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ABSTRACT

The majority of thalamic terminals in V1 arise from lat-
eral geniculate nucleus (LGN) afferents. Thalamic affer-
ent terminals are preferentially labeled by an isoform of
the vesicular glutamate transporter, VGIuT2. The goal of
our study was to determine the distribution of VGIuT2-ir
puncta in macaque and human visual cortex. First, we
investigated the distribution of VGIuT2-ir puncta in all
layers of macaque monkey primary visual cortex (V1),
and found a very close correspondence between the
known distribution of LGN afferents from previous stud-
ies and the distribution of VGIluT2-immunoreactive (-ir)
puncta. There was also a close correspondence
between cytochrome oxidase density and VGIluT2-ir
puncta distribution. After validating the correspondence
in macaque, we made a comparative study in human
V1. In many aspects, the distribution of VGIuT2-ir

puncta in human was qualitatively similar to that of the
macaque: high densities in layer 4C, patches of
VGIuT2-ir puncta in the supragranular layer (2/3), lower
but clear distribution in layers 1 and 6, and very few
puncta in layers 5 and 4B. However, there were also
important differences between macaques and humans.
In layer 4A of human, there was a sparse distribution of
VGIuT2-ir puncta, whereas in macaque, there was a
dense distribution with the characteristic honeycomb
organization. The results suggest important changes in
the pattern of cortical VGIuT2 immunostaining that may
be related to evolutionary differences in the cortical or-
ganization of LGN afferents between Old World mon-
keys and humans. J. Comp. Neurol. 521:130-151,
2013.
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Understanding the relative distribution of thalamic
afferent and intracortical terminals is an important com-
ponent in defining the cortical microcircuit (Lund, 1988;
Douglas and Martin, 1991; Callaway, 1998; DeFelipe,
2002). The distribution of afferent terminals is a crucial
factor in numerous models of cortical circuits (McLaugh-
lin et al.,, 2000). The number of afferent terminals
changes markedly during development (Mates and Lund,
1983), in amblyopia and in visual deprivation (Hubel
et al,, 1977). Investigation of non-human primate path-
ways uses a variety of invasive tract-tracing anatomical
methods that are not applicable in human studies, and
therefore it has not been feasible to assay the afferent
input to visual cortex in humans. With the advent of spe-
cific markers for thalamo-cortical terminals that are inde-
pendent of intracortical terminals, it has become possible
to apply these techniques to the human brain, and deter-
mine the distribution of afferent terminals, as we have
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done in this study using an antibody against the vesicular
glutamate transporter 2 (VGIuT2).

In primary visual cortex (V1), the architecture of Old
World monkeys and great apes, including humans, is
qualitatively similar, although there are numerous quanti-
tative differences among these species (Horton and Hed-
ley-Whyte, 1984; Preuss et al.,, 1999; Preuss and Cole-
man, 2002; DeFelipe et al., 2006). One common
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characteristic of the visual system across these species
is the distribution of the three cone photoreceptors (L-,
M-, and S-cones) that feed into the different classes of
ganglion cells giving rise to the correspondingly elaborate
retino-geniculo-cortical pathway (Leventhal et al., 1981;
Livingstone and Hubel, 1988; Kaas and Huerta, 1988;
Conley and Fitzpatrick, 1989; Casagrande and Norton,
1991; Casagrande, 1994; Hendry and Yoshioka, 1994).

A comprehensive view of the distribution of afferent
terminals in the monkey cortex has been assembled over
the past 40 years, by using degeneration techniques
(Jones and Powell, 1970; Peters and Feldman, 1976;
Davis and Sterling, 1979), transneuronal anterograde
tracing with 3H-proline from the eye (Wiesel et al., 1974;
Hubel et al., 1977), anterograde tracing with *H-proline
and %°S methionine (Hendrickson et al., 1978) and an-
terograde transport of horseradish peroxidase (HRP), bio-
tinylated dextran amine (BDA) from the lateral geniculate
nucleus (LGN) (McGuire et al., 1984; LeVay, 1986; Khara-
zia and Weinberg, 1993; Ahmed et al., 1994; Herrmann
et al., 1994), intracellular injections of tracer into individ-
ual axons (Blasdel and Lund, 1983; Friedlander and Mar-
tin, 1989; Freund et al., 1989; Anderson et al., 1992), ret-
rograde tracer injections from V1 to the LGN (Hendry and
Yoshioka, 1994), and immunocytochemical characteriza-
tion of parvalbumin (PV) terminals using electron micros-
copy (EM) (DeFelipe and Jones, 1991; Latawiec et al.,
2000).

The combined results of all these studies show that
there is a dense terminal distribution in the lower half of
layer 4C (4Cp) arising from the P-pathway that also pro-
vides collateral inputs to layer 4A and to the upper half of
layer 6. There is a correspondingly dense distribution in
the upper half of layer 4C (4Ca) arising from the M-path-
way that also provides collateral branches to the lower
half of layer 6. Finally, the main input to layer 1, and to
the cytochrome oxidase (CO)-rich patches of layers 2 and
3, is provided by the K-pathway, which also contributes to
the LGN input to layer 4A (Livingstone and Hubel, 1982;
Fitzpatrick et al., 1983; Weber et al., 1983; Lachica and
Casagrande, 1992; Hendry and Yoshioka, 1994; Ding and
Casagrande, 1997; Casagrande et al., 2007).

The advent of molecular markers that have specificity
for different neuronal populations and terminals (e.g.,
Celio et al., 1986, 1990) has proved extremely useful in
characterizing many aspects of visual cortical circuits in
different species, including human and non-human prima-
tes (DeFelipe, 1997; Preuss and Coleman, 2002; Sher-
wood et al., 2007). VGIuT is particularly useful in this
regard; It comes in three main isoforms: VGIuT1, VGIuT2,
and VGIuT3. The VGIuT1 and VGIuT2 isoforms are
expressed in subpopulations of well-characterized gluta-
matergic neurons (Takamori et al., 2000, 2001; Fremeau
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et al., 2001; Herzog et al., 2001; Varoqui et al., 2002),
whereas VGIuT3 is expressed in neurons not classically
considered glutamatergic (e.g. y-aminobutyric acid
[GABA]Jergic, cholinergic, and monoaminergic neurons),
suggesting a different role of glutamate transport in these
neuronal groups (Fremeau et al., 2001, 2002; Gras et al.,
2002; Schafer et al., 2002; Takamori et al., 2002).

A complementary expression of VGIuT1 and VGIuT2
has been reported in subpopulations of axon terminals or
neuronal cell bodies of glutamatergic neurons in the cen-
tral nervous system (CNS). VGIuT 1 is expressed mainly in
the axon terminals of neurons in the telencephalon, and
is principally associated with cortico-cortical projections
within the cortex, whereas VGIuT2 is primarily utilized by
projections from the midbrain, thalamus, brainstem, and
spinal cord (Fremeau et al., 2001; Fujiyama et al., 2001,
2003; Boulland et al., 2004; Nahmani and Erisir, 2005;
Nakamura et al., 2005; Graziano et al., 2008; Coleman
et al.,, 2010; Kameda et al.,, 2012; review in Fremeau
et al., 2004). Although most studies report no colocaliza-
tion of VGIuT2 and VGIuT1, there are a few reports of
colocalization (Fyk-Kolodziej et al., 2004; Nakamura
et al., 2005; Herzog et al., 2006; Graziano et al., 2008;
Balaram and Kaas, 2011). In ferret visual cortex, VGIuT2
is localized in thalamo-cortical axon terminals but not in
intracortical axon terminals (Nahmani and Erisir, 2005).

We have studied the differential distribution of VGIuT2
in V1 of macaque (the commonly used representative of
Old World monkeys) and humans. Our results conform
closely with the laminar distribution of LGN thalamic
afferents terminals in macaque V1. In addition, they show
a fluctuating density pattern in layer 6 uncovered by
VGIuT2 processing that is not evident in CO staining.
There have been studies of the afferent terminations in
apes (Tigges and Tigges, 1979) and humans (Miklossy,
1992) that indicate substantial input to layer 4C, and a
few fibers in layer 6. However, these studies did not show
input to other layers, including 4A, 2/3, and 1, possibly
because of the sensitivity of the methods. Our results
show high density of VGIuT2-immunoreactive (-ir) puncta
in layer 4C with lower densities in layers 6 and 1, and a
repetitive discrete patchy pattern in parts of layers 2 and
3. In addition, our results also show VGIuT2-ir puncta in
human layer 4A, although there was a substantial reduc-
tion in the density in this layer compared with the
macaque.

MATERIALS AND METHODS

Macaque brain tissue

Ten, young adult, male, long-tailed macaque monkeys
(Macaca fascicularis) that had been previously used for
anesthetized electrophysiological recordings were used
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TABLE 1.
Primary Antibodies Used

Antibody Source Manufacturer Dilution

Vesicular glutamate 1 transporter Synthetic linear peptide from rat Millipore (Billerica, MA), polyclonal 1:2,500
VGIuT1 guinea-pig, #AB5905M|

Vesicular glutamate 2 transporter Recombinant protein from rat VGIuT2 Millipore, mouse monoclonal, #MAB5504 1:4,000

NeuN Purified cell nuclei from mouse brain Millipore, mouse monoclonal, #MAB377 1:2,000

in this study. Animals were prepared for recording as
described elsewhere (Xing et al., 2004; Solomon et al.,
2004). After 4-5 days of recordings, experiments were
terminated by i.v. injection of a lethal dose of pentobarbi-
tal (60 mg/kg), and brain death was determined by a flat
electroencephalogram. Subsequently, animals were
transcardially perfused with heparinized 0.01 M phos-
phate-buffered saline (PBS; pH 7.4) followed by 4 L of
chilled 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB; pH 7.4). Fixative was run for at least 40
minutes. Some blocks of V1 were removed for track
reconstruction of the recording locations of electrophy-
siologically characterized neurons, and the remaining V1
tissue was cut into small blocks and postfixed in the
same fixative for 24-48 hours at 4°C in 4% PFA. After fixa-
tion, serial sections (50 and 30 um, for parasagittal and
horizontal sections, respectively) were obtained by using
a vibratome, and the sections were batch-processed for
immunocytochemical staining. The remaining sections
and blocks were immersed in graded sucrose solutions,
and were stored in a cryoprotectant solution at —20°C.

We identified the layers of area V1 according to Brod-
mann’s (1909) nomenclature, modified by Lund (1973), in
CO and Nissl staining. This system distinguishes four subdi-
visions of layer 4, namely, 4A, 4B, 4Ca, and 4Cf3. Adjacent
sections were used for CO, NeuN, Nissl, and VGIuT2 (see
Fig. 3E-H). All experimental procedures were approved by
the New York University Institutional Animal Use and Care
Committee and were conducted in strict compliance with
the National Institutes of Health (NIH) guidelines for the
care and experimental use of animals in research.

Human brain tissue

Human postmortem tissues from the left hemisphere
were obtained from six adults (aged 23-69 years; aver-
age 48 years) who died in traffic accidents, and were free
of any neurological or psychiatric disorders (kindly sup-
plied by Dr. DeFelipe, Instituto Cajal, CSIC). In all cases,
the time between death and tissue processing was
between 2 and 3 hours. The brain samples were obtained
following the guidelines approved by the Institutional
Ethics Committees. Tissue sections from these human
brains were used in previous studies (e.g., Inda et al,,
2007; Garcia-Marin et al., 2010; Blazquez-Llorca et al.,

2010). Upon removal, the brain tissue was immediately
fixed in cold 4% PFA in 0.1 M PB, pH 7.4, and after 2
hours, the tissue was cut into small blocks and postfixed
in the same fixative for 24-48 hours at 4°C. Parasagittal
serial sections (50 um) were cut by using a vibratome. All
sections were immersed in graded sucrose solutions
overnight, and were stored in a cryoprotectant solution at
—20°C. The tissue was obtained from area 17 (V1) and
area 18 (secondary visual area, V2). Nissl-stained sec-
tions were used to identify each cortical area. We identi-
fied the layers of area V1 according to Brodmann (1909),
as described above. The sections were batch-processed
for immunocytochemical staining, but due to tissue avail-
ability, sections were from the same block (series) but
not always adjacent (see Fig. 3A-D).

Antibody characterization

A full list of all antibodies used in this study is pre-
sented in Table 1.

The mouse anti-VGIuT2 antibody is a recombinant pro-
tein from rat VGIuT2. In Western blot analysis, it appears
as an individual band of ~56 kDa (manufacturer’s techni-
cal information). The staining pattern corresponded to
the pattern described in previous studies using the same
monoclonal VGIuT2 antibody in the monkey (Hackett and
de la Mothe, 2009; Wong and Kaas, 2008, 2009).

The guinea pig anti-VGIuT1 antiserum was raised
against a synthetic peptide of the C-terminal domain
(amino acids 541-560) of rat VGIuT1 protein, which
revealed a single band of 60 kDa molecular weight on a
Western blot (manufacturer’s technical information; Boul-
land et al., 2007). The staining pattern was identical to
the data published for humans (Alonso-Nanclares, 2005),
and for rats and mice (Alonso-Nanclares et al., 2004; Mer-
chan-Perez et al., 2009).

In Western blots of the mouse cerebral cortex, the
monoclonal anti-NeuN antibody recognizes four bands:
two of 46-48 kDa and two of 62-68 kDa (Unal-Cevik
et al., 2004). The staining pattern was identical to that
published for the human cerebral cortex (Inda et al.,
2007; Garcia-Marin et al., 2010).

Immunohistochemistry (IHC)
Initially we found that VGIuT2 IHC was variable in
monkeys. In sections from some animals, we obtained
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excellent VGIuT2-ir staining by increasing the Triton X-
100 concentration to 3%, which enhanced the permeabil-
ity of the membrane, although in other cases, the staining
was less intense even with this high concentration of Tri-
ton X-100. In addition, for human tissue, VGIuT2-ir stain-
ing was only found after antigen retrieval (AR).

In brief, AR protocols are used in IHC to avoid the
masking effect of antigens by aldehyde fixation (Shi et al.,
1997). AR protocols are based on immersion of the sec-
tions in various solutions with different pH and at high
temperatures, in order to break the methylene bridges,
and expose the highest number of antigenic epitopes
(Pileri et al., 1997). A commonly used technique for AR,
prior to undertaking IHC, is heating brain sections in ci-
trate buffer (Shi et al., 1991; Suurmeijer and Boon, 1993;
Bankfalvi et al., 1994; Jiao et al., 1999). This protocol has
been used to enhance the VGIuT2 immunoreaction in rats
(Varoqui et al., 2002) and mice (Nakamura et al., 2005,
2007), and is used in human and monkey thalamus to
show dopamine distribution (Garcia-Cabezas et al.,
2007). In the present work, an AR protocol based on Jiao
et al. (1999) was used for VGIuT2 immunohistochemical
detection in both the macaque and human tissue.

After obtaining consistent IHC for human tissue by
using AR, we found that variability in the macaque was
also eliminated by using AR prior to the IHC protocol, and
the intensity matched the best cases we obtained by
using 3% Triton X-100. Thus, for all human tissue, AR was
used as the first step in VGIuT2 processing. For macaque,
we either used tissue after Triton X-100 treatment (when
there was good staining), or used tissue after preprocess-
ing for AR, as the first step in VGIuT2 processing (outlined
above for human sections).

Individual floating sections were incubated in a 0.01 M
sodium citrate buffer solution (pH 8.0) preheated to 80°C
for 15 minutes in a water bath. Sections were cooled
down to room temperature for 20 minutes and were sub-
sequently rinsed 3 times in 0.01 M PBS. Sections were
then pretreated in 1.66% hydrogen peroxide (H,0,) for 15
minutes to remove endogenous peroxidase activity, and
subsequently blocked for 2 hours in 0.01 M PBS with 1%
bovine serum albumin (BSA). The sections were then
incubated overnight at 4°C with mouse anti-VGIuT2 anti-
body (1:4,000; MAB5504, Millipore, Billerica, MA) in 0.01
M PBS with 1% BSA, 0.3% Triton X-100, and 0.05% sodium
azide. Sections were rinsed and incubated for 2 hours
with biotinylated goat anti-mouse (1:500; BA-9200, Vec-
tor, Burlingame, CA). The sections were then incubated
for 30 minutes in an avidin-biotin peroxidase complex
(Vectastain ABC Elite PK6100, Vector), and finally
reacted either with Vector VIP Peroxidase Substrate Kit
(SK 4600), which produced an intense violet-colored pre-
cipitate, or with 0.05% 3,3'-diaminobenzidine tetrahydro-
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chloride (DAB) (Sigma, St. Louis, MO) and 0.01% hydro-
gen peroxidase, which produced an intense brown-
colored precipitate. After staining, the sections were
dehydrated, cleared with xylene, and coverslipped.
VGIuT2-ir staining patterns after AR were comparable to
those previously described for mice and monkeys (Fre-
meau et al., 2001; Fujiyama et al., 2001, 2003; Boulland
et al., 2004; Nahmani and Erisir, 2005; Nakamura et al.,
2005; Graziano et al., 2008; Wong and Kaas, 2008, 2009;
Hackett and de la Mothe, 2009; Coleman et al., 2010).

In addition, we used NeuN antibody for identifying the
V1 layers in macaque and human. In brief, free-floating
sections were incubated for 2 hours in 0.01 M PBS with
1% BSA, and then were incubated overnight at 4°C with
the primary mouse anti-NeuN (1:2,000; Millipore). The fol-
lowing day, they were rinsed and incubated for 2 hours
with biotinylated goat anti-mouse IgG (1:500; Vector).
Antibody binding was detected with an ABC immunoper-
oxidase kit and visualized either with the VIP Peroxidase
Substrate Kit or DAB. After staining, the sections were
dehydrated, cleared with xylene, and coverslipped.

Controls for the secondary antibodies were adminis-
tered in all the IHC procedures, either by replacing the
primary antibody with preimmune goat serum in some
sections, by omitting the secondary antibody, or by
replacing it with an incompatible secondary antibody. No
significant staining was detected under these control
conditions.

Fluorescence immunohistochemistry

To determine whether VGIuT2-ir puncta colocalized
with VGIuT1-ir puncta, dual-fluorescence immunohisto-
chemistry was used. Free-floating sections were incu-
bated for 1 hour in 0.01 M PBS with 0.3% Triton-X and 3%
normal goat serum (Vector). For this procedure, this con-
centration of Triton-X was sufficient to give excellent fluo-
rescence images. The sections were then incubated over-
night at 4°C with a combination of antibodies: mouse
anti-VGIuT2 (1:4,000) and guinea pig anti-VGIuT1
(1:5,000; Millipore). The following day, the sections were
rinsed and incubated for 2 hours with biotinylated goat
anti-guinea pig Ig (1:500; Vector). The sections were then
incubated for 2 hours at room temperature with streptavi-
din coupled to Alexa Fluor 594 (1:1,000; Molecular
Probes, Eugene, OR) and with Alexa Fluor goat-anti
mouse 488 (1:2,000; Molecular Probes). After three
rinses in 0.01 M PBS, the sections were treated with
Autofluorescence Eliminator Reagent (Chemicon, Teme-
cula, CA) to reduce or eliminate lipofucsin-like autofluor-
escence without adversely affecting any other fluorescent
label in the sections. The sections were rinsed three
times in 0.01 M PBS and mounted in ProLong Gold Anti-
fade Reagent (Invitrogen, Carlsbad, CA).
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Confocal images (physical size 81.91 x 81.91 um, logi-
cal size 2,048 x 2,048 pixels) were obtained by using a
Leica SP5 confocal laser scanning microscope (Leica
Microsystems, Wetzlar, Germany), with a 63x magnifica-
tion oilimmersion lens (NA 1.40, refraction index 1.52),
using an optical zoom factor of 3.0. Six non-overlapping
images were obtained from layers 4A and 4Cp from six
animals.

Cytochrome oxidase histochemistry

Adjacent sections to those processed for IHC were
reacted for CO, both in macaque and human tissue
(Wong-Riley, 1979; Horton and Hubel, 1981; Horton
et al., 1990). Free-floating sections were pretreated in 1%
H,0, for 30 minutes. The sections were incubated in a
solution containing 0.01 M PBS, 4.5% sucrose, 0.033%
cytochome C, 0.055% DAB, and 0.02% catalase for 14
hours at 37°C. Reaction was stopped with 0.01 M PBS
rinses when the cortical layers 4A and 4C, and the
patches in layers 2 and 3 were visible. In some sections,
layer 4C was visible as early as 1 hour, layer 4A appeared
at 2 hours, and layers 2 and 3 patches were recognized
at 3 hours. After 4 hours of incubation, all the previous
regions were darker and Meynert cells became visible in
layer 6. Our incubation time of 14 hours allowed us to
obtain distinct contrast between the layers but without
increasing the background. After several rinses, the sec-
tions were dehydrated, cleared with xylene, and
coverslipped.

Measurement of the proportion of layers 4A
and 4B containing VGIuT2-ir puncta

To estimate the proportion of layer 4B that showed
VGlut2-ir puncta, we measured the regional extent of
VGIuT2-ir puncta in two human and two macaque sec-
tions at 200x magnification. Layer 4B was defined in the
VGIuT2 sections by the boundaries of layer 4A and 4C.
First, for a fixed length of 4B (~7 mm), each region that
had discernible puncta was delineated. The linear extent
of these regions was summed and expressed as a percent
of the total length studied. In addition, the vertical extent
of layer 4B was measured along the same fixed length of
4B that was examined for VGIuT2. At 0.5-mm intervals,
the relative vertical extent of 4B within layer 4 was meas-
ured by determining the extent of 4B from the layer 4A/
4B border to the 4B/4C border as a proportion of the
total vertical extent from the 4A/4B border to the 4C/5
border normal to the surface (Hawken et al., 1988). We
determined the relative extent of 4B over the 4B + 4C
distance rather than the absolute extent of 4B within the
total cortical depth to minimize variability due to the
angle of sectioning. No shrinkage correction was taken

into account. The relative extent of human layer 4A that
contained VGIuT2-ir puncta was estimated by using the
same methodology described above for layer 4B.

Minicolumn measurement

The high density of VGIuT2-ir puncta in layer 4C gives a
very clear picture of the minicolumnar organization of the
visual cortex (see Fig. 2A,E). We used images obtained at
200x magnification from sections from each of three
humans (n = 29, n = 16, and n=22 for the three humans;
total number of minicolumns = 67) and three macaques
(n =35, n =35, and n = 29 for the three macaques; total
number of minicolumns = 99), to measure the lateral
minicolumn dimensions. Minicolumns were defined by a
central core area that contains the majority of the neu-
rons, apical dendrites, and myelinated afferent fibers.
This central core is flanked on either side by cell-poor
areas (peripheral neuropil space) that are rich in unmyeli-
nated axon fibers, dendritic arborizations, and synapses
(Jones and Burton, 1974; Szentagothai, 1978; Seldon,
1981, 1982; Ong and Garey, 1990; Peters and Payne,
1993; Peters and Sethares, 1996; Mountcastle, 1997).
Some authors have referred to these peripheral neuropil
spaces as microzones (DeFelipe and Jones, 1991). Fol-
lowing Casanova et al. (2009) we used the term core
width for the region relatively free of VGIuT2-ir puncta
that contains the majority of the neuronal cell bodies (see
Fig. 2A,E); and minicolumnar width for the average dis-
tance from center to center of two adjacent peripheral
neuropil spaces that are VGIuT2-ir dense.

Image processing

To generate the figures, images were captured with an
Olympus Microfire digital Camera attached to an Olympus
BX51 light microscope. Adobe Photoshop CS3 software
(Adobe Systems, San Jose, CA) was used to adjust the
images for brightness and contrast, and to generate the
figure plates. Images were not altered in any way, e.g., by
removing or adding image details. Minimum intensity Z
projections of the light microscopic images were
obtained by using Image] software (NIH).

RESULTS

We studied the distribution pattern of VGIuT2-ir puncta
in human and macaque V1 cortex to determinate if the
pattern matches the LGN thalamic afferent terminal dis-
tributions, and to compare the pattern between species.
Previous studies have shown that VGIuT2-ir puncta in V1
colocalize to the afferent terminations from the LGN in
ferret (Nahmani and Erisir, 2005) and mouse (Coleman
et al., 2010). VGIuT2 has been used as a marker of tha-
lamic terminations in the gray squirrel (Wong and Kaas,
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Figure 1. No colocalization in the dual labeling for VGIuT1 and VGIuT2 in macaque V1, layer 4Cf3 (A-C) and 4A (D-F). A,D: Single confo-
cal optical sections of VGluT2-immunoreactive (-ir) puncta (green). B,E: Single confocal optical sections of VGIuT1-ir puncta (magenta).

C,F: Merge of both channels. Scale bar = 22 um in F (applies to A-F).

2008) and tree shrew (Wong and Kaas, 2009). Initially,
we established that VGIuT2-ir puncta were labeled inde-
pendently of VGIuT 1-ir puncta in macaque. In the neuropil
of layer 4Cf, where there is the highest density of
VGIuT2-ir puncta (Fig. 1A), there is also a high density of
VGIuT 1-ir puncta (Fig. 1B) in confocal images of the same
section. When the images were merged (Fig. 1C), there
were very few dual-labeled puncta (<1%: VGIuT2-ir
puncta = 1,923, VGIuT 1-ir puncta = 6,229, VGIuT1 and
VGIuT2 = 67), confirming that in the primate V1, as in the
mouse and in the ferret, the two populations are essen-
tially independent. Similar analysis of the VGIuT2-ir
puncta in layer 4A (Fig. 1D) compared with VGIUT1-ir
puncta (Fig. 1E) yielded no dual labeling (Fig. 1F).

Distribution pattern of VGIuT2-ir
puncta in human V1

VGIuT2-ir puncta showed a laminar-specific pattern in
V1 (Figs. 2A, 3D), with a clear boundary between V1 and
V2 (Fig. 2B, dashed line) where the VGIuT2-ir was dense
in layer 4 of V1, and the distinct laminar pattern ended

abruptly at the V1/V2 border. In V1, VGIuT2-ir puncta
were found in layers 1, 4A, 4C, and 6, and as patches in
layers 2 and 3, with the highest density in 4C.

Granular layers

Within layer 4C, the highest VGIuT2-ir density was
found in 4CP. There was a reduction in the puncta density
between 4Cf and 4Ca (Fig. 2E). At the lower boundary of
layer 4, there was a very clear change in VGIuT2-ir density
between layer 4CB and 5 (Fig. 2A,E). At the 4Ca/4B
boundary, there was also a large reduction in puncta den-
sity, but the transition was not as uniform as found at the
lower boundary, undulating vertically over about 25-50
pm (Fig. 2E). In the CO staining, 4C was also clearly
observed as a wide band of high intensity (Fig. 3C).

It has been suggested that the gradual change in CO
density from 4C to 4B in humans may also correspond to
a gradual reduction in the density of LGN afferent termi-
nations (Preuss et al., 1999; Preuss and Coleman, 2002).
This would mean that there should be an observable
change in density of puncta in layer 4B. Although we
observed a relatively abrupt change in VGIuT2-ir between
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Figure 2. VGIuT2-ir pattern in human V1. A: Immunostaining in layers 1, 2/3, 4A, 4Ca, 4GP and 6. VGIuT2-ir puncta in layer 3 (indicated
between brackets). B: V1/V2 border (dashed line) stained for VGIuT2. There is a very clear laminar pattern of VGIuT2-ir in V1 that ends
abruptly at the V2 border. C: VGIuT2-ir puncta in layer 1 prominently found in the upper half of the layer. D: Higher magnification of
VGIuT2-ir puncta fibrous pattern in layer 3 (indicated by the arrowheads). E: Higher magnification of layers 4Co and 4CB; due to the high
density of VGIuT2-ir puncta in these layers cortical minicolumns are clearly observed. F: Higher magnification of VGIuT2-ir puncta in layer
6. Scale bar in F = 200 pum for A; 2,150 um for B; 145 um for C,E,F; 110 pum for D.

layer 4CP and 4B at the level of the minicolumns, there
were also a few isolated regions of layer 4B that had de-
tectable VGIuT2-ir puncta, and these regions appeared to
spread up into the supragranular layers (Fig. 4). To esti-
mate the proportion of layer 4B that showed VGlut2-ir, we

determined the regions that had a discernible density of
puncta. Over a length of 7 mm in one case (M17), we
found only 8% of the length of 4B had puncta, and almost
all of these were in the one region shown in Figure 4.
Even in this region, the density was very low compared
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Figure 3. Comparison of the cellular and laminar organization of V1 in human (A-D) and macaque sections (E-H). Nissl staining (A,E),
NeuN-ir (B,F), cytochrome oxidase (CO) staining (C,G), and VGIuT2-ir (D,H). In macaque, sections were adjacent. Scale bar = 400 pum in H

(applies to A-H).

with 4C (compare density in Fig. 4 [layer 4B] with Fig. 2E
[layer 4C]). In a second case (M16), similar analysis
showed that 2.5% of 4B had discernible puncta. Our anal-
ysis suggests that the presence of VGIuT2-ir puncta in 4B
is rare. The vertical extent of layer 4B was another mea-
sure that we obtained by using the VGIuT2 distribution.
The relative extent of 4B within layer 4 was 19% (ratio
4B/(4B + 4C) = 0.2 = 0.04 and 0.18 *= 0.05; n = 14,
and n = 15, for M17 and M16, respectively) for two
human cortices, compared with 25.5% (ratio 4B/(4B +
4C) =0.27 = 0.03and 0.24 £ 0.03; n = 16,and n = 14,
for M607 and OB7, respectively) for macaque (all values
are mean * SD). Thus, based on these measurements,
there is a decrease in the extent of layer 4B from maca-
que to human.

Human layer 4A has been difficult to characterize
because it is seen as a narrow band (~100 pm wide) of
densely packed small cells in either Nissl (Brodmann,

1909) or NeuN (Fig. 3A,B) stained sections. In addition, it
does not stand out as a distinct narrow band as it does in
macaque, when tissue is stained for CO (compare Fig. 3C
and G). The distribution of VGIuT2-ir in this region is patchy
(Figs. 3D, 4) although it does not stand out as the charac-
teristic honeycomb pattern that is found in macaque (Figs.
5B, 6). Nonetheless, there are regions of increased density
that run horizontally above the upper boundary of 4B (Fig.
4). In a similar analysis as described for layer 4B above, we
found that 48% and 49% of layer 4A (in M17 and M16,
respectively) was occupied by VGIuT2-ir puncta (Fig. 4).
The puncta in this region appear as horizontal bands. When
VGIuT2-ir patches in 4A do not extend into layer 3, they do
not appear to extend across the full vertical extent of 4A as
defined in the Nissl sections.

The high density of VGIuT2-ir puncta in layer 4C gives a
very clear picture of the minicolumnar organization of the
visual cortex. We have used the term core width for the
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Figure 4. VGIuT2-ir puncta in supragranular and granular layers of human V1. A: Low-power photomicrograph illustrating the repetitive
pattern of VGIuT2-ir puncta in layers 2 and 3. There are two patches of puncta (indicated between two sets of brackets), that are sepa-
rated by about 600 um. Some VGIuT2-ir puncta are also present in layer 4B (arrows) and patchy staining of VGIuT2-ir puncta in layer 4A

(arrowheads). Scale bar = 200 pum.

region relatively free of VGIuT2-ir puncta that contains the
majority of the neuron cell bodies (Fig. 2A,E); and minico-
lumnar width for the average distance from center to cen-
ter of two adjacent peripheral neuropil spaces that are
VGIuT2-ir dense. We found that the minicolumnar width
was 24.7 = 5 um (mean = SD; n = 67), and the core
width was 11.9 = 3 um (mean = SD; n = 67). Thus, neu-
rons in the minicolumns occupied the central core (~12
pum) and are bordered by 6.4 pum of VGIuT2-ir puncta.

Supragranular layers

There were distinct VGIuT2-ir puncta in layer 1 (Fig.
2C), especially in the upper half of this region, and
patches in layers 2 and 3 (Figs. 2A,D, 4). It is the first
time that putative geniculate afferent terminals have
been described in human V1 outside layers 4 and 6
(Miklossy, 1992). We compiled a histogram of the center-
to-center distance between neighboring high-density
VGIuT2-ir regions in layers 2 and 3; in the histogram the
first peak was centered at about 0.8-1.0 mm. Further-
more, some clusters of puncta within a patch often
showed a pattern suggesting that they originate from a
single fiber (Fig. 2D, arrowheads), rising near layer 4A,
and coursing up to layer 2. Presumably, the puncta in

each patch are derived from a number of ascending
fibers. A clear patchy staining was not observed in layers
2 and 3 for CO histochemistry, although in certain
regions, some faint patches were observed; probably a
longer incubation time for CO is needed for more robust
CO staining.

Infragranular layers

In the infragranular cortical layers, there was a very
clear difference in distribution of the VGIuT2-ir puncta.
Layer 6 had a moderate density of terminals that
extended along the layer; there were no regions without
puncta in the horizontal direction (Fig. 2A,F). In layer 5,
where there were few VGIuT2-ir puncta, there was a sharp
transition between 4C and 5A at the upper border (Fig.
2A,E), and a discernible border between lower layer 5 and
upper 6 (Fig. 2F). Within layer 6, where the distribution
was not uniform, there was a higher density in the middle
region of layer 6, with a sparser distribution in the upper
and lower portions (Fig. 2F). There was an indication of
periodicities in layer 6 (Fig. 2F). The pattern in layer 6 is
described in more detail later in the macaque sections.
With the CO histochemistry, we could not discern the dif-
ferential density or periodicity within layer 6 (Fig. 3C).
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Figure 5. Layer-specific distribution of VGIuT2-ir puncta in macaque V1. A: Low-power photomicrograph of a section at the V1/V2 border,
indicated by a dashed line. There is a very clear laminar pattern of VGIuT2-ir in V1 that ends abruptly at the V2 border. B: VGIuT2-ir pat-
tern through the depth of V1 shows immunostaining in layers 1, 2/3, 4A, 4Ca, 4Cp and 6. VGIuT2-ir puncta in layers 2 and 3 (indicated
between the three sets of brackets) shows repetitive patches that are approximately 400 um apart. In layer 6, there is a patchy distribu-
tion with regions of higher density (arrowheads), separated by regions of lower density. The scale of the horizontal separation of the
patches is about 50 pum, greater than the width of the minicolumns (~20 pm) that are seen in layer 4C and narrower than the patches in
layers 2 and 3 seen in A. C: VGIuT2-ir puncta of layer 1 are predominantly found in the upper half of the layer. D: Higher magnification of
one VGIuT2-ir dense region in layers 2 and 3; most of the fibers seem to derive from layer 4A and rise vertically to end in layers 2 and 3.
Some horizontal (arrowheads) and vertical beaded fibers moving toward layer 1 (arrows) could also be observed. The density of puncta in
some regions of layer 4A was high, similar to the density in layer 4C (see E). E: Layers 4Ca and 4C have the highest density of VGIuT2
puncta in V1. Cortical minicolumns are clearly observed, and run vertically. F: Layer 6 shows a moderately dense puncta distribution,
whereas in layer 5 the distribution is sparse. Horizontal beaded profiles were also observed (arrowhead), which suggests that single axons
are making multiple contacts. WM, white matter. Scale bar in F = 400 pm for A; 220 um for B; 75 pum for C; 65 pum for D-F.
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Figure 6. The organization of VGIuT2 puncta in layer 4A and 6 of macaque. Sections cut either parasagittally, horizontally, or obliquely
and immunoreacted for VGIuT2 show intense staining with a structural pattern resembling the honeycomb characteristic seen in cyto-
chrome oxidase (CO) (Horton, 1984; Fitzpatrick et al., 1985) and in transneuronal transport to V1 after labeling one eye (Horton, 1984).
A: Parasagittal section of layer 4A showed very high density areas of VGIuT2 (filled arrow) adjacent to areas with lower density (open
arrow). B: Horizontal section of layer 4A showed a continuous network of VGIuT2. C,D: Oblique planes section through layer 4A showed
only one layer of the honeycomb arrangement, where the puncta dense regions are about 30-40 um wide surrounding puncta-sparse
regions. E,G: Adjacent horizontal sections processed for VGIuT2 (G) and CO (E), showed the characteristic honeycomb pattern in layer 4A
and it is clearly continued from one section to the next (dashed lines). F,H: Adjacent horizontal sections processed for VGIuT2 (H) and CO
(F) through layer 6 showed a clear annular pattern of VGIuT2-ir puncta. The adjacent section stained for CO did not show any of the pat-
terning seen with VGIuT2 although the giant Meynert cells were clearly visible. (*), blood vessels were used to align adjacent sections.
Scale bar in H = 150 pum for A-D and E-H.
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Distribution pattern of VGIuT2-ir puncta in
macaque V1

We studied the distribution pattern of VGIuT2-ir puncta
to determine the degree of correspondence with the estab-
lished distribution of LGN afferents in macaque V1. VGluT2-
ir terminals show a laminar-specific pattern in V1 (Figs. 3H,
5B). Qualitatively, the pattern shown in Figures 3H and 5B
closely matches the pattern that would be generated from
combining the results from tracing studies (Hendrickson
et al., 1978; Fitzpatrick et al., 1983; Blasdel and Lund,
1983; Freund et al., 1989; Casagrande et al., 2007). In gen-
eral, VGIuT2-ir terminals showed a laminar-specific pattern
in V1 (Figs. 3H, 5B), with the highest density in layers 1,
4G, and 6, and in patches in 2/3. The VGIuT2-ir showed a
clear demarcation of the V1/V2 boundary (Fig. 5A).

Granular layers

There was a high density of VGIuT2-ir puncta in layer 4C
with very clear divisions between 4Co and 4B, and also
between 4CPB and 5 (Fig. 5B). Within layer 4C, there was a
higher density of puncta in the lower half corresponding to
layer 4Cp, than in the upper half of 4C, 4Ca. (Fig. 5B,E).

Layer 4B in macaque was virtually devoid of VGIuT2-ir
puncta (Figs. 5B, 6A), although rarely, it was possible to
see some VGIuT2-ir puncta crossing this layer. As
reported above, the relative extent of 4B was about 25%
the width of 4C when defined by VGIuT2-ir puncta.

Layer 4A (Fig. 6A-D) showed a high density of VGIuT2-
ir puncta with a structural pattern resembling the honey-
comb characteristic of this layer when stained for CO his-
tochemistry (Horton, 1984). Depending on the plane of
section, different puncta patterns were observed. In the
parasagittal plane, areas with very high VGIuT2-ir puncta
density (Fig. 6A, filled arrows) were seen adjacent to
areas with lower puncta density (Fig. 6A, open arrows). In
horizontal sections, a continuous clustered puncta net-
work of VGIuT2 was clearly observed (Fig. 6B). In an
oblique plane of section, only one layer of this honey-
comb network was observed (Fig. 6C,D).

Furthermore, layer 4C in macaque showed a high den-
sity of VGIuT2-ir puncta, which allowed us to obtain meas-
urements of minicolumnar organization. We found that
the minicolumnar width (spacing) was 18.0 = 3.4 pum
(mean = SD; n = 99), and the core width was 8.9 = 2.6
pm (mean £ SD; n = 99). Neurons in the minicolumns of
macaques occupied the central core (~9 um) and were
bordered by 4.5 pum of VGIuT2-ir puncta.

Supragranular layers

There were VGIuT2-ir puncta in layer 1 (Fig. 5C) and
patches in layers 2 and 3, (Fig. 5B). In layers 2 and 3, the
period of the pattern of higher density VGIuT2-ir puncta
patches was approximately 400 um, measured as the
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center-to-center distance between adjacent high-density
VGIuT2-ir regions (Fig. 5B). In a later section of the
Results, we show that the periodicity of the VGIuT2-ir
patches matches the periodicity of CO patches observed
in layers 2 and 3 (Wong-Riley, 1979). Within the denser
VGIuT2-ir regions of layer 3, there were often single radi-
ating sequences of dark staining spots (Figs. 5D) that
may correspond to boutons of single afferent fibers
(Casagrande et al., 2007). Within layer 1, there was a pre-
ponderance of VGIuT2-ir that was especially noticeable in
the upper half of layer 1 (Fig. 5C). Sometimes it was pos-
sible to see that these fibers were collaterals coming
from the VGIuT2-ir patches in layers 2 and 3.

Infragranular layers

Layer 6 showed VGIuT2-ir puncta particularly in the
upper half of the layer where it was possible to observe a
patchy pattern (Fig. 5B, arrowheads, F). The middle to
lower region of the upper half of layer 6 contained areas
with the highest density of puncta (Fig. 5B). Occasionally,
puncta were observed in the upper border region of layer
6, but in general, the upper region showed a lower density
of VGIuT2 than the middle region (Fig. 5B). The nature of
this pattern in layer 6 is analyzed below. Finally, layer 5
was virtually devoid of VGIuT2-ir puncta (Fig. 5B),
although occasionally, it was possible to see some
VGIuT2-ir puncta crossing the layer.

VGIuT2-ir IHC versus CO histochemistry

To further analyze the distinctness of VGIuT2 labeling,
we compared layers 2 and 3, and 4A and 6 in adjacent
sections stained for VGIuT2 and CO. To determine the
correspondence between the periodicity of the VGIuT2-ir
puncta density and CO patches in layers 2 and 3, we
processed adjacent parasagittal and horizontal sections
for VGIuT2 and CO. In both cases of parasagittal (Fig. 7)
and horizontal sections (data not shown), VGIuT2-ir
puncta in layers 2 and 3 of one section (Fig. 7A,C) were
found in alignment with CO patches in an adjacent sec-
tion (Figs. 7B,D). The repetitive CO patches were clearly
visible at lower magnification (Fig. 7B); however, it was
not possible to clearly view the VGIuT2-ir puncta at low
magnification (Fig. 7A). When higher magnification was
used to observe the VGIuT2-ir puncta in layers 2 and 3
(Fig. 7C), we found that they colocalized with the CO
patches (Fig. 7D).

In layer 4A, adjacent horizontal sections were proc-
essed for VGIuT2 and CO. The characteristic honeycomb
pattern was observed and clearly continued from one
section to the next (Fig. 6E,G). In VGIuT2 IHC, individual
VGIuT2-ir puncta form the edges of the honeycomb and
the VGIuT2-ir puncta provide the overall pattern of termi-
nal density, clearly showing that there are few if any
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Figure 7. Comparison of the patches of higher density of VGIuT2-ir puncta in layers 2 and 3 with the distribution of CO-rich patches in
macaque V1. A,B: Adjacent parasagittal sections through the depth of V1 show sections processed for VGIuT2 immunohistochemistry (A)
and cytochrome oxidase (B). The regular pattern of CO-rich patches is seen in layers 2 and 3 in B. C,D: To compare the CO-rich patches
in layers 2 and 3, four patches were selected within the outline of the box so that at higher magnification the VGIuT2-ir patches in layers
2 and 3 can be seen to correspond with the CO-rich patches. (*), Blood vessels were used to align the adjacent sections. Scale bar in D

= 600 pm for A,B; 200 um for C,D.

puncta in the non-border regions. The continuous staining
observed in sections processed for CO gives the outline
of the honeycomb but does not indicate whether there
are terminals in the lower density regions.

To determine the nature of the arrangement in layer 6
and to estimate the extent of the pattern in depth, a series
of horizontal sections was prepared from additional blocks
from three animals. We found that VGIuT2-ir puncta formed
a clear, annular pattern of puncta density (Fig. 6H). This high-
est density of puncta was found in the upper-middle of layer
6, covering an extent of about 120 pm. Above and under-
neath this higher density region, we found an area with mid-
dle density of puncta (~60 pum in each side). Close to layer
5 and white matter, the VGIuT2-ir puncta disappeared. In the
middle region, the diameter of the annular pattern ranged

from small rings of 30-100 pm. The edges of the rings
showed high density of puncta, surrounding areas with a low
density of VGIuT2-ir puncta or, in some instances, without
puncta. The adjacent sections stained for CO did not show
any of the pattern seen with VGIutT2, although the giant
Meynert cells were clearly visible (Fig. 6F).

VGIuT2-ir puncta in V2

When sections reacted for VGIuT2 were viewed at low
power, there was a clear boundary between V1 and V2
(Fig. 2B, dashed line) where the distinct laminar pattern
of VGIuT2-ir puncta in V1 ended abruptly at the V1/V2
border. However, within V2, there was no clear laminar
pattern, as found in V1, when observed at low magnifica-
tion neither in human nor macaque (Figs. 5A, 8B,C). At
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Figure 8. Distribution of VGIuT2 in V2 of macaque and human. A: Nissl-stained section of macaque V2. B: Adjacent section stained for
VGIuT2, C: Human V2 stained for VGIuT2. D: VGIuT2-ir puncta in layer 4 of V2 (arrows), close to the V1/V2 border. Some fibers (arrow-
heads) are large and appear to come from axons with branches in V1 and V2. E: VGIuT2-ir puncta in layer 4 of V2. F-L: Higher magnifica-
tion images from B, showing the distribution of VGIluT2-ir puncta throughout the depth of V2, from layer 1 to 6 in macaque. M-Q: Higher
magnification images from C, showing the distribution of VGIuT2-ir puncta through the depth of V2, from layer 1 to 6 in human. Scale bar
in Q = 180 um for A,B; 30 pum for D,E; 80 pum for F-Q.

higher magnification (Fig. 8D-Q), VGIuT2-ir puncta were density was very low. Qualitatively, the size of the
observed preferentially in lower layer 3, in upper layer 4, VGIuT2-ir puncta in layers 3 and 4 of V2 were smaller
and in layer 1 (in macaque) of V2. Layers 2 and 5 were than the majority of puncta in layer 4C of V1 (Fig. 8D,E).
less dense than layers 1, 3, and 4, whereas in layer 6 the Close to the V1/V2 border, it was possible to observe
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small layer 3/4 VGIuT2-ir puncta in V2 (Fig. 8D, arrows),
similar in size to those outside the border region (Fig. 8E).
In addition, in the same region we found large VGIuT2-ir
puncta (Fig. 8D, arrowheads), probably coming from
axons arborizing in V1 and V2, which are larger than
VGIuT2-ir puncta in V2.

DISCUSSION

In this study, we established that there was a close cor-
respondence between the known pattern of LGN affer-
ents to V1 in the macaque and the distribution of VGIuT2-
ir puncta. In all the layers of V1, we found that VGIuT2
provided a reliable marker for the known pattern of LGN
afferent terminals. Utilizing this equivalence between
VGIuT2 and the LGN afferents, we have studied the distri-
bution of VGIuT2-ir in human V1 and ascribe their distri-
bution to putative LGN afferent terminations in human
V1. Qualitatively, the distribution of VGIuT2-ir in macaque
and human V1 is similar in layer 4C. Layer 6 in both maca-
que and human had VGIuT2-ir puncta that were more con-
centrated in the middle region of the layer where there is
a periodic annular pattern that is not observed using CO
histochemistry. We also found pronounced differences
between human and macaque. In layer 4A of the maca-
que, there was the characteristic periodic pattern in para-
sagittal sections that appeared as a honeycomb pattern
in horizontal sections, whereas in human, there were
sparse horizontally organized patches without the perio-
dicity or density characteristic of macaque. In layers
2 and 3 of the macaque, there was a stable periodic pat-
tern 400 pm between VGIuT2-ir patches. In human,
VGIuT2-ir patches were separated by 800-1,000 um. In
the following sections, we will discuss the correspon-
dence between VGIuT2 and other methods of marking
afferent terminals in the macaque, as this is a key factor
in determining whether VGIuT2 is localized in thalamic
afferent terminals, predominantly from the LGN for V1
and pulvinar for V2. We will then go on to discuss the dis-
tribution of VGIuT2-ir puncta in human cortex in more
detail.

VGIuT2-IHC: a marker for thalamic afferent
terminals in macaque visual cortex

In ferret (Nahmani and Erisir, 2005) and in mouse
(Coleman et al., 2010), VGIuT2 is localized to the termi-
nals of LGN afferents in the visual cortex. In tree shrew
and gray squirrel, VGIuT2 has been suggested as a puta-
tive marker for thalamic afferents in V1 (Wong and Kaas,
2008, 2009). In order to successfully apply IHC for
VGIuT2 in macaque and human, an AR protocol is a criti-
cal step. Without the AR step preceding the IHC, false
negatives or partial results are obtained, especially in V2

where a close analysis is needed to observe the presence
of VGIuT2-ir puncta. The differential laminar distribution
of VGIuT2-ir puncta in our current study of V1 closely
matches the known distribution of thalamic inputs from
the LGN to V1. These results suggest that the VGIuT2-ir
punctain V1 labels the LGN afferent terminals; the details
are discussed below.

The highest density of LGN thalamic afferents is seen
in layer 4C, which is the principal recipient zone of tha-
lamic afferents in V1 (Hubel and Wiesel, 1969, 1972;
Garey and Powell, 1971; Lund, 1973; Wiesel et al., 1974).
There is a high density of VGIuT2-ir puncta in layer 4C
that corresponds closely to the distribution found after
transneuronal anterograde labeling from the retina (Hubel
et al.,, 1977) or LGN (Hubel and Wiesel, 1972; Hendrick-
son et al., 1978). Layer 4CPB has a higher density of
VGIuT-ir puncta than layer 4Ca, which is evident even in
the low-power micrographs. There are sharply defined
borders in VGIuT2-ir puncta density between layers 4B
and 4Ca, and between layers 4Cf and 5. These borders
match those of the higher density of CO staining that is
also used to define the upper and lower transitions of
layer 4C (Peters, 1994). At a finer scale in layer 4Cp,
VGIuT2-ir puncta show a periodic pattern of 18.0 um (col-
umn width) and 9.1 um (core width), which is similar to
the data obtained by Casanova et al. (2009) using Nissl
staining to measure the minicolumn dimensions in layer 4
of the macaque V1 (16.6 and 9.4 um, column width and
core width, respectively).

DeFelipe and Jones (1991) demonstrated that PV-ir
asymmetric synapses from the LGN terminate predomi-
nantly in layer 4 of macaque V1, in series of microzones
in the neuropil, separated by similar neuropil regions
without thalamocortical synapses. The shape and size of
these microzones are irregular, but range between 10
and 50 um in diameter. These microzones of PV-ir asym-
metric synapses could correspond to the VGIuT2-ir
puncta observed surrounding the core of the minicol-
umns. In addition, Peters and Sethares (199 1b) studied
the cortical organization of macaque V1 and found clus-
ters of apical dendrites to have an average center-to-cen-
ter spacing of about 30 um, a result that exceeds our esti-
mation. The different methodology used in the Peters and
Sethares study could explain the discrepancy. The used
on antibody that labels microtuble-associated protein 2
(MAP2) within the perikarya and dendrites of neurons,
whereas we used VGIuT2, which labels the putative tha-
lamic afferent terminals.

Layer 4A shows a characteristic repetitive honeycomb
pattern when sections are stained for CO (e.g., Carroll
and Wong-Riley, 1984; Horton, 1984; Fitzpatrick et al.,
1985). The honeycomb pattern is formed by axon termi-
nals from the lateral geniculate (Hendrickson et al., 1978;
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Horton et al., 1984; Hendry and Yoshioka, 1994; Ding
and Casagrande, 1997; Casagrande et al., 2007). In fact,
layer 4A is composed of a group of pyramidal neurons
and apical dendrites that are surrounded by a cell-sparse
lattice pattern (Peters and Sethares, 1991a,b). This lat-
tice is clearly visible in all the sections processed for
VGIuT2, confirming the glutamatergic nature of these
afferents presumably arising from the parvocellular or
koniocellular layers of the LGN. These terminals probably
correspond to the parvalbumin-ir large asymmetrical syn-
apses identified in layer 4A using EM (Peters and
Sethares, 1991a). Interestingly, the honeycomb structure
characteristic of layer 4A presents a clear demarcation of
the putative LGN afferent termination with VGIuT2
staining.

One of the striking features of striate cortex in many
primate species is the regular periodic pattern of CO den-
sity in layers 2 and 3, CO-rich patches. These patches are
correlated with the occurrence of axonal arbors observed
in layers 2 and 3 of different species of monkeys: bush
babies (Diamond et al., 1985; Lachica and Casagrande,
1992), owl monkeys (Ding and Casagrande, 1997), squir-
rel monkeys (Fitzpatrick et al., 1983), and macaques
(Casagrande et al., 2007). We found that the highest den-
sity of VGIuT2-ir puncta in layers 2 and 3 corresponds to
the CO-rich patches in layers 2 and 3, suggesting colocal-
ization with the thalamic afferent terminations reported
after anterograde tracer injections into the LGN (Fitzpa-
trick et al., 1983; Horton, 1984; Diamond et al., 1985;
Lachica and Casagrande, 1992; Ding and Casagrande,
1997; Casagrande et al., 2007).

Layer 1 of V1 cortex receives LGN afferents (Hubel and
Wiesel, 1972; Lund, 1973; Benevento and Rezak, 1975;
Ogren and Hendrickson, 1977; Hendrickson et al., 1978;
Rezak and Benevento, 1979). Studies using injections of
HRP into the LGN confirmed the presence of fine thalamic
afferents from the LGN into layer 1 (Blasdel and Lund,
1983) and they were particularly focused in the outer por-
tion of layer 1 (Fitzpatrick et al., 1983; Diamond et al.,
1985). More recently, it was established that K neurons
from the LGN are responsible for these collateral
branches that project broadly in layer 1 (Ding and Casa-
grande, 1997; Casagrande et al., 2007), with LGN layer
K1 and K2 subtypes being mainly responsible for projec-
tions in layer 1in macaque V1 (Casagrande et al., 2007).
Our results demonstrate the presence of VGIuT2-ir
puncta in layer 1, suggesting that VGIuT2 IHC is sensitive
enough to show the thalamic afferents in this layer. We
also observed that some fibers reaching layer 1 appeared
to come from collaterals from the VGIuT2-ir fibers in
layers 2 and 3. Interestingly, Casagrande and colleagues
(2007) observed direct projections to layer 1 from K neu-
rons (layer K1-K2), or from collaterals of the projections
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to the CO-rich patches (layer K3-Ké). Therefore, it is
likely that the VGIuT2-ir puncta we observed in layers 1
and 2/3 came from all the subdivisions of the K-layer
input to the striate cortex from the LGN in addition to the
projections from the pulvinar. This means that VGIuT2 is
sensitive enough to show this projection as well as the
projections from the M- and P-layers of the LGN.

Layer 6 is also a recipient of LGN thalamic afferents
(Hubel and Wiesel, 1972; Lund and Boothe, 1975; Hen-
drickson et al., 1978). We found a clear distribution of
VGIuT2-ir puncta in layer 6, with the highest density in the
mid-upper region of layer 6, forming an annular pattern
clearly visible in horizontal sections (Fig. 6H). Previous an-
terograde studies found that the projections from parvo-
cellular neurons of LGN targeted mainly layers 4C[3 and
4A, but also sent axon collaterals to the upper half of
layer 6 (Hendrickson et al., 1978). The VGIuT2-ir puncta
in the upper half of layer 6 could be the same as the axo-
nal arborization shown by Hendrickson et al. (1978).
Interestingly, Figure 6 of Hendrickson et al. (1978) shows
a patchy pattern in the upper half of layer 6 in parasagittal
sections. VGIuT2 patches in layer 6 were more closely
spaced (30-100 um; Fig. 6H) than the VGIuT2 and
matched CO patches in layers 2 and 3. If this patchy pat-
tern is a result of collateral axonal projections from parvo-
cellular neurons, it may correspond to the patchy distribu-
tion reported by Hendrickson et al. (1978). The lower half
of layer 6 showed a low density of VGIuT2-ir puncta in our
macaque tissue, which presumably arises from the mag-
nocellular layers of the LGN (Hendrickson et al., 1978;
Blasdel and Lund, 1983). Previous studies showed that
these collaterals were extremely fine and unlikely to be
seen except with the dense filling achieved by intracellu-
lar injection (Blasdel and Lund, 1983).

Although the overall pattern of VGIuT2-ir puncta den-
sity correlates very closely with the known distribution of
afferent terminals from the LGN to V1, it is likely that
some of the VGIuT2-ir puncta found in V1 are associated
with afferents from other thalamic or subthalamic struc-
tures. There are numerous reports of a direct projection
to layers 1 and 2/3 of V1 from the pulvinar, mainly from
the inferior pulvinar and the lateral pulvinar (Ogren and
Hendrickson, 1977; Rezak and Benevento, 1979; Ken-
nedy and Bullier, 1985; Perkel et al., 1986; Adams et al.,
2000; Rockland et al., 1999; Kaas and Lyon, 2007; Bald-
win et al., 2011), and at the border between layers 1 and
2 from the amygdala (Freese and Amaral, 2005, 2006). A
comparison of retrogradely labeled neurons in the
different subdivisions of the pulvinar, after injections of
retrograde tracer in V1 and V2, showed a higher percent-
age of labeled neurons in V2 than in V1 (78 and 22%,
respectively) (Kennedy and Bullier, 1985). In addition,
Kennedy and Bullier (1985) observed a small number of
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labeled neurons in other subcortical structures, including
the intralaminar nuclei, the nucleus basalis of Meynert,
the amygdala, and the claustrum after injections of retro-
grade tracer in V1. However, the quantification of the
strength of these afferents to V1 or V2 could not be
established because of the small number of labeled neu-
rons. Thus, the pattern of VGIuT2-ir puncta found in V1 is
most likely to be mainly due to thalamic afferents arising
from the LGN, with a small contribution from other sub-
cortical neurons projecting to V1.

Comparison with other marking methods

Classical techniques for identifying terminal distribu-
tions such as degeneration of axons after lesions (e.g.,
Jones and Powell, 1970; Peters and Feldman, 1976; Davis
and Sterling, 1979), recent tracing techniques such as in-
tracellular filling of individual axons in the optic radiation
(e.g., Blasdel and Lund, 1983; Friedlander and Martin,
1989; Anderson et al., 1992), or anterograde tract-tracer
injection into the LGN (e.g., McGuire et al., 1984; LeVay,
1986; Kharazia and Weinberg, 1993; Ahmed et al., 1994;
Herrmann et al., 1994) all require manipulations (lesions
or injections) prior to processing for terminal distribu-
tions, and often depend critically on timing and sensitiv-
ity. Other techniques for specific afferent labeling (DeFe-
lipe and Jones, 1991; Latawiec et al, 2000) take
advantage of parvalbumin as a marker for thalamic relay
cells and their axon terminals in monkey V1 (Jones and
Hendry, 1989). However, this approach requires analysis
at the EM level, as it is necessary to distinguish the PV-ir
thalamo-cortical terminals from the PV-ir cortico-cortical
afferents because the thalamo-cortical afferents are glu-
tamatergic asymmetrical synapses, whereas the cortico-
cortical terminals are GABAergic symmetric synapses. If
VGIuT2 is shown to localize with specific afferent termi-
nals, as we have hypothesized for monkey, and as has
been shown in ferret (Nahmani and Erisir, 2005) and
mouse (Coleman et al., 2010), then it is a valuable tool
for quantifying the density of the complete terminal distri-
bution in the cortex.

VGIluT2-ir puncta in human V1

The current study relies on the correlation between the
VGIuT2-ir pattern in non-human primate and the known
LGN thalamic afferent terminal distribution, to infer that
VGIuT2 labels the LGN afferent terminals in human V1. As
far as we know, only one study has shown the thalamic
afferent terminations in the visual cortex of humans; this
was after degeneration of the LGN fibers after a thalamic
lesion (Miklossy, 1992). As in macaque, VGIuT2 IHC in
human shows a specific laminar pattern.

The principal LGN thalamic recipient layer, 4C, showed
the highest level of VGIuT2-ir supporting the result of the

degeneration observed after thalamic lesions (Miklossy,
1992). Within layer 4C, the density of VGIuT2-ir puncta
decreases from layer 4Cf3 to 4Ca.. Our data on the size of
the minicolumns (24.7 pum for layer 4Cp3) agree with previ-
ous studies in human V1 that found a minicolumnar width
of 24 um in layer 3 (Buxhoeveden et al., 1996) but not
with estimates for layer 4 (18.6 um) (Casanova et al.,
2009), which is considerably narrower than that found in
the current study. However, the core width of 10.5 um
(Casanova et al., 2009) is similar to our estimate of 11.9
pm. Our data also show an increase in the minicolumn
width from macaque to human (from 18.0 to 24.7 um,
respectively). The ratio of core width to the minicolumn
width remains constant in the macaque and human
(0.49) due to the increase of the core width from 8.9 um
in macaque, to 11.9 um in human. The ratio we find
(0.49) is smaller by about 10% than the ratio (0.57) previ-
ously reported for human and macaque (Casanova et al.,
20009).

The current study established that most of layer 4B in
human cortex is devoid of VGIuT2-ir puncta, but nonethe-
less not completely lacking, as we found a few regions
with a low density of VGIuT2-ir puncta (Fig. 4). Previously
it had been suggested that there might be graded direct
afferent input to layer 4B (Preuss et al., 1999). Function-
ally, this result means that layer 4B in human appears
anatomically similar to 4B in macaque, although we did
find that it occupied relatively less of the layer 4 extent in
human than in macaque.

Layer 4A of human has patches of VGluT2-ir puncta
arranged horizontally, but they do not form the character-
istic honeycomb pattern observed in macaque, which is
seen as regions of high and low density with layer 4A
parasagittal and coronal sections. In addition, the density
of VGIuT2 is considerably lower in human than in maca-
que. Previous studies using CO histochemistry also failed
to find any structural organization resembling the honey-
comb arrangement found in macaque layer 4A (Horton,
1984; Wong-Riley et al., 1993). However, a lightly immu-
nostained calbindin-ir band of neurons was observed in
layer 4A (Hendry and Carder, 1993; Yoshioka and Hendry,
1995), and also observed in tissue processed for non-
phosphorylated neurofilaments (NFNP, anti-SMI-32
(Yoshioka and Hendry, 1995); Preuss et al., 1999), MAP
and anti-MAP2 (Preuss et al., 1999), and Cat-301 (Preuss
and Coleman, 2002).

In general, these markers mainly occupied the upper
part of layer 4B (Hendrickson et al., 1978), with clusters
of immunostained neurons and processes extending into
layer 4A. Although some investigators have tentatively
associated the structural organization in human layer 4A
with the honeycomb organization found in macaque layer
4A (Yoshioka and Hendry, 1995), there are major
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differences between the two species. It appears that the
mesh-like pattern found in macaque is specifically related
to the pattern of LGN thalamic terminals (Casagrande
et al., 2007), whereas there is no such arrangement in
human 4A. Macaque layer 4A is a recipient of the P-path-
way (Hubel and Wiesel, 1972; Hendrickson et al., 1978),
however, in humans, the presence of P-pathway afferents
is more controversial. One proposal is that it has com-
pletely disappeared or is clearly reduced in humans com-
pared with macaques (Preuss et al., 1999; Preuss and
Coleman, 2002).

Our data show that there are relatively few VGlutT-ir
puncta above layer 4Ca in 4B, ruling out the likelihood
that there is a substantial direct input from the M-path-
way to dendrites in layer 4B. In contrast, we did observe
sparse afferent terminations in layer 4A, but whether
these afferents are from the M-, P-, or K-pathways cannot
be determined. An alternative explanation is that a subset
of LGN afferents projecting to layer 4A in human does not
express VGIUT2. If this was the case, then there may be
functional input from LGN to layer 4A that is not matched
to either VGIuT2 or CO staining. We think this alternative
explanation is unlikely. How the P- and K-pathways
evolved in different primate species is an intriguing
question.

Above layer 4A, there are patches of VGIuT2-ir puncta
in layer 3 that in some cases project into layer 2. The
interpatch distance of about 800 pm is similar to the
range of spacing 600-800 pum or 500-800 pum between
CO-rich patches in human layers 2 and 3 found by Horton
and Hedley-Whyte (1984) and Wong-Riley et al. (1993),
respectively. However, in some regions we could not find
clearly defined patches. We do not know if the lack of reg-
ular patches is due to the condition of the tissue, or to a
genuine difference between human and macaque supra-
granular organization.

Layer 6 in human does have a substantial density of
VGIuT2-ir puncta, running in a continuous band of about
150 um wide in the mid-region of the layer. Other studies
have observed a light band of CO in layer 6 (Horton and
Hedley-Whyte, 1984; Wong-Riley et al., 1993), as well as
a geniculocortical fiber degeneration of fine terminal
branches mostly found in the lower half of layer 6
(Miklossy, 1992). Our impression is that there is a higher
density of puncta in human than in macaque layer 6, but
verification will need to be made with quantitative puncta
counts. Although there was a continuous distribution of
puncta in mid-layer 6, the density appeared periodic, as
found in macaque. In contrast, CO did not show these
variations in density. Finally, VGIuT2-ir puncta are also
observed in layer 1, suggesting it is a recipient of thalamic
afferents as observed in macaque (Fitzpatrick et al.,
1983; Diamond et al., 1985; Lachica and Casagrande,
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1992; Ding and Casagrande, 1997; Casagrande et al.,
2007).

Presence of VGIuT2-ir puncta in V2

In addition to the presence of VGIuT2-ir puncta in V1,
we also observed a preferential distribution of VGIuT2-ir
puncta in layers 1, 3, and 4 of V2, which qualitatively
matches the distribution of the anterogradely labeled ter-
minals in V2 after injections into the lateral pulvinar.
There were also differences: anterograde labeling shows
patchy input to lower layer 3 and upper layer 4, and very
light input extending up to layer 1 (Benevento and Rezak,
1975; Trojanowski and Jacobson, 1976; Levitt et al.,
1995; Rockland et al., 1999), whereas VGIuT2 is continu-
ous in lower layer 3/upper layer 4 with a high density of
puncta in layer 1, especially in macaque. Scattered and
lower density of boutons was also described in layers 5
and 6 after injections in the lateral pulvinar (Levitt et al.,
1995; Rockland et al., 1999). There was a low density of
VGIuT2-ir puncta in layers 5 and 6 (Fig. 8]-L [macaque]
and P,Q [human]). There was also a low density of puncta
in layer 2 (Fig. 8F,G [macaque] and M [human]). Other
subthalamic nuclei could also contribute to the presence
of VGIuT2-ir puncta into V2 (Bullier and Kennedy, 1983).
Colocalization studies after injection of tracer into spe-
cific thalamic and subthalamic nuclei with VGIuT2 are
required to unequivocally identify the origin of all VGIuT2-
ir terminals in V2.

Qualitatively, the sizes of VGIuT2-ir puncta in 4C are
larger than VGIuT1-ir terminals (Fig. 1) and this corre-
sponds to the known difference in size between the tha-
lamo-cortical and intracortical terminals (Nahnami and
Erisir, 2005). It has also been shown recently that the pul-
vinar terminals in V2 are smaller than those from the LGN
to layer 4C of V1 (Marion et al., 2011). In the region of
the V1/V2 border, we found that the VGIuT2-ir puncta
were of different sizes. The smallest are prominent in V2,
and the largest, which could be axonal collaterals from
LGN axons, branch in V1 and V2. Based on these findings,
we suggest that this size difference could correspond
with a functional difference in the input to these areas
(Sherman and Guillery, 1998). EM studies would be nec-
essary to confirm this point.

Functional implications

One of the main differences between the LGN thalamic
afferents to visual cortex between human and macaques
is the lack of the honeycomb pattern characteristic of the
macaque layer 4A (Horton and Hedley-Whyte, 1984;
Wong-Riley et al., 1993). Due to this lack of CO-dense
staining in layer 4A, Preuss and colleagues (Preuss et al.,
1999; Preuss and Coleman, 2002) have speculated that
there is a reduction or lack of LGN thalamic afferent
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inputs to layer 4A in human, specifically a reduction of
the parvocellular geniculate projection to this layer. In
macaque, it is well established that the P-pathway pro-
vides the main afferent input to 4A (Fitzpatrick et al.,
1985; Peters and Sethares, 199 1a; Hendry and Yoshioka,
1994), although there is also an additional input from the
K-pathway (layers K3-K6) (Casagrande et al., 2007).

Additionally, in macaque it has been shown that there
is blue-off afferent input to layer 4A (Chatterjee and Call-
away, 2003); the blue-off neurons in the retina include
midget ganglion cells (Klug et al., 2003; Field et al., 2010)
that belong to the P-pathway in macaque, providing a fur-
ther link between the P-pathway input to layer 4A. Interest-
ingly, the size of the K axons is much finer than those of P
and M cells (Casagrande et al., 2007), and therefore it may
be the case that the remaining K-fiber inputs are not
revealed by CO histochemistry, but are better revealed
with the more sensitive and precise VGIuT2 IHC technique
presented in this study. If one of the functions of the LGN
input to 4A in macaque is to provide chromatic input from
the S-cone pathway (Chatterjee and Callaway, 2003), then
this may not be the case in humans. There are no substan-
tial low-level perceptual differences between macaques
and humans in blue/yellow color vision, which is generally
associated with the S-cone pathway, and therefore it might
be that this aspect of color processing is not closely asso-
ciated with layer 4A in humans.
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