated with the reorganization of the feed-forward, as well as intrinsic and
feedback connections in V1 and V2 soon after birth.

In the present study, we examined connections of V1 and V2 of monkeys aged 2, 4, 8, and
16 weeks. These same animals were undergoing an electrophysiological analysis of
receptive field properties of neurons in the contralateral V1 and V2. We found that
subcortical and cortical connection patterns were largely adult-like as early as 2 weeks of
age, with a large proportion of afferent projections to V2 thin stripes arising from V1 blobs,
and preferential connections between like stripes within VV2; however, these connections
may undergo some pruning and refinement between 2 and 8 weeks of age.

Materials and Methods

We placed small injections of an anatomical tracer, cholera toxin subunit B (CTB) into V1
and V2 of the right hemisphere of anesthetized infant macaque monkeys (Macaca mulatta)
at 2, 4, 8, and 16 weeks of age. After injections, microelectrode recording experiments were
carried out in the left hemisphere for the following 2—4 days (Zheng et al., 2007; Maruko et
al., 2008). At the end of recording sessions, the monkeys were deeply anesthetized and
perfused with fixative, and the brains were subsequently processed to reveal architecture and
anatomical connections. All experimental procedures were approved by the Institutional
Animal Care and Use Committee of the University of Houston, and adhered to National
Institutes of Health guidelines. A total of 10 macaque monkeys weighing between 480 and
600 g and ranging in age from 2 to 16 weeks were used in this study (Table 1).

Tracer injections

Histology

Monkeys were initially anesthetized with an intramuscular injection of ketamine
hydrochloride, (15-20 mg/kg) and acepromazine maleate, (0.15-0.2 mg/kg). All subsequent
surgical procedures were carried out with additional propofol anesthesia (4-6 mg/kg/hr),
administered intravenously as needed to maintain a surgical level of anesthesia. A
tracheotomy was performed in order to facilitate artificial breathing, and the head was
secured in a stereotaxic instrument. Heart rates, temperatures, CO, levels, and
electroencephalograms (EEGs) were monitored throughout all procedures. A portion of V1
and V2 was exposed with a small craniotomy (approximately 7 x 5 mm) and a durotomy
over the right lunate sulcus of each monkey. Using a glass pipette, glued over the tip of a
Hamilton syringe, pressure injections of 0.05 .l of 1% CTB (Sigma-Aldrich, St. Louis, MO)
were placed into the caudal lip of the lunate sulcus near the VV1-V2 border. Injections were
placed 0.8-1.3 mm deep, in the middle layers of cortex.

Following the injections, the dura was replaced and the exposed region was covered with a
clear contact lens. A thin cap of dental cement was used to seal the opening of the skull and
the scalp was sutured closed. Following the surgical procedures on the right hemisphere of
each monkey, a small region of visual cortex of the left hemisphere was exposed for
microelectrode recording experiments as described elsewhere (Zheng et al., 2007; Zhang et
al., 2008).

Physiological experiments lasted 2-4 days, after which animals were given a lethal dose of
sodium pentobarbital (100 mg/kg) and perfused transcardially with phosphate-buffered
saline (PBS) and then with 2% paraformaldehyde, in PBS. The brains were then removed.
Both the right and left cortical hemispheres were carefully separated from underlying brain
structures. Most of the visual cortex from the right hemisphere was separated from more
anterior cortex and manually flattened as described previously (Stepniewska et al., 2005).
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The left hemisphere was left intact for further processing of electrophysiological electrode
tract data. Both hemispheres and thalamus were then placed in 30% sucrose in PBS for 24—
48 hours. The flattened right hemisphere was cut on a freezing microtome parallel to the
cortical surface at a thickness of 40 or 50 um. The thalamus was cut coronally into 40- or
50-pm sections. Every third section of cortex was processed for cytochrome oxidase (CO;
Wong-Riley, 1979b), to reveal the V1-V2 border and the CO-dense stripes of V2, and
another series of every third section was processed for CTB by using an antibody and the
histological procedures described in Bruce and Grovfova (1992). See Table 2 for the CTB
antibody source. The CTB antibody failed to stain cells in tissue from animals without CTB
injections. A third series was processed for myelin, or set aside. Every third section of the
thalamus was processed for CO to help determine lateral geniculate nucleus (LGN) and
pulvinar borders. A second series of every third sections was processed for CTB, and the
third series was set aside.

Data analysis

Neurons labeled for CTB in both cortex and thalamus were plotted under high resolution by
using a Leitz microscope coupled to a Neurolucida system (MicroBrightField, Colchester,
VT). Plotted sections were aligned with adjacent CO sections, by using blood vessels and
other landmarks as references. Adobe (San Jose, CA) Photoshop and Illustrator were used in
order to relate connection patterns with architectonic borders. During alignment, sections
were adjusted for differential section shrinkage by using scale and rotate functions in Adobe
Illustrator. Photographs of tissue sections were adjusted for luminance and contrast, but
were otherwise unaltered.

The connection patterns from the different age groups were compared for the numbers and
locations of labeled cells. Borders between subcortical visual nuclei and visual cortical areas
were identified in brain sections processed for CO, or were estimated from previous
established relationships to other borders and cortical features. V1 and V2 were easily
identified by using CO-stained preparations due to the characteristic blob—interblob CO
staining pattern and CO-dense middle cortical layers (Horton and Hubel, 1981; Horton,
1984; Livingstone and Hubel, 1984; Hendrickson, 1985; Levitt et al., 1994; Malach et al.,
1994; Olavarria and Van Essen, 1997) and the alternating CO dense and pale stripe pattern
within V2 (Livingstone and Hubel, 1983, 1984; Tootell et al., 1983; Horton, 1984;
Hendrickson, 1985; Olavarria and Van Essen, 1997).

In some CO preparations V3 can be identified by a banding-like pattern of CO staining yet
the bands in V3 are much wider and less obvious than those observed in V2 (Lyon and
Kaas, 2002). For the most part we identified V3 based on measurements and the location of
V3 within the lunate sulcus observed in Van Essen et al. (1986), Burkhalter et al. (1986),
and Lyon and Kaas (2002). In the present material cortex between the anterior lip of the
lunate sulcus and the posterior edge of the superior temporal sulcus (STS) was designated as
DL/V4, similar to Stepniewska et al. (2005). We were unable to differentiate visual areas
within the STS and therefore considered all visual areas within this region as the MT
complex (Kaas and Morel, 1993).

In the primary visual cortex (V1), the borders of CO blobs with interblobs were estimated by
visual inspection after adjusting for contrast in Adobe Photoshop (Fig. 1). Blob borders were
also estimated by using filtering software from Image J and Adobe Photoshop. First images
were imported into Image J and adjusted by using the auto local threshold plug-in; images
were then smoothed and imported into Adobe Photoshop where they were thresholded and
filtered to remove noise. Finally, edges were detected by using the stylize filter (Fig. 1). All
CO images were processed by using the same parameters in all of the above-mentioned
steps. We determined numbers of labeled neurons within blob and non-blob compartments
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of V1 only from regions with good CO staining where we were able to determine blob
borders. Percent total area within blobs in the sampled regions was determined by using
Image J software. The computer filtering often resulted in multiple separate blobs merging
into a single large blob (e.g., Fig. 1E). This frequently resulted in a greater percent area
dedicated to blobs and, therefore, a greater number of cells within those blob borders. A
similar problem was previously reported by Purves and La Mantia (1993).

Accordingly, we provide subjective and computer-based filtering estimates. As in previous
studies (e.g., Olavarria and Van Essen, 1997), stripe types were classified as CO dark and
CO light. The CO dark stripes were further divided into thick and thin types based on a
difference in width. As the shapes of the functionally distinct stripe types can vary within
individuals and especially across species (Krubitzer and Kaas, 1990), occasional
misidentifications of functional types of stripes may occur. In one case (MV2n2: Fig. 2D,E),
there were two thin stripes next to one another. Multiple thin stripes separated by only pale
stripes versus two pale stripes and a thick stripe have been observed previously by Olavarria
and Van Essen (1997). Numbers of labeled cells within estimated stripe borders were
determined by using Adobe Illustrator. The average widths for the different stripe types
were based on our subjective borders and were measured using Image J.

Cortical connections were analyzed after V1 or V2 injections in 2-, 4-, and 8-week-old
macaque monkeys, and one V1 injection in a 16-week-old monkey using the anatomical
tracer CTB to determine any age-dependent changes. In most cases, examined cortical tissue
was from the V1, V2, V3, dorsomedial area (DM), dorsolateral area (DL), and middle
temporal area (MT). In other cases a subset of these areas was examined. In all cases, the
border between V1 and V2 was determined by using CO staining. Other borders were
estimated based on their expected location relative to V1 and V2 and the location of cortical
fissures. V1 is easily recognized in CO preparations as a region with alternating CO-dense
blobs and CO-weak interblobs (see Fig. 2F for an example), whereas V2 is apparent as a
result of its distinctive CO-dense and CO-weak banding pattern (see Fig. 2D for an
example). We also analyzed thalamocortical connections in some monkeys.

Because our most extensive results were on cortical connections, especially V2, we start
with a description of the cortical connections of V2, followed by V1, and then subcortical
connections of V1 and V2. Cortical connections revealed by V2 injections were obtained
from four cases. Within these cases, three injection sites involved thin CO stripes, and one
involved a thick CO stripe.

V1 projections to V2

Adult-like patterns of connections between V1 and V2 (Federer et al., 2009 ; Livingstone
and Hubel, 19874a; Sincich et al., 2010) were present as early as 2 weeks of age (Fig. 3). For
instance, injections into thin stripes preferentially labeled blob regions within V1 (Figs. 2—
5), whereas injections into a thick stripe within V2 (Fig. 6) labeled cells mainly within
interblobs, with some spread into the outer limits of blobs in V1. None of the injections were
centered on a pale stripe of V2.

Feed-forward connections are thought to be involved with RF center properties (Bauer et al.,
1999). Neurons labeled in V1 represent feed-forward connections from V1 to V2. In the
present cases, most of the V2 injections were along the V1/V2 border and the resulting
retrogradely labeled neurons in V1 were located just caudal to the injection sites near the
V1/V2 horder, as expected for the mirrored retinotopy of V1 and V2 and known connection
patterns of V2 with V1 in adult monkeys (Stepniewska and Kaas, 1996; Sincich et al.,
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2010). Injections in the thin stripes of V2 revealed thin stripe connections with V1 at
postnatal ages 2, 4, and 8 weeks (Figs. 2-4). In adults, cells within blobs tend to project to
thin stripes (Livingstone and Hubel, 1984; Sincich and Horton, 2002, 2005; Sincich et al.,
2007). In our three cases, clusters of retrogradely labeled cells in V1 were largely within CO
blobs. In addition, the labeled cells appeared to become more restricted to blobs as the
monkeys matured from 2 to 8 weeks of age, suggesting that some interblob neurons with
inappropriate connections with thin stripes lost those connections over the first few weeks of
postnatal life.

To further evaluate the apparent reduction of projections from interblob neurons to thin
stripes during postnatal maturation, we determined the projections of labeled neurons within
and outside of V1 blobs at the three developmental ages. Blob borders were outlined either
by visual inspection of CO-stained sections or by a computer thresholding procedure (see
Materials and Methods and Fig. 1). By either measure of blob borders, the projection of
labeled neurons within blobs increased over postnatal maturation (Fig. 5). However, the
borders produced by the two methods varied somewhat (Table 3 and Fig. 1). At 2 weeks of
age, 36.6-41.2% (subjective vs. computer) of labeled neurons were within blobs for our
sampled tissue. By 4 weeks, this number grew to 69.3— 75.8% (subjective vs. computer),
and 74.9-79.4% (subjective vs. computer) at 8 weeks. We also measured percent area
dedicated to blobs used in the above calculations. For all ages, the subjective borders
resulted in 25— 32% of the surface area of V1 being within blobs, whereas these values were
slightly higher, 28—-39%, for computer filtering values. Similar values were previously
reported for blob and interblob territories in adult and infant macaques (Purves and La
Mantia, 1993; Sincich et al., 2007).

Thus, the loss of connections of thin stripes from inter-blob V1 neurons does not appear to
result from any change in defining blob boundaries. We also feel that the result was not
simply due to the possibility that injections were less well confined to thin stripes at early
ages. Whereas the injection site in the 2-week-old monkey was somewhat larger than in the
4- and 8-week-old monkeys, the extent of the labeled region in V1 was only 10% larger in
the 2-week-old monkey than in the 8-week-old monkey, suggesting little differences in the
effectiveness of thin stripe injections across cases.

In a different 4-week-old monkey, an injection was placed in what appeared to be a thick
stripe (Fig. 6). This is not completely certain as both stripes in V2 and blobs in V1 were
unevenly stained for CO in this case. However, near the edge of the labeled region in V1 of
this case, blobs were apparent, and labeled neurons were located outside of blobs (see top
left portion of V1 in Fig. 6). In addition, where labeled neurons were more closely
distributed, they formed a matrix around holes, the sizes and distribution of blobs, providing
additional evidence that the labeled neurons were in the interblob territory.

After injections in V2, the majority of labeled cells in V1 were found in the most superficial
sections for all cases (Figs. 7-9). Because we cut our tissue tangentially to the cortical
surface, it was difficult to precisely determine the laminar locations of labeled neurons.
However, layer 4 of V1 (IVVC of Brodmann, 1909) can easily be identified in tangential
sections by dark CO staining and a lack of the blob and interblob pattern (e.g., Fig. 4D for
an example). We used this characteristic to determine whether labeled cells were above or
below layer IVC in V1. At 2 weeks of age, labeled cells in V1 were both above and below
layer IVC.

However, the majority of cells in V1 were found superficial to the IVC (Fig. 7A; 61%;
2,914/4,752 cells) and deeper sections, near (Fig. 7B; 35%; 1,642/4,752 cells) or below the
IVC (Fig. 7B,C; 4%; 196/4,752 cells), had few labeled cells. In the 4-week-old cases for
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both thin (Fig. 8) and thick stripe injections (not shown), no cells were found within V1 at
the level of or deeper than layer IVC. A similar pattern was also observed for the 8-week-old
monkey following a thin stripe injection (Fig. 9). In adults, a small proportion of V2
projecting neurons in V1 is located in layers 5 and 6 (for review, see Callaway, 2003;
Casagrande and Xu, 2003), and some are even in midlayer IV (IVC) (Yabuta and Callaway,
1998).

Intrinsic connections of V2

The distribution of labeled cells around injection sites in V2 of 2-, 4-, and 8-week-old
monkeys were most dense immediately adjacent to the injection site, and became
progressively less dense at greater distances, where they formed a patchy, band-like pattern
(Figs. 2-4). These more distant patches of labeled cells were focused on CO stripe types that
matched that of the injection site, especially at longer projection distances. Similar patchy
patterns of labeled cells in V2 have been reported in previous studies of intrinsic cortical
connections of V2 in adult macaques (Livingstone and Hubel, 1984; Rockland, 1985; Levitt
et al., 1994). After injections in V2, labeled cells within V2 were located throughout the full
depth of tissue sections from top to bottom, with most labeled cells within the middle
sections for all cases studied (Figs. 7-9). The horizontal distribution of labeled cells in V2
covered a greater extent of cortical space than the distribution in V1. This was apparent
along the same axis as the V1/VV2 border, as well as the width of V2.

For the three cases with thin stripe injections, the numbers of labeled cells within different
stripes were determined based on the borders we could visualize in CO-stained sections. In
the 2- and 4-week-old monkeys, approximately half of all labeled cells were located within
thin stripes (50% for 2 weeks, and 49% for 4 weeks), whereas 75% of the labeled cells were
within thin stripes for our 8-week-old monkey (Table 4). Close to the injection site, labeled
cells were within all stripe types; however, at greater distances from the injection, the
majority of labeled cells were found in like stripe types (Figs. 3A,C,E, 2A,C,E, 4A,C,E).
Within stripes, there was a patchy distribution of retrogradely labeled cells, which could
reflect functional domains within stripe types (e.g., Roe and Ts'o, 1995). This patchy pattern
within stripes was apparent as early as 2 weeks of age (Fig. 8). The number of dark CO
stripes with retrogradely labeled cells decreased over time, with a span of seven to eight
dark CO stripes containing labeled cells at 2 weeks, but only five dark CO stripes containing
labeled cells by 8 weeks (Figs. 3E, 2E, 4E). The furthest distance along the length of V2 for
labeled cells was 15 mm in the 2-week-old, 13.1 mm in the 4-week-old, and 13.4 mm for the
8-week-old monkeys. This is a decrease in the span of labeled cells of around 10.6%
between 2 and 8 weeks of age and does not take cortical growth into consideration, which
would expand, not decrease, the distribution.

We also measured the average width of the different stripe types at the different ages and
found that, at 2 weeks, the average width of thin stripes was 0.98 mm and thick stripes were
1.26 mm, by 4 weeks these numbers increased to 1.2 and 1.67 mm for thin and thick stripes,
respectively, and finally by 8 weeks the average thin stripe widths were around 1.29 mm,
and thick stripe widths were 1.85 mm. The total length of a complete thin, pale, thick, pale
cycle of stripes at 2 weeks averaged 3.6 mm; by 4 weeks this increased to 4.7 mm (an
increase of 31% from week 2), and by 8 weeks the length was 5.5 mm. Previous reports
have indicated that the length of the stripe cycle in adults is approximately 6 mm (Ts'o et al.,
2009). The distance across a full stripe cycle for our 2-week-old monkey (3.6 mm) is
consistent with a previous estimate of the stripe cycle length for 2-week-old macaques (3.5
mm/cycle: Horton and Hocking, 1996).

CO staining in V2 was weak for our thick stripe injections and the tissue located at distances
greater than that shown in the figure was damaged (Fig. 6). However, it does appear that the
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injection for this case did label clusters of cells at variable distances that would match dark
CO bands and avoid pale stripes given our measurement data collected from other 4-week-
old cases in this study.

Connections with other cortical areas

We analyzed afferent connections from visual areas rostral to V2 in three cases by using thin
stripe injections. In adult macaques, V2 is known to have connections with DL/V4, DM, V3,
MT, medial superior temporal area (MST), and the fundal superior temporal area (FST)
(Rockland and Pandya, 1981; Maunsell and VVan Essen, 1983; DeYoe and Van Essen, 1985;
Kennedy and Bullier, 1985; Ungerleider and Desimone, 1986; Zeki and Shipp, 1989;
Stepniewska and Kaas, 1996; Felleman et al., 1997; Gattass et al., 1997) and specifically V2
thin stripes are known to receive projections from DL/V4 (DeYoe and Van Essen, 1985;
Shipp and Zeki, 1985, 1989,1995; DeYoe et al., 1994). We were unable to determine the
precise borders of MT, MST, and FST in any of our cases, and therefore we combined MT,
MST, and FST into an MT complex. As early as 2 weeks of age, connections between V3,
DM, DL/V4, and the MT complex were present after V2 thin stripe injections (Figs. 2-4).

For the most part, V2 thin stripe injections resulted in multiple loci of labeled cells that
formed a band-like pattern within DL/V4 (Figs. 1A, 3A), similar to the band-like patches of
label in adults observed in Stepniewska and Kaas (1996). These bands run in a mediolateral
direction, and encompass a much smaller area than the labeled cells within V2. In one case,
labeled cells in V3 were clustered into two short bands parallel and adjacent to the proposed
V3/DM border (Fig. 2). The locations of the labeled cells are consistent with the proposed
retinotopies of V3 (Gattass et al., 1988) and DM in macaques (Stepniewska and Kaas, 1996;
Lyon and Kaas, 2002), or V3 and DM adjoined along a representation of the vertical
meridian of the lower visual quadrant. The two bands may correspond to the locations of
two injection sites within a V2 thin stripe (Fig. 2) being in one visual area (either V3 or
DM), or they could correspond to topographic connections in both V3 and DM across the
vertical meridian. Patches of labeled cells in other areas that were placed in DL/V4 in our
figures were close to the expected outer border of V3, and may have included V3 but were
more lateral than expected for topographically matched locations for V3 (Fig. 3). Much like
the patches of labeled cells within DL/V4, the extent of cortex occupied by these labeled
cells after V2 injections is much smaller than the distributions within V2.

Labeled cells in the MT complex were present as early as 2 weeks of age (Fig. 3), but we did
not examine this region of cortex in monkeys of later ages. The patch of labeled cells within
the MT complex of our 2-week-old monkey was located on the outermost lip of the STS and
could correspond to MTc/V4t (Kaas and Morel, 1993; Desimone and Ungerleider, 1986).
Another possibility is that this cluster of cells was within the most rostral part within DL/V4.
Previously, DeYoe and colleagues (1994) placed an injection in a similar location close to
the superior temporal sulcus within DL/V4 of an adult macaque and observed retrogradely
labeled cells within thin CO stripes of V2.

The numbers of labeled cells within the DL/V4 complex in tissue sections of different
depths varied with the majority of retrogradely labeled cells within the middle and deep
sections (Figs. 7-9). At 2 weeks of age, 16% (279/1,740 cells) of the labeled cells were
within the top sections, 39% (679/1,740 cells) in the middle, and 45% (782/1,740 cells) in
the bottom sections. By 4 weeks of age 18% (248/1,359 cells) were within the top, 19%
(253/1359 cells) within the middle, and 63% (858/1,359 cells) within the bottom sections.
At 8 weeks of age 22% (187/839 cells) of the labeled cells were found in the top sections,
34% (286/839 cells) were within the middle sections, and 44% (366/839 cells) were in the
bottom sections. Whereas the percentages across the depths varied somewhat between cases,
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the deeper sections had nearly half or more of the labeled cells overall, as expected for
feedback connections (Rockland and Pandya, 1979; Maunsell and Van Essen, 1983).

V1 injections

V1 connections were studied in two monkeys, one 4-week-old monkey (MKV1c4: Fig. 10),
and one 16-week-old monkey (not shown). In both cases retrogradely labeled cells were
observed in V1, V2, V3, and MT, with only a few cells labeled in DL/VV4. Within V1,
labeled cells were homogeneously distributed around the injection site but formed patches at
greater distances (Fig. 10), as reported in adult monkeys (Rockland and Lund, 1983).
However, these patches did not completely correspond to CO blobs or interblobs. Within V2
of the 4-week-old monkey, retrogradely labeled cells were densely distributed along the VV1/
V2 border adjacent to the injection site (Fig. 10). The distribution of labeled neurons in V2
was broader along the VV1/VV2 border than the injection site in V1, or even the distribution of
labeled cells within V1, and thus covered more of the representation of the visual hemifield.

Labeled cells in V2 formed a somewhat patchy pattern, especially as they became less
densely distributed in more rostral, medial, and lateral directions from the injection site (Fig.
10). When the distribution of labeled cells in this case was compared with CO stripe types in
V2, the pattern of patches appeared to align preferentially with CO-dark stripes. Cells were
also found along the outer border of V3, and multiple patches of labeled cells were within
the superior temporal sulcus (including the expected location of MT and possibly other MT
complex areas). Patches of labeled cells marked the rostral border of V3, where the vertical
meridian is represented, and some of the neurons of the large medial patch could be in DM/
V3A (Lyon and Kaas, 2002) (Fig. 10).

The injection in the 16-week-old monkey labeled relatively few cells outside of V1, but
labeled cells were located in V2 and V3. As the V1 injection was slightly displaced from the
V1/V2 border, the labeled cells in V2 were displaced from the V1/V2 border, and the
labeled cells in V3 were displaced from the outer border of V3 in topographically matched
locations relative to the injection site.

V1/V2 border injections

There were four cases with injection sites located along the VV1/VV2 border. Two of these
cases were 2-week-old macaques and the other two cases were 4-week-old macaques.
Labeled cells were found in V1, V2, V3, DM, and the MT complex and possibly DL/V4 as
early as 2 weeks of age (Figs. 11, 12). Within V1, labeled cells were uniformly distributed
along the VV1/VV2 border but, at greater distances, more caudal to the V1/V2 border, labeled
cells were in a somewhat patchy arrangement (Figs. 11-13). These patches do not appear to
be associated with blobs or interblobs (Figs. 11, 12). Within V2, labeled cells were not
preferentially located within any given stripe type and the majority of cells were within 2
mm of the V1/VV2 border (Figs. 11-13). Case MV1b2 (Fig. 13) has two injection sites
located on either side of the V1/V2 border, with the cores of the injections fused at the V1/
V2 border. Consequently, we categorized this case as a border injection.

However, the patchy stripe-like label within V2 reflected features of a V2 stripe injection.
This stripe-like pattern of connections was not observed in our other border injections,
possibly because they did not extend far enough into V2 (Figs. 11, 12). Labeled cells within
V2 span a larger mediolateral distance than those in V1 (Figs. 12, 13), suggesting that
labeled intrinsic and V1-V2 connections span a greater proportion of V2 than V1. Multiple
patches of retrogradely labeled cells were found between the rostral border of V2 and the
superior temporal sulcus, possibly indicating the locations of the vertical meridian
representations within visual areas V3, DM/V3A, and DL/V4.
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Thalamocortical connections

We examined the thalamus for neurons labeled by injections in visual cortex in four cases.
Three involved V2 injections in a thick stripe and two in thin stripes, whereas the fourth case
involved a V1 injection (Table 1). To determine the locations of retrogradely labeled cell
bodies, we aligned the labeled cells in CTB sections with matching parts of adjacent CO-
stained sections. Labeled cells were found within the pulvinar complex and the dorsal lateral
geniculate nucleus (LGNd). For our analysis, we divided the pulvinar complex into three
traditional divisions, the medial pulvinar (PM), the lateral pulvinar (PL), and the inferior
pulvinar (PI). Although each of these divisions can be divided further, these three divisions
can be reliably identified in CO preparations (Stepniewska and Kaas, 1997).

The medial pulvinar is located lateral to the superior colliculus, and dorsal to the brachium
of the superior colliculus (BrSC). PM stains moderately for CO, and contains few fiber
bundles running through it relative to PL. PL lies along the most lateral border of the
pulvinar complex, lateral to both PM and PI, but also dorsal to PI, stains moderately for CO,
and is striated in appearance due to fiber bundles. Pl is ventral to PM, and medial and
ventral to PL. The brachium of the superior colliculus (BrSC), for the most part, creates a
border between Pl and PL; however, some aspects of Pl are present dorsal to the BrSC
(Gutierrez et al., 1995; Stepniewska and Kaas, 1997; Adams et al., 2000; Jones, 2007).

Injections of CTB into V1 of a 4-week-old monkey resulted in retrogradely labeled cells
within the parvocellular layers of the LGNd, as well as the lateral pulvinar (Fig. 14). The
injection site was centered 1.5 mm from the VV1/V2 border within the representation of the
central 1°-2° of vision of the lower visual quadrant (Gattass et al., 1981, 1987) and is
relatively close to central vision (see Fig. 10A for injection site). Retrogradely labeled cells
were found within a middle portion of PL just dorsal to the brachium of the superior
colliculus (Fig. 14D). This general region of the pulvinar is known to project to V1 and V2
(Kennedy and Bullier, 1985; Adams et al., 2000). Labeled cells were also found dorsally in
the parvocellular layers of the LGNd (Fig. 14B). Possibly because of the small size of the
injection, and the narrowing of the column of projection neurons as it reaches the
magnocellular layers (Kaas et al., 1972), we did not observe labeled cells within the
magnocellular layers of the LGNd.

Thalamocortical projections to thin stripes of V2 were observed in both 4- and 8-week-old
monkeys (Fig. 15). Both cases resulted in retrogradely labeled cells mostly in the ventral
half of the lateral pulvinar, in a similar region of the pulvinar as that for our V1 injection. In
the 4-week-old monkey (Fig. 15C), two patches of label were present within PL, possibly
reflecting the two closely spaced injection sites for this case (Fig. 2). The pattern of label
seemed to form a V-like shape similar to the pattern of label described by Kennedy and
Bullier (1985) after V2 injections. Additionally, retrogradely labeled cells were present
within the lateral third of the inferior pulvinar. In our 8-week-old monkey, the thin stripe
injection (Fig. 15C,D) labeled a small patch of cells in the lateroventral portion of the lateral
pulvinar just above the brachium of the superior colliculus (not shown) in a location similar
to the medial patch of cells within the lateral pulvinar after a thin stripe injection in a 4-
week-old monkey (Fig. 15A,B).

Our injection in case MV2k4, a 4-week-old monkey, appeared to be in a thick stripe based
on darker CO staining around the injection site (Fig. 6) and the pattern of labeled cells
within interblobs within V1. Additionally, previous studies have reported that the pulvinar
complex projects only to CO dark stripes (Levitt et al., 1995). Retrogradely labeled cells
were in the lateral and inferior pulvinar. Labeled cells in PL were in two patches, one
laterally within PL, and another denser patch of cells ventromedially within PL. Two
patches of labeled cells were also found in PI, one located dorsally within central PI (Fig.
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16B), and another small patch located laterally within PI (Fig. 16D). No labeled cells were
within the LGN.

In summary, all injections resulted in labeled cells within the lateral pulvinar, and injections
in V2 also labeled neurons in the inferior pulvinar. The thick stripe injection in V2 resulted
in labeled cells within both the lateral and medial aspects of the inferior pulvinar, whereas
thin stripe injections resulting in labeled cells only within the lateral aspect of the inferior
pulvinar. V1 injections also labeled cells within the LGNd.

Discussion

We studied the connections of V1 and V2 in 2-, 4-, 8-, and 16-week-old macaque monkeys.
The results indicate that much of an adult-like pattern of V1 and V2 connections is present
as early as 2 weeks of age, but there is also a refinement of connections from 2 to 8 weeks of
age so those originating from appropriate CO modules in V1 and V2 are preserved over
those from other CO domains. This refinement period parallels the maturation of receptive
field properties of V2 neurons that occurs over the same time (Zhang et al., 2005, 2008;
Zheng et al., 2007; Maruko et al., 2008). Our results are discussed below in relation to
previous anatomical and physiological findings in adult and developing macagque monkeys.

Our present findings indicate that many of the connections of V1 and V2 that have been
described in adult macaques are already present in early postnatal macaques. This is not too
surprising, as some features develop well before birth, and macaques have functional vision
at birth. For instance, retinal projections to the lateral geniculate nucleus (LGN) and superior
colliculus (SC) emerge and segregate to form LGN layers prenatally (Rakic, 1976; Miessirel
etal., 1997) and LGN projections to V1 develop and segregate into ocular dominant layers
prenatally (Rakic, 1976). Our injections into V1 labeled neurons in the LGN at 2 weeks of
age, and in the pulvinar at 4 weeks of age.

Our results also indicate that many features of the cortical connection patterns of V1 and V2
are also present in early postnatal monkeys.

Intrinsic connections of V1

Our injections in V1 were limited in number, but neurons were labeled around the injection
sites in V1 at 4 and 16 weeks of age, where they formed a somewhat patchy pattern in the
close vicinity of the injection core at 4 weeks. It is not known when the more extensive
intrinsic connection pattern of V1 of adult macaques (Rockland and Lund, 1983;
Livingstone and Hubel, 1984) emerges, but this pattern does not appear to be fully
developed in our cases. However, our postinjection survival times were necessarily short.
Using a diffusible fluorescent tracer in postmortem, perfused brains (dil), Coogan and Van
Essen (1996) reported that prenatal macaques have a patchy distribution of intrinsic
connections in V1 as early as 3 weeks before birth, but results were limited and difficult to
compare with the adult patterns. In the present study the patches of label found within V1
did not correlate with blob and interblob regions. In adults, the patchy patterns could reflect
a concentration of connections to those between nearby neurons of similar preferences for
stimulus orientation (Malach et al., 1993), between neurons between blobs, and between
neurons in interblob regions (Livingstone and Hubel, 1984).

V1 projections to V2

V1 projections to V2 were revealed by injections of CTB into V2. For injections in V2 thin
stripes, only 36.6— 41.2% of the cells were within CO blobs at 2 weeks of age, but by 8
weeks of age 74.9-79.4% were found within blobs, with the greatest change in percentage of
cells within blobs occurring between 2 and 4 weeks of age. The proportions observed by 8
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weeks of age are similar to those observed in adult macaques (Sincich et al., 2007). This
suggests that projections of V1 neurons to V2 are initially nonselective or only weakly
selective, and that neurons in non-blob portions of V1 lose their projections to V2 thin
stripes by 8 weeks of age.

Our injection that appeared to be within a thick stripe labeled cells predominantly within
interstripe regions and regions around blobs of V1, which is similar to the distribution
observed after thick stripe injections in adult macaques by Sincich et al. (2010). The surface
area we measured as blob space comprised 25-39% of the total V1 space. Other reports
measuring V1 space dedicated to blobs range between 20 and 33% (Purves and LaMantia
1993; Farias et al., 1997; Solomon, 2002; Sincich et al., 2007).

Intrinsic horizontal connections of V2

The organization of intrinsic connections of V2 in adult macaques has been variously
described. For the most part, intrinsic connections of V2 in adults tend to form aggregate
clusters in preferred sites (Wong-Riley, 1979a; Matsubara et al., 1985; Rockland, 1985;
Livingstone and Hubel, 1984; Hubel and Livingstone, 1987; Amir et al., 1993, Malach et al.,
1994 ). Hubel and Livingstone (1984) reported that CO dense stripes (both thick and thin)
are interconnected, but have few connections with pale stripes. However, Rockland (1985)
found no clear relationship of intrinsic connections and CO stripes in V2. Levitt et al. (1994)
described dense connections between CO dark stripes, but found that pale stripes were
equally connected to both pale and CO dense stripes. Coogan and Van Essen (1996)
established that by embryonic day E130, horizontal connections within V2 form a patchy
distribution, and by E145 an adult pattern of connections is present; however, they did not
assess these connections with respect to CO staining patterns of stripe types.

In the present study, we found that an adult-like patchy pattern of connections is present at 2
weeks of age, and these patches of connections tend to be confined to like-stripe types the
further away they are from the injection site. Stepniewska and Kaas (1996) reported that
intrinsic connection of V2 extended 5 mm in either direction of the injection site in adult
macaques. This distance is much smaller than what we observed for all our age groups in the
current study, suggesting that there is likely a reduction in the extent of horizontal
connections between 2 weeks of age and adulthood. However, the size, number, and lateral
extent of horizontal connections are affected by the size of tracer injections (Lund et al.,
1993; Malach et al., 1997; Tanigawa et al., 2005). Indeed, the injection site size for our 2-
week-old macaque was larger than that of the 8-week-old macaque. Additionally, we did
observe some evidence of cortical surface expansion within V2 between 2 and 8 weeks of
age with an increase in stripe cycle sizes of 52%, which could further result in discrepancies
between the size and extent of our injection sites for the different ages. Regardless, we can
be sure that our injections are mainly located within single stripes as the labeling pattern is
confined to like-stripe types only at greater distances for all cases.

When analyzing the connections based on architectonic modules within V2, we see a
decrease in the number of like stripes with retrogradely labeled cells (from eight to five) as
the monkeys aged. This could reflect a developmental loss of longer connections or,
perhaps, a sampling bias in our full set of cases based on differences in injection size, or
even the injection site location within the stripe type. Nevertheless, our injection sites were
centered within a single stripe, and the difference between 2 and 8 weeks is considerable,
suggesting that the extent of intrinsic horizontal connections decreases during development.
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Cortical feedback connections to V1 and V2

Previous studies (Barone et al., 1995; Batardiére et al., 2002) involving retrograde tracer
injections into V1 revealed substantial feedback connections from areas V2, V4, and MT as
early as embryonic day 130, after transport times that were much longer than those of the
present study (9-15 days). We also observed labeled neurons in extrastriate visual areas
including V2, V3, V4, and MT, after V1 and V2 injections with only 3 days of transport
time in 4-week-old monkeys, although more neurons might have been labeled with longer
transport times. Barone et al. (1995) showed that connections from V2 to V1 are present as
early as E115 but that the laminar pattern was less restricted than that found in the adult. We
also found that projections from V1 to V2 become more restricted to the superficial layers
between 2 and 8 weeks of age, a pattern of label similar to that found in adults.

Feedback connections of V2 have been extensively investigated in adult posimians (Collins
etal., 2001), New World Monkeys (Kaas and Lin, 1977; Rockland and Knutson 2000), and
Old World macaque monkeys (DeYoe and Van Essen, 1985; Shipp and Zeki 1985;
Stepniewska and Kaas 1996). The consensus is that V2 receives feedback projections mainly
from V3, DL/V4, MT and DM/V3A. More recently, it was shown that if very sparse and
possibly variable connections are considered, V2 may have feedback connections from as
many as 25 cortical areas (Markov et al., 2011). The present study demonstrated that
feedback connections from V3 and DL/V4 are present as early as 2 weeks of age.
Additionally, the connections from these higher order areas back to V2 may be organized in
segregated modular streams of visual processing much like those observed between V1 and
V2 (Shipp and Zeki, 1985; DeYoe et al., 1994).

Multiple studies have examined connections between V2 and V4 in both adults and during
development (DeYoe and Van Essen, 1985; DeYoe et al., 1994; Shipp and Zeki 1985;
Barone et al., 1995). Some of these studies have suggested the presence of segregated
modular compartments within DL/V4 (Van Essen et al., 1984; Shipp and Zeki 1985) or
rostral and caudal subdivisions (Stepniewska and Kaas, 1996). More recently, intrinsic
optical imaging has been used to identify functional domains for color, luminance, and
orientation within DL/V4 (Tanigawa et al., 2010). Additionally, these domains appear to
contain internal, repeated topographic organizations similar to those found in V2 stripes
(Roe and Ts'o, 1995). In the present study, we found two or more patches of labeled cells
within the DL/V4 region in 2-, 4-, and 8-week-old monkeys (Figs. 2—4). These patches
could reflect different functional domains or divisions within DL/V4. Similar “patches”
within DL/V4 have been observed in adult macaques after V2 injections (Stepniewska and
Kaas, 1996).

V2 connections with DL/V4 likely emerge before birth in macaques. Barone et al. (1994)
reported that injections in V4 in prenatal monkeys at E129 resulted in patches of
retrogradely labeled cells in V2 that coincided with acetylcholinesterase (AChE)-enriched
bands. AChE stripes may become thin and thick CO stripes (Barone et al., 1994), which
project to V4 (Shipp and Zeki, 1985; DeYoe et al., 1994), indicating that adult-like patterns
of feedforward connections are present prior to birth. We found similar adult-like patterns of
V2-DL/V4 connections at 2 weeks of age.

V1-V2 border injections

Injections along the VV1/VV2 border have rarely been mentioned with respect to ipsilateral
connection patterns in either adult or developing monkeys. Most injections along the V1/V2
border are usually incorporated into studies of callosal connections, and such connections
have been implicated in midline stereopsis and perceptual fusion of the two hemifields
(Choudhury et al., 1965; Berlucchi and Rizzolatti, 1967; Blakemore et al., 1983; Land et al.,
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1983; Livingstone and Hubel, 1984). In primates, callosal connections are primarily
restricted to the rostral side of the V1/V2 border prior to birth (Dehay and Kennedy, 1988;
Chalupa et al., 1989). Close to the VV1/VV2 border, callosal connections are distributed within
a largely continuous band that becomes patchy and forms stripe-like patterns more rostrally
into V2. These bands extending away from the V1/V2 border have been associated with CO-
dense stripes (Olavarria and Abel, 1996). Additionally, callosal connections from the V1/Vv2
border region are also found along other vertical meridian locations of cortex such as along
the anterior bank of the lunate sulcus, and within the posterior banks of the superior
temporal sulcus (Kennedy et al., 1986; Olavarria and Abel, 1996).

Consistent with these finding on callosal connections, the ipsilateral connections of the V1/
V2 border in the present cases show retrogradely labeled cells evenly distributed along the
V1/V2 border that form patches more rostrally within V2. However, these patches usually
did not correspond to CO stripes. Additionally, labeled cells were found along the anterior
bank of the lunate sulcus, possibly representing the vertical meridian border on the rostral
end of V3, as well as cells within the superior temporal sulcus that could represent the
vertical meridian border of MT as early as 2 weeks of age.

Thalamic projections to V1 and V2

V1 is known to receive inputs from the LGN and the pulvinar complex in adult macaque
monkeys (Gutierrez and Cusick, 1997; Adams et al., 2000). Indeed, we observed this pattern
of connections in the present study in infants. However, unlike Gutierrez and Cusick (1997)
and Adams et al. (2000), we did not observe retrogradely labeled cells within the inferior
pulvinar after V1 injections at 4 or 16 weeks of age. This could be because the pulvinar
projects to layers 3 and 4 of V2, and mainly to layer 1 of V1, and the thinner projections to
V1 were less effectively labeled and would require longer transport times. Pulvinar
projections to V2 thin stripes originated from the inferior and lateral pulvinar. Within the
inferior pulvinar, labeled cells were found only within the most lateral portion, possibly
within the region of central lateral inferior pulvinar, Pl , of Stepniewska and Kaas (1997).
Pulvinar projections to V2 thick stripes originated from the lateral pulvinar and two
locations within the inferior pulvinar that could include medial inferior pulvinar, Ply,, or
central medial inferior pulvinar, Plcy, of Stepniewska and Kaas (1997). Previously Ply or
Plcm have been described to project to dorsal stream visual areas such as MT, MTc, DM,
and the rostral region of DL/V4 (Kaas and Lyon, 2007). Thick stripes in V2 are also
associated with the dorsal visual stream, and they project to MT (Shipp and Zeki, 1985;
DeYoe and Van Essen, 1985). Thus, the projections we observed could be a further indicator
of the thick stripe involvement of dorsal stream processing.

Comparisons with electrophysiological and perceptual studies

Visual capacities of newborn primates are limited. Acuity is poor and contrast sensitivity is
much lower in infants than adults for the first few months after birth (for reviews, see Teller
et al., 1978; Boothe et al., 1985; Blakemore, 1990; Chino et al., 2004; Kiorpes and
Movshon, 2004; Zheng et al., 2007). Immaturities of the retina and, to a greater extent, the
visual brain, largely set a limit on perceptual development. Contrary to earlier observations
(e.g., Blakemore and Vital-Durand, 1981; Blakemore, 1990), the responses of individual V1
neurons are qualitatively adult-like as early as 6-14 days after birth and are well tuned to
stimulus orientation, spatial and temporal frequencies, size, contrast, and disparity by 4
weeks of age. This is roughly equivalent to 4 months of age in humans (Chino et al., 1997;
Kumagami et al., 2000; Endo et al., 2000; Zhang et al., 2005, 2008; Maruko et al., 2008; see
Table 1 of Zheng et al., 2007; also see Kiorpes and Movshon, 2003).
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The average peak firing rate of V1 neurons doubles between 2 and 4 weeks of age and
approaches near adult levels by 8 weeks of age (Zheng et al., 2007). If brief stationary
gratings are turned on and off over the RF centers of V1 neurons (step stimuli), the transient
onset discharges in 2-week-old infant monkeys are as responsive and as reliable as those in
adults (Zhang et al., 2008). Whereas the sustained component of the discharge is relatively
immature during the first 4 postnatal weeks, it becomes adult-like by 8 weeks of age. The
contrast sensitivity of V1 neurons also reaches near adult levels by 8 weeks (Zheng et al.,
2007; Zhang et al., 2008). The RF center-surround interactions in the majority of V1
neurons are likewise qualitatively adult-like as early as 2 weeks of age although
considerable immaturities persist during the first 4 weeks of a monkey's life. By 8 weeks of
age, however, the RF center-surround interactions of V1 neurons are indistinguishable from
those of adults (Zhang et al., 2005). The adult-like spatiotemporal filter properties of V1
neurons in infant monkeys dovetail nicely with the behavioral performances of human
neonates and infants for stimulus orientation discrimination (Atkinson et al., 1988; Slater et
al., 1991) and the detection of simple targets (e.g., Matsuzawa and Shimojo, 1997).

With respect to V2 development, the basic spatiotemporal filter properties of V2 neurons
(Zheng et al., 2007; see also Fig. 7 in Maruko et al., 2008), their responsiveness (e.g., peak
firing rate and contrast sensitivity; Zheng et al., 2007), and reliability of neuronal firing
(Zhang et al., 2008) become largely adult-like as early as 8 weeks of age. However, it was
also found that some response properties of V2 neurons functionally develop at a slower rate
than V1 neurons (Zhang et al., 2005; Zheng et al., 2007). This delayed development in V2
neurons is most notable in the RF center-surround interactions assessed with high-contrast
sinusoidal gratings (Zhang et al., 2005). At 2 weeks of age, many V2 neurons do not show
measurable suppressive surrounds, but by 8 weeks of age, the center-surround interactions
are largely adultlike, except in a small proportion of V2 units.

Taken together, previous physiological studies in V1 and V2 show that, although the basic
response properties of individual neurons are present as early as 6-14 days after birth and
neurons' responsiveness is low, substantial changes in RF properties and responsiveness
have taken place between 2 and 4 weeks of age in V1 and V2.

Interestingly, the overall maturation of RF properties is delayed in V2 relative to V1 until 8
weeks of age. These physiological data are consistent with the maturation of the connections
of V1 and V2 described in this study. For example, following injections of tracer into thin
CO stripes at 2 weeks of age, only 36.6—-41.2% of the labeled cells were found within blobs
for our sampled tissues. By 4 weeks of age this number grew to 69.3-75.8%, and 74.9-
79.4% of the labeled cells were within blobs at 8 weeks (Fig. 5). Models describing the
underlying anatomical features suggest that feed-forward projections contribute to RF center
characteristics (Bauer et al., 1999).

Thus the reductions in the extent of convergence of feed-forward projections from V1 to V2
from 2- to 4-week-old monkeys may account for the reduction in RF center sizes over these
same ages. Assuming that horizontal/intrinsic projections account for RF surround
suppressive characteristics (Gilbert et al., 1996), and far RF surround suppressive
characteristics reflect feedback connections from higher visual areas (Angelucci and Bullier
2003; Angelucci and Bressloff, 2006), developmental changes in the pattern and amount of
convergence of connections within V2 is expected and was observed. Our findings on the
maturation of the intrinsic connections and feedback connections in V2 are generally
consistent with the development of center/surround RF organization of V2 neurons.

In summary, we conclude that the many adult-like connectional features of V1 and V2 are
present in the macaque monkey as early as 2 weeks of age or earlier, but that intrinsic
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connections in V2, as well as connections of V1 to V2 are further refined by selective loss of
connections from birth to around 4-8 weeks of postnatal age. Our results are consistent with
the previous studies of cats and ferrets, in which modular patterns of connections were
shown to emerge as a result of regressive forces (Callaway and Katz, 1990; Luhmann et al.,
1990; Katz and Callaway, 1992; Katz and Shatz, 1996; Galuske and Singer, 1996; Durack
and Katz, 1996; Ruthazer and Stryker, 1996) involving the pruning of exuberant connections
and the formation of new horizontal connections by branching axons. Axon pruning, the
progressive loss of inappropriate connections, is one of the classically regressive events of
brain development (Cowan et al., 1984).
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Figure 1.

Filtering figure showing the two methods used for determining blob borders. A:
Photomicrograph of CO blob patterns in V1 of an 8-week-old macaque monkey adjusted for
contrast. Two procedures were used to determine blob borders. In the first method, images
were imported into Image J, adjusted by using the auto local threshold plug-in, and
smoothed. B: Then images were imported into Adobe Photoshop where the threshold levels
were adjusted and images were noise filtered. D: Finally, edges were determined by using
the stylize filter. In the second method, images were imported into Adobe Photoshop, where
they were adjusted for contrast (A); C: after this borders were determined with visual
inspection. E: A comparison of blob borders for these two methods. Scale bar = 0.5 mm in
A.
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Case MV2n4

Figure 2.
Case MV2n4. Reconstruction of a V2 thin stripe injection and labeled neurons in a 2-week-

old macaque. A: Reconstruction of labeled cells throughout the brain of a 2-week-old
macaque after a CTB injection into a thin stripe in V2. The star and gray halo represent the
injection site location and spread, respectively. In this and subsequent figures, black dots
represent retrogradely labeled CTB cells. Gray shaded areas represent unfolded sulci and
dashed black lines represent borders between visual areas determined with cytochrome
oxidase and local cortical landmarks. B: A lateral view of the macaque brain before artificial
flattening. The highlighted area corresponds to the area of the brain shown in A. C: A
magnified view of CTB label along the VV1/V2 border overlaid with stripe type and blob
borders of cytochrome oxidase staining based on E and F. D: Cytochrome oxidase
photomicrograph showing the stripe type pattern in V2. TN and TK correspond to thin and
thick stripes, respectively. E: A photomicrograph of a portion of V1 (boxed area from C) of
a single CTB section with retrogradely labeled cells. F: Cytochrome oxidase
photomicrograph demonstrating the blob pattern in V1. For abbreviations, see list. Scale bar
=2mmin A and C (applies to C,D,F); 0.25 mm in E. CAL is the calcarine sulcus, IPS the
intraparietal sulcus, STS the superior temporal sulcus, and 10S the inferior occipital sulcus.
V1 is the primary visual area, V2 is the secondary visual area, V3 is the third visual area,
DL/V4 is the dorsolateral/fourth visual area. TN, TK are thin and thick stripes respectively.

J Comp Neurol. Author manuscript; available in PMC 2013 June 05.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Baldwin et al.

Page 25

Case MV2n
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Figure 3.

Case MV2n2. Reconstruction of a V2 thin stripe injection and labeled neurons in a 2-week-
old macaque. A: Reconstruction of labeled cells throughout the brain of a 2-week-old
macaque after a CTB injection into a thin stripe in V2. The star and gray halo represent the
injection site location and spread, respectively. Solid black lines represent borders between
visual areas determined with cytochrome oxidase; dashed black line presents the estimated
horizontal meridian. B: A lateral view of the macaque brain before artificial flattening. The
highlighted area corresponds to the area of the brain shown in A. C: A magnified view of
CTB label along the VV1/V2 border overlaid with CO stripe and blob borders determined by
using images D and F. D: Cytochrome oxidase photomicrograph showing the stripe type
pattern in V2. E: A photomicrograph of a portion of V1 (boxed area from C) of a single
CTB section with retrogradely labeled cells. F: Cytochrome oxidase photomicrograph
demonstrating the blob pattern in V1. Tn, thin stripes; Tk, thick stripes. For other
abbreviations, see list. Scale bar =2 mm in A,C,D,F; 0.25 mm in E.
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Figure4.
Case MV2n8. Reconstruction of a CTB injection into a V2 thin stripe and resultant label of

an 8-week-old macaque. A: A reconstruction of all cortical sections with retrogradely
labeled CTB cells. B: A lateral view of an iconic macaque brain. The light gray area
represents the area shown in A. C: A magnified view of CTB label along the V1/V2 border
overlaid with CO stripe and blob borders determined by using images D and F. D: A
photomicrograph of a CO section used to determine the V1, V2 border, as well as the stripe
types within V2. E: A photomicrograph of a portion of V1 (boxed area from C) of a single
CTB section with retrogradely labeled cells. F: A photomicrograph of the CO section used
to determine CO blob locations. For abbreviations, see list. Scale bar =2 mmin A, C
(applies to C,D,F); 0.25 mm in E.
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Figureb5.

V1 blob and interblob cell locations after injections in thin stripes for 2-, 4-, and 8-week-old
macaques. A,C,E: Close-up views of V1 from Figures 2, 3, and 4. B,D,E: The
corresponding photomicrographs of V1 blob patterns expressed with cytochrome oxidase
staining for A, C, and E, respectively. Gray circles indicate the blob borders determined with
visual inspection, and black circles represent blob borders determined with computer
filtering. Scale bar = 1 mm in A (applies to A,B), C (applies to C,D), and E (applies to E,F).
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Figure6.

Case MV2k4. A: Reconstruction of a V2 CTB injection and labeled neurons in a 4-week-old
macaque monkey most likely in a thick CO stripe. Gray circles in V1 represent blob borders
determined by visual inspection. Black circles represent blob borders determined by
computer filtering by Image J and Photoshop. B: Photomicrograph of a cytochrome oxidase
stained section used for determining blob, and VV2/V2 border. For abbreviations, see list.
Scale bar =2 mm in A (applies to A,B).
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Figure?.

Case MV2n2. A-C: Reconstructions of a V2 thin stripe injection and labeled neurons in a 2-
week-old macaque at various depths of flattened cortex. The superficial section
reconstruction is composed of the two most superficial CTB sections, the intermediate
sections reconstruction is composed of the three intermediate CTB sections, and the deep
sections reconstruction is composed of the two deepest CTB sections in the series of all
cortical sections. For abbreviations, see list. Scale bar = 2 mm in A (applies to A-C).
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Figure8.

Case MV2n4. A-C: Reconstructions of a V2 thin stripe injection and labeled neurons in a 4-
week-old macaque at various depths of flattened cortex. The superficial section
reconstruction is composed of the two most superficial CTB sections, the intermediate
sections reconstruction is composed of the three intermediate CTB sections, and the deep
sections reconstruction is composed of the two deepest CTB sections in the series of all
cortical sections. For abbreviations, see list. Scale bar =2 mm in A (applies to A-C).
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Figure9.

MV2n8. Reconstruction of a V2 thin stripe CTB injection and labeled neurons in an 8-week-
old macaque at various depth planes. A: The two most superficial sections with CTB label.
B: The two intermediate sections with CTB label. C: The two deepest sections with CTB
label. For abbreviations, see list. Scale bar = 2 mm in A (applies to A-C).
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Figure 10.
Case MV1c4. Reconstruction of a CTB injection into V1 and labeled neurons of a 4-week-

old macaque monkey. Gray regions represent the lunate sulcus (LU), the inferior occipital
sulcus (10S), and the superior temporal sulcus (STS). For other abbreviations, see list. Scale

bar =5 mm.
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Figure 11.

Case MV2b2. A: Reconstruction of a V1/V2 border injection and labeled neurons in a 2-
week-old macaque. B: Lateral view of an intact macaque brain with the highlighted region
indicating the region of brain shown in A. C: Close-up view of the injection site, and labeled
cells along the V1/V2 border. Gray circles represent the location of cytochrome oxidase
blobs. D: Photomicrograph of a cytochrome oxidase section showing the location of blobs
and interblobs. For abbreviations, see list. Scale bar =2 mm in A; 1 mm in C (applies to
C,D).
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Figure 12.

Case MV1b4. A: Reconstruction of a V1/V2 border injection and labeled neurons in a 4-
week-old macaque monkey. Solid black lined white spaces represent tears in the tissue. B:
Lateral view of a macaque brain with the estimated tissue shown in A outlined on the
surface of the folded brain in light gray. Gray circles indicate the location of detectable
blobs in the vicinity of labeled cells. C: Close-up view of labeled cells along the V1/V2
border from A. D: Cytochrome oxidase section showing the VV1/V2 border as well as blob
and interblob locations. For abbreviations, see list. Scale bar =2 mmin A; 1 mminC
(applies to C,D).
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Case MV1b2
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Figure 13.

Case MV1b2. A: Reconstruction of retrogradely labeled cells after two closely spaced CTB
injections along the V1/V2 border in a 2-week-old macaque. The two stars represent the
injection locations. One injection site is more in V1, whereas the second injection site is
more in V2 (the stripe type is uncertain). The gray halo represents the tracer spread, which
continues from one injection site to the other across the V1/V2 border. This reconstruction
was made by merging three CTB sections together. B: Photomicrograph of a cytochrome
oxidase stain with the injection site locations and tracer spread superimposed on top. C: A
single middle CBT section from the three CTB sections shown in A. Close to the injection
site in V1, the label is quite dense; however, further away from the injection site the label is
somewhat patchy. For abbreviations, see list. Scale bar = 1 mm in B (applies to A-C).
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Figure 14.

Thalamocortical connections of a CTB injection into V1 of a 4-week-old macaque monkey.
A,C: Photomicrographs of coronally cut cytochrome oxidase sections used to determine the
location of CTB-labeled cells (black dots). B,D: Location of CTB-labeled cells within the
dorsal lateral geniculate nucleus (LGNd: top) and pulvinar complex (bottom). The
magnocellular layers of the LGNd are outlined using thin gray lines within the drawing of
the LGN in the top right panel. Solid black lines represent borders between nuclei of the
thalamus, and dashed lines represent borders between the medial, lateral, and inferior
pulvinar. For abbreviations, see list. Scale bar =1 mm in A (applies to A-D).
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Figure 15.
Thalamocortical connections of V2 thin stripe injections in 4- (A,B) and 8-week-old (C,D)

macaque monkeys. A,C: Photomicrographs of coronally cut cytochrome oxidase section
used to determine borders within the thalamus. B,D: Locations of CTB labeled cells within
the pulvinar complex. For abbreviations, see list. Scale bar = 1 mm in A (applies to A,B) and

C (applies to C,D).
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Figure 16.

Thalamocortical connections of a V2 thick stripe injection in a 4-week-old macaque
monkey. A,B: Photomicrographs of coronal cytochrome oxidase sections used to determine
the location of retrogradely labeled CTB cells within the pulvinar complex. C,D:
Reconstructions of labeled cells within the pulvinar complex at two different locations. D is
in a more rostral section than B. For abbreviations, see list. Scale bar =1 mm in A (applies
to A-D).
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Table 1
Summary of Cases

Caseno. Age(wk) Sex Injection location Figures
MV1b2 2 F V1/V/2 border 13
MV2n2 2 M V2 thin stripe 3,57
MV1b4 4 M V1/V2 border 12
MV2b2 2 M V1/V/2 border 11
MV2b4 4 F V1/V2 border and somewhere in V2 None
MV1c6 16 M V1 None
MV2n4 4 M V2 thin stripe 2,3,6,15
MV2k4 4 M V2 thick stripe 6, 16
MV1c4 4 M V1 10, 14
MV2n8 8 M V2 thin stripe 4,5,9,15
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Table 2
Antibody Used in This Study
Antigen Immunogen Manufacturer Dilution
Cholera toxin subunit B (CTB) Purified CTB isolated from Vibrio List Biological Laboratories (Campbell, CA), goat 1:5,000
cholerae polyclonal #703
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Table 4
Percent Number of Cellsin V2 Stripe Types With Raw Data I ncluded
% No. of cellsin agiven V2 stripe of all VZStripeceIIs1
Case  Age(wk) Thin Thick Pale

MV2n8 8 74.8 (5,035/6,735) 12.4 (832/6,735) 12.8 (868/6,735)
MV2n4 4 49.2 (8,542/17,352)  16.8(2,917/17,352) 34 (5,893/17,352)
MV2n2 2 50.1 (2,599/5,185) 30.9 (1,601/5,185) 19 (985/5,185)

1 .
Raw cell counts are in parentheses.
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