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Abstract
Layers 5 and 6 of primate primary visual cortex (V1) harbor morphologically diverse cell groups
that have corticocortical and corticosubcortical projections. Layer 6 middle temporal area (MT)-
projecting neurons are particularly interesting, as they are the only deep-layer cortical neurons that
provide both corticocortical feed-forward inputs (to area MT) and corticosubcortical feedback
projections (to superior colliculus [SC]) (Fries et al. [1985] Exp Brain Res 58:613–616). However,
due to limitations in anatomical tracing techniques, little is known about the detailed morphologies
of these cells. We therefore applied a genetically modified rabies virus as a retrograde tracer to fill
the dendrites of projection neurons with green fluorescent protein (GFP) (Wickersham et al.
[2007] Nat Methods 4:47–49). We injected virus into SC or area MT of macaque monkeys and
examined labeled cells in V1. Two-thirds of labeled neurons following SC injections were found
in layer 5, consisting of “tall-tufted” and “nontufted” cells; the remaining cells were layer 6
“nontufted.” Area MT injections labeled neurons in layers 4B and 6, as previously described
(Shipp and Zeki [1989] Eur J Neurosci 1:309–332). The layer 6 neurons projecting to MT were
remarkably similar to the layer 6 SC-projecting neurons. In contrast to the dense and focused
dendritic arbors of layer 5 “tall-tufted” pyramids, all “nontufted” cells had sparse, but unusually
long basal dendrites. The nontufted cells closely resemble Meynert cells (le Gros Clark [1942] J
Anat 76:369–376; Winfield et al. [1983] Proc R Soc Lond B Biol Sci 217:129–139), but the full in
vivo reconstructions presented here show that their basal dendrites can extend much further (up to
1.2 mm) and are less asymmetric than inferred from Golgi reconstructions. J. Comp. Neurol.
520:52–80, 2012.
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The exceptional organization of primate visual cortex provides systems neuroscientists with
a useful model for studying circuitry and connectivity. The primate primary visual cortex
(V1) is organized into numerous laminar and columnar subdivisions that are anatomically
and functionally specialized (Callaway, 1998a). Each layer contains different cell types that
participate in different functional circuits (Callaway, 2002). Golgi impregnation and
intracellular labeling studies have identified a variety of cell types in all layers of primate V1
(Lund, 1988; Katz et al., 1989; Anderson et al., 1993; Callaway and Wiser, 1996; Wiser and
Callaway, 1996; Yabuta and Callaway, 1998). Each cell type is unique in terms of somal
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location, size, shape, dendritic/axonal arborization patterns, input sources, and physiological
properties (Callaway, 1998a). And because the local functional connections of many
morphologically identified cell types have been described (Sawatari and Callaway, 2000;
Briggs and Callaway, 2001, 2005; Yabuta et al., 2001) morphological observations can be
used to predict connectivity and function.

Of the six cortical layers, layers 5 and 6 harbor the greatest diversity of neurons, both
morphologically and physiologically (Chan-Palay et al., 1974; Winfield et al., 1981; Lund et
al., 1988; Movshon and Newsome, 1996; Wiser and Callaway, 1996; Briggs and Callaway,
2001). Although the diversity of pyramids was already clear from Golgi studies (Lund,
1973, 1987; Lund et al., 1977, 1988; Valverde, 1985), the development of intracellular
staining in brain slices provided still more detail, particularly about the local axonal arbors
that are not easily seen with Golgi stain. These studies also made clear that the great
majority of pyramidal neurons in deep layers of macaque V1 make only local projections
and do not connect to distant cortical or subcortical structures (Callaway and Wiser, 1996;
Wiser and Callaway, 1996). But for those cell types that do project to distant structures,
these methods are not able to reveal the particular structures that they target. It is also clear
that some cell types observed in Golgi studies have not been found during intracellular
labeling studies. Of particular note are the tall-tufted layer 5 pyramids and “Meynert” cells
(le Gros Clark, 1942; Lund and Boothe, 1975; Winfield et al., 1983; Valverde, 1985). This
has left a gap in our knowledge of the relationships between the morphologies and distant
projections of deep layer pyramids.

The roughly 30% of deep-layer macaque V1 neurons that project out of V1 send their axons
to distant targets, including the lateral geniculate nucleus, pulvinar, the superior colliculus
(SC), middle temporal cortical area (MT), and possibly the claustrum (Lund et al., 1975;
LeVay and Sherk, 1981; Fries and Distel, 1983; Ungerleider et al., 1983; Fitzpatrick et al.,
1994; Wiser and Call-away, 1996; Callaway and Wiser, 1996). Superior colliculus-
projecting cells are found in both layers 5 and 6 of macaque V1 (Fries and Distel, 1983;
Fries, 1984). Area MT-projecting cells are located in layers 4B and 6 in both Old and New
World monkeys (Shipp and Zeki, 1989; vogt Weisenhorn et al., 1995). Layer 6 MT- and SC-
projecting cells are particularly interesting because at least some of these cells project to
both targets (Fries et al., 1985); and the direct MT projection from V1 is the only known
feed-forward connection that originates from layer 6 (Shipp and Zeki, 1989; Movshon and
Newsome, 1996). Based on the limited morphological details revealed by retrograde
horseradish peroxidase (HRP) or fluorescent labeling, layer 5 and layer 6 SC-projecting cells
were described as common pyramids and solitary cells of Meynert, respectively (Lund et al.,
1975; Fries and Distel, 1983; Fries, 1984; Shipp and Zeki, 1989). Reconstructions of the
local axon collaterals of layer 6 Meynert cells labeled in vivo show that they have highly
specialized terminals arbors, further suggesting a unique role relative to more typical cortical
neurons (Rockland and Knutson, 2001).

However, due to limitations of the labeling techniques used, detailed morphologies of SC-
and deep-layer MT-projecting V1 neurons are still unknown. In this study we applied a
transsynaptically incompetent rabies virus that acts as a retrograde tracer (Wickersham et al.,
2007). This virus fills the dendrites of neurons projecting to the injection sites with green
fluorescent protein (GFP). We injected the virus into SC or area MT of macaque monkeys
and assessed the morphologies of labeled neurons found in V1. This new method enables us
to confidently and directly link the detailed morphologies of these deep layer neurons to
their respective projection targets.

By directly linking detailed dendritic morphology to distant projection targets of individual
neurons we have been able to resolve several outstanding issues about Meynert cells.
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Because Meynert cells were first described nearly 150 years ago (Meynert, 1867), a clear
understanding of these issues also requires a historical perspective on how definitions have
evolved as a result of experimental observations and assumptions that were made in the face
of limited data (see Discussion). The first descriptions of the dendritic arbors of Meynert
cells were made based on Golgi staining and described them as “being characterized by
having a base which is very broad in proportion to its height, and in possessing stout basal
dendrites which extend for considerable distances parallel to the surface” (Cajal, 1899; le
Gros Clark, 1942). Later experiments used limited morphological information from
retrogradely labeled neurons to try to link projection targets to the previous Golgi
descriptions. Such studies often used cell body size as a common intermediate, but the
validity of these inferences rested on the assumption that different cell types would differ in
cell body size. Our data show that this assumption led to some incorrect inferences as well
as unwarranted changes in the definition of Meynert cells—to include all deep-layer neurons
with large somata. Our results show that the original definition of Meynert cells (Cajal,
1899; le Gros Clark, 1942) makes an important distinction that separates SC-projecting
neurons into two separate types, including both Meynert cells and other neurons with the
“tall-tufted” morphology observed for SC-projecting cells in non-primate species.
Furthermore, all layer 6 MT-projecting neurons appear to be Meynert cells, but not all
Meynert cells project to MT; layer 5 Meynert cells project to SC, but not MT. Finally, these
results shed light on likely specializations of the primate visual system not observed in other
species.

MATERIALS AND METHODS
Animals

Three adult monkeys were used: one Macaque mulatta (female, referred to in the text as
HNM1) and two Macaque fascicularis (both males, HNM2 and HNM3), obtained from the
University of California, Davis and the University of California, Los Angeles, respectively.
All procedures were done following protocols approved by the Salk Institute Animal Care
and Use Committee. Animals were 3 to 7 years old at the time of perfusion. In addition, all
procedures using rabies virus were performed under biosafety level 2 precautions as
described previously (Kelly and Strick, 2000).

Rabies virus
To retrogradely label neurons that project directly from V1 to SC or MT, we injected the
recombinant rabies virus SADΔG-EGFP into either SC or MT (Wickersham et al., 2007).
Studies have shown that the rabies virus infects neurons at axon terminals and travels
retrogradely to the projecting cell bodies and their dendrites (Ugolini, 1995; Kelly and
Strick, 2000). Rabies virus is an enveloped RNA virus, with a genome consisting of 5 genes
—nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and
polymerase (L). The rabies virus used in our experiments was derived from the SADB19
vaccine strain of rabies virus but was modified by having its glycoprotein gene deleted from
its genome and replaced by a GFP gene (Etessami et al., 2000). The newly synthesized viral
particles lack the glycoprotein that is essential for viral entry and release, causing them to be
trapped inside the cell while they continually express GFP to fill the dendritic/axonal arbors
(Wickersham et al., 2007).

Surgical procedures
Animal surgery—Monkeys were initially anesthetized with ketamine and xylazine
intramuscularly. An intravenous line was inserted and the trachea intubated. The animals
were positioned into a stereotaxic holder and anesthesia was switched to inhaled isoflurane
1–2% in oxygen throughout the surgery. A midline scalp incision was made and a
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craniotomy drilled through the skull to expose the dorsal surface of parietal and occipital
lobes, depending on the locations of injections (SC or MT). A cut was made in the dura and
coordinates of injection locations were measured.

Injection sites and parameters—Locations of SC injection sites (for HNM1 and
HNM2) were determined based on stereotaxic coordinates and electrophysiological
recordings. Superficial layers of SC (≈ 900 μm) contain visually responsive neurons (Kaas
and Huerta, 1988). To determine the location of SC, we used low impedance tungsten
microelectrodes of ≈ 1MΩ to detect visually evoked extracellular action potentials of
neurons in the superficial layers in response to ON-OFF flashes of light. Stereotaxic
coordinates identified during the electrical recordings were then used to guide virus
injections into the SC. Locations of MT injection sites (for HNM3) were determined based
on structural magnetic resonance (MR) images. We used MR images to calculate the
stereotaxic coordinates for our bilateral MT injections along the posterior bank of the
superior temporal sulcus (STS) as described previously (Nassi and Callaway, 2007). The
monkey was scanned using a 3-Tesla GE Excite HDx scanner at the Keck Center for
Functional MRI at the University of California, San Diego (La Jolla, CA).

Recording and injecting electrodes entered the brain at a 38° angle and hit SC after passing
through some visual cortical tissues. Because the rabies virus only infects axonal terminals,
the probability of infecting fibers of passage is very low, ensuring that all labeled cells are
cells projecting to injection sites. MT injections were made at an angle parallel to the
posterior bank of the STS at five different depths, 0.5 mm apart.

Injections were made using glass micropipettes (25–30 μm tip diameter) with air pressure
pulses applied via a Picospritzer II (General Valve, Fairfield, NJ). We adjusted pulse
pressure (between 20–40 psi), duration (10–50 ms), and frequency (0.5–2.0 Hz) to produce
an injection rate of about 1 μl per every 5 minutes (or 0.2 μl/min).

G-deleted rabies virus carrying GFP (4 × 108 to 8 × 109 IU/ml) and 10%
tetramethylrhodamine dextran were injected into the SC or area MT of three monkeys
(HNM1 and HNM2: bilateral SC injections with G-deleted rabies virus; HNM3: bilateral SC
injections with tetramethylrhodamine dextran and bilateral MT injections with G-deleted
rabies virus). Complete injection parameters are summarized in Table 1.

Immunohistochemistry
After a survival period of 5 to 7 days the animals were sacrificed and perfused with 4%
paraformaldehyde (PFA). Their brains were removed and stored in 30% sucrose for a week,
then sectioned on a freezing microtome. The occipital lobe encompassing the primary visual
cortex was sectioned parasagittally at 40–60 μm thickness. Blocks of brain containing STS
were sectioned coronally at 50 μm thickness. The brain stem containing the superior
colliculi was also sectioned at 50-μm thickness coronally. Initially, a series of every 12th
section was processed for cytochrome oxidase (CO) activity to reveal cortical layers
followed by GFP immunostaining to reveal the extent of rabies infection. We used this
series to identify the extent of GFP labeling in the entire V1 and to narrow down the specific
regions containing GFP labeled cells. We then processed every brain section in the regions
of interest for CO activity and GFP signal.

Combined CO and anti-GFP staining—The CO staining protocol used in these studies
is the same as originally described by Wong-Riley and has been combined with antibody
staining and used routinely in our laboratory during the past 2 decades (Wong-Riley, 1979;
Lyon et al., 2010). In brief, after sectioning brain sections were rinsed with 1× phosphate-
buffered saline (PBS, pH 7.4) and then incubated in CO staining solution for 12 hours at
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room temperature. CO solution contains 0.03% cytochrome C, 0.02% catalase, and 5% 3,3′-
diaminobenzidine (DAB) in PBS. After 12 hours the CO reaction was stopped by rinsing
sections in PBS. Endogenous peroxidase activity was then quenched by incubating sections
10% methanol and 3% H2O2 in PBS, followed by PBS rinses.

Sections were then stained with anti-GFP antibodies. The following primary antibodies were
used: rabbit anti-GFP (Invitrogen, La Jolla, CA; A11122, 1:500), chicken anti-GFP (Aves
Labs, Tigard, OR; GFP-1020, 1:500), rabbit anti-tetramethylrhodamine dextran (Invitrogen;
A6397, 1:250) (Table 2). For one animal (HNM3) fluorescent secondary antibodies were
used and the tissue was not stained for CO; we used donkey antichicken Cy2-conjugated
secondary antibodies (Jackson ImmunoResearch, West Grove, PA; 703-225-155, 1:200),
and donkey anti-rabbit Cy3-conjugated secondary antibodies (Millipore, Bedford, MA;
AP128C, 1:200). In two cases (HNM1 and HNM2), GFP signals were detected using a goat
antirabbit biotinylated secondary antibody (Vector Laboratories, Burlingame, CA; BA-1000,
1:250), amplified with the Avidin-Biotin-Peroxidase Complex system using DAB as
chromogen, and enhanced with nickel and cobalt (Vectas-tain ABC Kit, Peroxidase
Standard PK-4000, Vector Laboratories). Fluorescent sections (HNM3) were counter-
stained with 10 μM DAPI (Sigma-Aldrich, St. Louis, MO; D9542) in PBS for 10 minutes to
reveal cortical layers. Sections were dehydrated through a series of ethanol dilutions and
xylene, then coverslipped using Krystalon (EMD Chemicals 64969–95, Gibbstown, NJ).
Nonfluorescent sections were dehydrated following the same dehydration protocol, but were
coverslipped using Permount (Fisher Scientific, Pittsburgh, PA; SP15–500).

The brainstems for all cases were stained for CO activity to reveal the different superior
collicular layers and for GFP signal to reveal the spread of viral infection (Fig. 1A).
Cytochrome oxidase staining of the SC revealed the visually responsive superficial layers 1
to 3, as well as the intermediate and deep layers that are responsible for sen-sorimotor
integration and saccade generation (Schiller and Stryker, 1972; Graham et al., 1979; Wurtz
and Albano, 1980; Kaas and Huerta, 1988). Our goal was to infect axon terminals of
neurons whose cell bodies reside in V1 and project their axons to the superficial layers of
the SC (Graham et al., 1979; Tigges and Tigges, 1981; Graham, 1982; Lock et al., 2003).
For the first monkey experiment (HNM1), injections were made at the depth of 1 and 1.5
mm below the SC surface. The injections hit mostly the intermediate and deep SC layers;
therefore, only a few layer 5 SC-projecting neurons were labeled in V1 and only one was
reconstructed in HNM1’s brain. For the second monkey (HNM2) injections were made at
0.5 and 1.5 mm depth below the SC surface, which allowed the virus to infect axon
terminals from neurons over a greater extent of SC layers and resulted in extensive labeling
of neurons in layers 5 and 6 of V1 (see Results).

Gallyas staining for myelin—Distinct characteristics of area MT include heavy
myelination, dark and patchy CO staining, and greater cortical thickness (Van Essen et al.,
1981; Tootell et al., 1985). In the case of HNM3, alternating series of cortical sections
encompassing the STS were processed for myelin and CO/GFP staining (Fig. 1B). Modified
Gallyas myelin stain was used to reveal the heavy myelination characteristic of area MT
(Fig. 1B′), confirming that the rabies injection was targeted to MT (Gallyas, 1979).

The modified Gallyas myelin stain encompasses three main steps: 1) acetylation; dry and
mounted sections were submerged in a mixture of pyridine and acetic anhydride in a 2:1
ratio for 30 minutes; 2) impregnation of tissues in ammoniac silver nitrate—slides with
mounted sections were submerged in a 0.1% solution of silver and ammonium nitrate for 1
hour; and 3) exposure of tissues to a series of chemical developers. Developers include: a) a
mixture of 2.5% sodium carbonate, 0.1% ammonium nitrate, 0.1% silver nitrate, 0.5%
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tungstosilicic acid, 0.25% formalin; b) 0.5% potassium ferracyanide; and c) 0.8% sodium
thiosulfate (for more details, see Gallyas, 1971, 1979).

Data analysis
Partial reconstruction of neurons from the “unbiased” sampling of population
data—Ideally, reconstructing the complete morphology of a randomly sampled group of
cells would be the most unbiased way to characterize a population. But due to the high
degree of overlap between dendritic and axonal processes in densely labeled regions,
detailed reconstruction of randomly chosen cells was not feasible. However, it was possible
to trace the apical dendrite of a cell through different sections and to examine its
morphology (tufted vs. nontufted), its termination layer, and its blob/ interblob preference.
Therefore, these more limited measures were made for a larger population of neurons. For
results from HNM1 and HNM3, all labeled deep-layer neurons throughout V1 were subject
to these analyses and thus any sampling biases were limited to those imposed by the labeling
methods. For HNM2, the very large number of labeled neurons precluded analyses of all
neurons. In this case, to obtain an “unbiased” sample of the population data, we counted
every cell on every 12th section of the entire V1. Only cells with greater than 50% of their
soma located on the 12th sections were counted. All cells were classified based on the
location of their cell bodies. We are confident that such an unbiased sampling of cells would
yield an objective and representative description of SC-projecting neurons in V1.

Morphological features obtained for each neuron in these unbiased samples (from HNM1, 2,
and 3) are: laminar location of the soma represented by the laminar depth index (LDI, see
below), somal volume, the location of the soma relative to CO blob/interblob represented by
the blob distance index (BDI, see below), the appearance of its apical dendrite (tufted vs.
nontufted) and the laminar depth of the apical dendrite’s termination (Fig. 2). An apical
dendrite was listed as “unidentifiable” when we could not confidently and correctly
determine the cell’s apical dendritic morphology due to 1) the faint quality of the labeling,
perhaps as a result of having relatively few number of rabies viral particles being taken up
by projecting axons; 2) the noisy background from the dense labeling of nearby labeled
cells; or 3) accidental tissue damage.

We defined “tall-tufted” cells as cells with an apical dendrite extending to layer 1 and
forming a tuft with more than two branches. “Nontufted” cells were cells whose apical
dendrite remains a single branch ending anywhere between layers 2 and 5 without forming a
tuft. These cells’ dendrites did not extend into layer 1 (Fig. 3).

Laminar depth index (LDI)—Laminar location of a cell, represented by the LDI, was
determined by dividing the distance from the axon hillock of the cell to the top of the layer
by the total depth of the layer in which the soma is located. The values of LDI range
between 0 and 2. For cells whose cell bodies lie completely within layer 5, the LDI value
was the ratio between the distance from the cell’s axon hillock to the top of layer 5 and the
depth of layer 5 (i.e., 0 < LDI ≤ 1). For cells whose axon hillocks located in layer 6, the LDI
value was the sum between the similarly calculated ratio and 1 (i.e., 1 < LDI < 2). Because
our technical definition of LDI value was based on the location of a cell’s axon hillock, we
further separated the cells whose axon hillocks located in layer 6 into two groups: layer 5/6
border cells and layer 6 cells. Cells with their axon hillock within one average cell body
diameter beneath layer 6 typically span both layers and have LDIs between 1.01 and 1.14 (1
< LDI ≤ 1.14), and were considered as a separate group defined as layer 5/6 border cells.
Layer 6 cells are defined as cells with LDI values between 1.14 and 2 (1.14 < LDI < 2).
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Somal volume—To measure the three-dimensional volume of a soma, we outlined cross-
sections of the soma at ≈ 1.5-μm intervals from the top to the bottom of that cell body to
yield at least eight contours per cell. Cross-sectional outlines were drawn using Neurolucida
software (MicroBright-Field, Williston, VT). Shrinkage correction, based on known section
thickness at the time of cutting relative to the measured thickness after staining and
mounting, was individually applied to each cell in the measurement of somal volume and
dendritic lengths. The average shrinkage percentage of all cells drawn was ≈ 64%.

Somal volume was calculated by summing the volumes of the convex hulls defined by each
pair of adjacent cross-sectional outlines. We calculated that using this method with eight
evenly spaced contours over a spherical surface produces volume estimates that are within
95% of the actual volume of a sphere. Cell volume calculations were implemented using
MatLab (MathWorks, Natick, MA).

Blob distance index (BDI)—BDI was calculated by dividing the lateral distance from the
center of the apical dendrite to the center of the closest adjacent blob, by the distance from
that same apical dendrite to the center of the other adjacent blob. This will yield an index
between 0 and 1. An index of 0 indicates that the apical dendrite is located directly in or
underneath the center of a blob; an index of 1 corresponds to an apical dendrite that lies
directly in or underneath the center of an interblob region.

Complete morphological reconstruction and dendritic measurements from
selected “biased” sampling of isolated cells—In order to extract the detailed
morphology of individual labeled neurons, it was often necessary to focus on isolated
labeled cells far from the regions of dense labeling (Fig. 2B,B′). The densely labeled zones
are likely to correspond to the retinotopic locations matched to the center of injection sites.
Those dense regions of labeled dendritic and axonal processes make it impossible to
accurately reconstruct individual neurons without confusing the processes between them
(Fig. 2A,A′). Therefore, cells similar to the one depicted in Figure 2B,B′ are chosen for
complete dendritic morphology reconstruction, using Neurolucida software
(MicroBrightField).

Quantifications of somal volume, laminar distribution, and blob/interblob preference of
labeled cells were performed as described above for the “unbiased” population data.
Moreover, the reconstructed dendritic morphology allowed the computation of dendritic
length and lateral dendritic spread—the quantitative measurements that were used to further
characterize the different cell types. Total dendritic length is the sum of all dendritic
segments, and was performed using MatLab (MathWorks). Sholl (1953) analyses were
performed using Neurolucida software (MicroBrightField) to examine the lateral spread of
basal dendrites.

Statistical analyses were performed using JMP Statistical Discovery Software (SAS
Institute, Cary, NC). TIFF images of the SC and area MT shown in Figure 1 were acquired
using the Carl Zeiss Axio Observer Z1 inverted light microscope (Carl Zeiss, Jena,
Germany). TIFF images of V1 neurons shown in Figure 2 were taken with the Hamamatsu
Orca C4742-95-12NRB camera (Hamamatsu, Hamamatsu City, Japan) and Leica DMRB
microscope (Leica Microsystems, Wetzlar, Germany) using Openlab software (Perkin
Elmer, Waltham, MA). Figure 2A′,B′ were taken at three different planes and processed to
generate a single in-focus image using the ImageJ plug-in “Stack Focuser” (Abramoff et al.,
2004).
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RESULTS
SC-projecting V1 neurons

Transsynaptically incompetent GFP expressing rabies virus was injected into monkey SCs
using stereotaxic coordinates obtained from collicular recordings (see Materials and
Methods). Following a survival period of 5–7 days the animals were perfused; their brains
were sectioned and stained with an antibody against GFP. The locations of injections were
histologically confirmed (Fig. 1).

We observed many labeled cells in V1 and other extrastriate cortices, along with many
labeled retinal ganglion cells in the retina. However, this report will only focus on the
labeled SC-projecting neurons in V1.

Population data—After injections of the modified rabies virus in SC, labeled cells were
found exclusively in deep layers of V1, clustering around the border between layers 5 and 6
(Figs. 2, 4A), as expected from previous studies (Fries, 1984). Cells were found in both
calcarine and opercular surfaces.

We classified cells into layer 5, layer 5/6 border, and layer 6 neurons based on the method
used to define somal location (see Materials and Methods). By counting every cell in every
12th section as a means to obtain representative population data, we found a total of 126
cells in V1 of animal HNM2. Among this population of cells, 77% of SC-projecting neurons
in V1 are located in layer 5 (n =97), and 12% in layer 6 (n =15) (Fig. 4A). Eleven percent of
cells have cell bodies that cross the layer 5/6 border (n =14).

Dendritic reconstruction revealed three major cell types in V1 sending projections to SC:
layer 5 tall-tufted, layer 5 nontufted, and layer 6 nontufted (Fig. 3). “Tall-tufted” cells are
defined as those with an apical dendrite extending to layer 1 and forming a tuft with more
than two branches (Fig. 3A). The apical dendrites of nontufted cells remain as a single
branch ending anywhere between layers 2 and 5, without forming a tuft, and do not extend
into layer 1 (Fig. 3B,C). Further illustrations of the 3D reconstructions are shown for one
selected cell of each type, along with polar histograms showing the lengths of dendritic
arbor extending in different directions (Figs. 5–7). We were able to categorize the apical
dendritic morphology and termination layer of the apical dendrite for 107 of those 126 cells
(Fig. 4B). Nineteen cells were classified as having “unidentifiable” apical dendrites (see
Materials and Methods).

Among all the SC-projecting neurons in layer 5, 54% (43/80 identifiable) are tall-tufted and
46% (37/80) are nontufted, with the majority of the layer 5 nontufted cells situated close to
the layer 5/6 border (Fig. 4B). Almost all layer 6 neurons are distinctively nontufted as
illustrated in Figure 3 (n =12/13) with one exception—a pyramidal neuron with an apical
dendrite extending to and forming a very small tuft in layer 1 (data not shown). The majority
of layer 5/6 border neurons are nontufted (n =11/14) (Fig. 4B). It is likely that the majority
of layer 5/6 border neurons, as defined by our criteria, are actually layer 6 neurons (see
Materials and Methods).

Distributions of somal volume of the three groups overlap completely: mean layer 5 somal
volume is 5,391 ± 2,565 μm3, layer 5/6: 5,966 ± 3,661 μm3, and layer 6: 5,845 ± 4,053 μm3

(Fig. 8A, Table 3). Fries and Distel (1983) reported that most layer 6 SC-projecting neurons
in their study had larger basal diameters than layer 5 pyramidal cells. We expect that this is
also true of our sample since, in contrast to tall-tufted cells, the nontufted cells have much
longer basal dendrites extending laterally from the cell body (see below) which give them
the broad base characteristic of Meynert cells (le Gros Clark, 1942). However, instead of
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using basal diameter as a measurement of cell body size, which is subjective and
nonreproducible, we devised a more reliable and reproducible method to measure the
volume of each cell (see Materials and Methods). Our population data reveal that layer 6
cells have a wide range of somal volumes, ranging from 2,000 to 14,000 μm3,
indistinguishable from those of layer 5 cells (Fig. 8A). There was no significant difference
in the distributions of cell body sizes between layer 5 and layer 6 neurons (P > 0.87,
Kruskal–Wallis test).

However, all the tall-tufted cells as a group have significantly larger somata than the
nontufted group (P < 0.001, Wilcoxon rank sum test, see Fig. 8B). This trend holds true
when we compared only layer 5 tufted versus layer 5 nontufted cells (P < 0.001, Wilcoxon
rank sum test, see Fig. 8C), but not for layer 5/6 or layer 6 neurons due to the small numbers
of tufted cells in those two groups (Table 3).

The high cell density near the layer 5/6 border along with the large cell bodies of layer 5
tall-tufted cells give the subjective impression that many layer 5 tall-tufted cells are
clustered near the border (Fig. 9A). However, no correlation between somal volume and
LDI was found. Somal sizes of layer 5/6 border neurons and layer 6 neurons do not have any
correlation with laminar depth (Fig. 9A).

The apical dendrites of layer 5 tall-tufted cells have no clear blob/interblob preference (mean
BDI =0.53 ± 0.31), while layer 5 nontufted neurons seem to have a slight blob preference
(mean BDI =0.36 ± 0.24). Similarly, layer 6 nontufted cells have a mean BDI of 0.27 ± 0.22
(Fig. 10), suggesting a bias toward blobs. In general, even though the distributions of the
three populations overlap, nontufted neurons of both layers 5 and 6 seem to be more blob-
biased compared to the tall-tufted cells.

Reconstruction of selected cells—To reveal the detailed morphology of the SC-
projecting neurons in V1, we used Neurolucida reconstruction software to reconstruct only
the isolated neurons in locations where little or no dendritic or axonal processes of other
labeled neurons could interfere with the reconstruction (for example, see Fig. 2B,B′). We are
aware that the selection process might create sampling biases and affect the representation of
cell types in each population. However, because quantitative measures of these cells are
similar to those in the “unbiased sample,” effects of this selection method do not appear to
critically alter our conclusions.

Twenty-one SC-projecting neurons in V1 were selected for reconstruction: 13 were
classified as layer 5 and eight as layer 6 neurons (Table 4). One of the layer 5 neurons was at
the layer 5/6 border (LDI of 1.05), with a cell body that spanned the border. Because of the
morphological similarity of this cell to all other layer 5 neurons (see below), but not to any
layer 6 neurons, it was classified as a layer 5 pyramid. None of the selected layer 6 neurons
were located in the layer 5/6 border region. The LDI values and somal sizes of the eight
reconstructed layer 6 neurons are representative of the layer 6 population (Fig. 9B). While
the LDIs of the reconstructed layer 5 neurons are representative of their population, their
mean somal size is smaller than the mean somal size of the population (P < 0.01, Wilcoxon
rank sum test). It was more difficult to reconstruct layer 5 cells with bigger somata because
they are generally located at the border between layers 5 and 6, in the middle of some of the
densest labeled regions; hence, the numbers of cells of this type that could be reconstructed
underrepresents the population. None of the few layer 5 cells with the very largest somata
(e.g., Fig. 9) were reconstructed and these are therefore not represented in the “biased
sample.”
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Eight of the 13 reconstructed layer 5 neurons are “tall-tufted” neurons (Figs. 3A, 5). These
neurons have an apical dendrite that forms a tuft in layers 1 and 2, and does not have side-
branches in lower layers 3 or 4. Thus, the laminar distribution of apical dendritic length is
focused on layers 1 and 5, with a smaller contribution to layer 2 (Fig. 3A,A′). The basal
dendrites of layer 5 tall-tufted pyramids are densely packed in layers 5 and 6 (Fig. 3A′), and
only extend laterally to about 300 μm on average (Figs. 11A′, 12B). Top views, as well as
circular histograms showing the radial distributions of dendritic length, are shown for these
tall-tufted neurons with apical and basal dendrites analyzed separately (Fig. 13). Both apical
and basal dendrites extend radially and evenly from the axis going through the cell body,
parallel with the apical dendrite. There is a small degree of individual variability among
cells within this population in terms of dendritic length distribution (Fig. 11A) but the
overall morphology is very consistent (Figs. 3A and 13).

Five of the 13 reconstructed layer 5 neurons are defined as “nontufted” neurons (Figs. 3B, 6,
14) because they have a single tuftless apical dendrite that extends toward but does not
project beyond layer 2/3. These neurons have many branches in layer 5. Individual
variability within this population regarding distribution of dendritic length is very low (Fig.
11B). This cell type has a very distinct dendritic distribution profile compared to their layer
5 tall-tufted counterparts. The percentages of basal dendrites of layer 5 nontufted neurons
are distributed evenly between layer 5 and 6 (Fig. 3B′), while twice as many basal dendrites
of layer 5 tall-tufted cells are distributed in layer 5 than in layer 6 (Fig. 3A′). Relative to
layer 5 tall-tufted neurons, the basal dendrites of layer 5 nontufted neurons are also much
sparser and somewhat longer. This is evidenced by the highly significant difference in total
basal dendritic length (Fig. 12A) as well as the small but still significant difference in lateral
dendritic spread (Fig. 12B). These differences are also apparent from the Sholl analyses of
the basal dendrites of these two cell types (Fig. 11A,B).

The overwhelming majority of layer 6 SC-projecting neurons in V1 have nontufted
morphology. Of the 15 layer 6 cells found in our unbiased sample, 12 were nontufted layer 6
cells, two had apical dendrites that were unidentifiable due to noise, and one was a layer 6
cell with a very small apical tuft in layer 1 (data not shown). Seven layer 6 neurons were
selected for reconstruction (Figs. 3C, 15). The distributions of LDIs and somal sizes of these
reconstructed neurons are similar to those observed for the overall population (Fig. 9B).

All layer 6 SC-projecting neurons are located in the upper half of layer 6. Nearly all have a
nontufted apical dendrite extending upward as far as layer 2/3 with a slight preference for
blob regions and have branching of apical dendrites in layers 5 and 6 (Fig. 3C). In general,
these layer 6 cells have a similar morphology to layer 5 non-tufted cells, with long and
laterally spreading basal dendrites being their most prominent characteristic (Figs. 3C,C′, 7,
11C,C′). Similar to layer 5 nontufted pyramids, the basal dendrites of nontufted layer 6 cells
are relatively long and can extend laterally as far as 1.2 mm from the soma (Fig. 12B). There
is no significant difference in the lateral dendritic spread between layer 5 and layer 6 non-
tufted pyramids (Fig. 12B), nor in their total basal dendritic length (Fig. 12A), but both cell
types have greater lateral spread than layer 5 tall-tufted pyramids (Fig. 12B) (P < 0.01,
Wilcoxon rank sum test). Although there is a striking similarity between layer 5 and layer 6
nontufted pyramids, the layer 6 pyramids distribute nearly all of their basal dendrites within
layer 6 rather than spreading them evenly between layers 5 and 6 (Fig. 3B′,C′) and this gives
the appearance of greater basal dendritic density for the layer 6 nontufted cells (Fig. 3B,C).

MT-projecting V1 neurons
After injections of rabies virus in the MT in both hemispheres of monkey HNM3, labeled
neurons were found in layers 4B and 6 of V1, as reported in previous studies (Spatz et al.,
1970; Lund and Boothe, 1975; Maunsell and van Essen, 1983; Fries et al., 1985; Shipp and
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Zeki, 1989; Krubitzer and Kaas, 1990; vogt Weisenhorn et al., 1995; Sincich and Horton,
2003; Nassi and Callaway, 2006). Figure 1B confirms that the location of injection was
indeed in area MT. This is further supported by the expectation that an injection involving
the adjacent cortical area V4 would have retrogradely labeled neurons in layer 2/3 (Yukie
and Iwai, 1985), which was not observed.

By counting every GFP-labeled cell in the entire primary visual cortex of monkey HNM3,
we found that the neurons projecting to area MT were located predominantly in layer 4B
(97.8%) with only a few located in layer 6 (2.2%). Twenty-six layer 4B neurons were found
in the left primary visual cortex, while 312 layer 4B cells were found in the right primary
visual cortex, with 82% being spiny stellates and 18% pyramids. The strong bias toward
spiny stellate neurons in layer 4B was expected based on a previous study using the same
methods (see Nassi and Call-away, 2007). Only six labeled neurons were discovered in layer
6 and, interestingly, one in layer 5 (Table 4).

Of the six layer 6 MT-projecting neurons in V1, only five were reconstructed; one was lost
to tissue damage. These layer 6 neurons reside in the upper half of layer 6, with LDI ranging
from 1.06 to 1.42. All of these neurons have nontufted morphology and long lateral basal
dendrites, similar to the SC-projecting nontufted neurons in both layers 5 and 6: apical
dendrites restricting the majority of their branches to layer 5 with a single tuftless branch
extending toward the cortical surface but only reaching as far as layer 2/3, and their basal
dendrites are long and confined to layer 6 (Fig. 16). A 3D view of a layer 6 MT-projecting
cell and polar histograms of dendritic length are shown in Figure 17, and the top views of all
other layer 6 MT cells are shown in Figure 18. One very unique feature of MT-projecting
layer 6 cells that distinguishes them from all types of SC-projecting cells is the total length
of their dendritic tree: their total basal dendritic lengths are significantly greater than all SC-
projecting cell types (all comparisons have P < 0.05, Wilcoxon rank sum test, Fig. 12A).
Despite the difference in total basal dendritic length, there is no significant difference in the
lateral dendritic spread of MT-projecting nontufted neurons compared to SC-projecting
nontufted neurons (Fig. 12B); however, all three types of nontufted cells have significantly
greater lateral dendritic spread than layer 5 tufted pyramids (Fig. 12B).

Comparison of Sholl analyses of basal dendrites across nontufted pyramidal cell types
shows that the MT-projecting cells have greater dendritic length at all distances from the
soma and this difference is proportionately greater as the distance from the soma grows
larger (up to 700 μm from the soma) (Fig. 19B). This difference reflects the greater average
density of basal dendrites from MT-projecting nontufted versus SC-projecting nontufted
neurons. Note, however, that the basal dendritic length of a subset of layer 6 SC-projecting,
nontufted neurons overlaps with the length for MT-projecting neurons (Fig. 12A), consistent
with the possibility that a subset of SC-projecting neurons also have collaterals to area MT
(see Discussion). No significant difference was found in somal sizes between MT-projecting
versus SC-projecting neurons (Table 3).

In the experiment with HNM3, we attempted to identify the SC-projecting cell group that
also sends collaterals to MT, as previously reported (Fries et al., 1985). We injected
tetramethylrhodamine dextran in the SC and the modified rabies virus in area MT. However,
no double-labeled neuron was found. This is likely due to a mismatch of topographic
locations between the SC rhodamine injection sites and the MT virus injections. The data
presented here show that the layer 6 MT-projecting cells in V1 have a similar morphology to
at least a subset layer 6 SC-projecting neurons in V1 (Figs. 3C, 16A). They have similar
dendritic distributions (Figs. 3C′, 16B), somal sizes (Table 3, P =0.52, Wilcoxon rank sum
test), and lateral dendritic spread (P =0.22, Wilcoxon rank sum test, and see Figs. 11C,C′,
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16C,D, 19B). Thus, some or perhaps even all of the layer 6 MT-projecting neurons could
have collaterals that also terminate in SC (Fries et al., 1985).

One unique MT-projecting neuron was found in this experiment that has not been described
previously (Fig. 20). While all previous studies reported that MT-projecting neurons are
located in only in layers 4B and 6, we found one MT-projecting neuron in layer 5 (LDI
=0.66, somal volume 3,550 μm3). This layer 5 tall-tufted neuron has an apical dendrite that
extends to layer 1 and forms a tuft that narrowly arborizes in layer 1. However, the apical
tuft of this cell begins to bifurcate from the main apical shaft at the bottom of layer 2/3 and
forms a side branch in layer 4B—a distinct morphology different from all other layer 5 tall-
tufted SC-projecting neurons, whose apical tufts branch out in layer 2.

Lateral distributions of dendritic arbors
It has previously been suggested that layer 6 MT-projecting Meynert cells might become
direction selective by sampling inhibition and excitation asymmetrically as a result of
asymmetries in their basal dendrites (Livingstone, 1998) and some publications describing
Meynert cells have described at least a subset as having one basal dendrite that is much
longer than the others (le Gros Clark, 1942; Winfield et al., 1983; Valverde, 1985). These
anatomical observations are, however, all from observations of incomplete dendritic arbors
reconstructed from thin Golgi-stained sections. In the most complete descriptions of the
lateral distribution of dendrites, 200-μm sections were cut parallel to the cortical layers of
Golgi-impregnated tissue (Winfield et al., 1983). Neurons with long dendrites would be
particularly prone to elimination of dendrites by cutting in thin sections, potentially giving
the appearance of asymmetry, and perhaps also underestimating dendritic length.

Because the SC- and MT-projecting neurons we describe here were labeled in vivo and were
completely reconstructed in three dimensions, we are able to evaluate possible asymmetries
of their long dendritic arbors. In order to evaluate possible asymmetries relative to the
topographic map of visual receptive fields in V1, it is most informative to view projections
looking “down” onto the cortical surface along the length of the apical dendrite. Such “top-
down” views, as well as “front” and “side” views are illustrated for several representative
neurons in Figures 5–7 and 17. Top views, as well as circular histograms showing the radial
distributions of dendritic length, are shown for all Neurolucida reconstructed neurons with
apical and basal dendrites analyzed separately (Figs. 13–15, 18). It is clear from these
figures that, based on complete reconstructions, none of the 25 pyramidal neurons in our
sample display the extreme asymmetry expected if there is just a single long basal dendrite
(e.g., Valverde, 1985). Instead, the reconstructions of nontufted cells more closely resemble
the reconstructions in tangential Golgi sections (Winfield et al., 1983), but with the longest
dendrites extending even further. As noted by Winfield et al. (1983), a cell might have a
single basal dendrite that extends further than all the others (e.g., Figs. 6, 14A, 15E, 18C);
but our complete reconstructions show that this is relatively rare and that each cell typically
has multiple long dendrites. Apical dendrites of a few neurons are highly asymmetric (e.g.,
Figs. 7, 14A, 15A), but these tend to be short and this is not the case for most neurons.

Although the dendrites of neurons in our sample largely lack a directional bias, basal
dendrites of some of the cells have a clear “orientation bias,” with dendrites extending
primarily in just two opposite directions away from the cell body. Such biases are not
apparent for any of the layer 5 tufted neurons (Fig. 13) but are apparent for some nontufted
cells (Figs. 14, 15, 18). This bias is most striking for a subset of the SC-projecting layer 6
neurons (Fig. 15) and is present for all of the MT-projecting layer 6 neurons (Fig. 18). This
is therefore another feature for which a subset of layer 6 SC-projecting neurons has a
striking similarity to layer 6 MT-projecting neurons.
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DISCUSSION
By using modified GFP-expressing rabies virus as a retrograde tracer we were able to
confidently and directly identify the complete dendritic morphology of macaque V1 neurons
that project corticocortically to area MT or subcortically to SC. We conclude that SC- and
MT-projecting neurons are morphologically distinct, including some that have not been
previously described in macaques (Lund et al., 1975; Lund and Boothe, 1975; Callaway and
Wiser, 1996; Wiser and Callaway, 1996). SC-projecting neurons include two distinct types:
the more classically described tall-tufted layer 5 neurons as observed in other mammalian
species (Hallman et al., 1988; Kasper et al., 1994; Larsen et al., 2007), and also a more
unusual group of nontufted neurons in layers 5 and 6 that may be unique to primates. The
MT-projecting neurons include layer 4B cells as described previously (Nassi and Callaway,
2007), as well as a population of nontufted layer 6 pyramidal neurons that are very similar to
layer 6 nontufted SC-projecting neurons. This similarity is consistent with the likely
possibility that these MT-projecting neurons also have collaterals projecting to SC (Fries et
al., 1985).

SC-projecting V1 neurons
Similar to previous HRP or fluorochrome tracing studies, our SC injections yielded three-
quarters of labeled cells in layer 5 and one-quarter in layer 6 (Lund et al., 1975; Fries and
Distel, 1983; Fries, 1984). We observed three main types of SC-projecting neurons: layer 5
tall-tufted, layer 5 nontufted, and layer 6 nontufted (Fig. 4). Neurons with similar
morphologies to some of those described here have been described in Golgi studies of
macaque monkey V1 (le Gros Clark, 1942; Lund and Boothe, 1975; Valverde, 1985). The
layer 5 tall-tufted cells were suspected to project to the SC based on similar somal sizes and
locations of the layer 5 cells found in HRP tracing studies (Lund et al., 1975). This
possibility was further supported by the observation that tall-tufted layer 5 cells project to
SC in several other species (Hallman et al., 1988; Kasper et al., 1994; Larsen et al., 2007),
but nontufted cells projecting to SC are not found in those species. Our study provides direct
evidence indicating that SC-projecting neurons in the macaque monkey include layer 5 tall-
tufted and layer 5 nontufted, as well as layer 6 nontufted neurons.

One remarkable characteristic of pyramidal neurons in layers 5 and 6 of monkey V1 is their
morphological diversity. Biocytin labeling studies of layer 6 neurons in living macaque
brain slices revealed two classes, consisting of eight different types of pyramidal neurons
(Wiser and Callaway, 1996; Briggs and Callaway, 2001). However, none of those layer 6
neurons matches the morphology of the layer 6 SC- and MT-projecting cells observed in this
study. This is not surprising, given that ≈ 70% of excitatory pyramidal neurons in layers 5
and 6 have exclusively local axonal arbors, leaving only ≈ 30% of cells projecting to other
cortical and subcortical structures (Lund and Boothe, 1975; Callaway and Wiser, 1996;
Usrey and Fitzpatrick, 1996; Wiser and Callaway, 1996). The known extrinsic projection
targets of layer 5 pyramids in V1 are primarily SC and pulvinar (Lund et al., 1975;
Ungerleider et al., 1983) along with some corticortical projections (Sincich et al., 2007).
About half of the projection neurons in layer 6 of macaque V1 target the LGN, which is
about 15% of all layer 6 pyramids (Fitzpatrick et al., 1994; Wiser and Callaway, 1996),
while the rest target the SC, area MT, and possibly the claustrum (LeVay and Sherk, 1981;
Fries and Distel, 1983; Fitzpatrick et al., 1994; Wiser and Callaway, 1996; Callaway and
Wiser, 1996). Therefore, the SC-projecting neurons described in this study constitute only a
very small proportion of all layer 5 and 6 cells.

Even with such a small percentage, the greater morphological diversity of SC-projecting
neurons in primate V1 suggests that they may perform more diverse functions than the SC-
projecting neurons in other species. While other species such as mice, rats, hamsters, and
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cats only recruit the tall-tufted layer 5 neurons to modulate SC activities (Gilbert and Kelly,
1975; Kawamura and Konno, 1979; Klein et al., 1986; Hallman et al., 1988; Tsiola et al.,
2003), we find that primates use both tall-tufted and nontufted cells (in both layers 5 and 6).
The distinct basal dendritic morphology of the nontufted cells, reflected in every
measurement (Figs. 3, 11, 12, 19), suggests that they are a unique cell type and their lack of
apical dendritic tuft is not due to technical artifacts. They have not been detected in
nonprimate species (Gilbert and Kelly, 1975; Katz, 1987; Kawamura and Konno, 1979;
Klein et al., 1986; Ferrer et al., 1986a,b; Hallman et al., 1988; Zhang and Deschenes, 1998;
Tsiola et al., 2003; Zarrinpar and Callaway, 2005). Their morphology has been described in
one species of New World monkey, the marmoset (vogt Weisenhorn et al., 1995) but not in
macaques (Lund et al., 1977; Wiser and Callaway, 1996; Briggs and Callaway, 2001). The
very long lateral dendrites (extending more than 1.2 mm from the soma) of these cells
suggest that although they are small in number they are likely to have large receptive fields
and could still “tile” the visual space (Stevens, 1998), despite their scarcity. The presence of
additional SC-projecting cell types in primates suggests the possibility that V1 and SC
interact in some as yet unknown functional capacity that is not present in other species.
Future studies identifying the in vivo functional properties of these neurons may shed light
on this question, but as we describe further below, we speculate that these neurons provide a
crucial source of information about visual motion direction.

MT-projecting V1 neurons
In agreement with previous studies, we observe that MT-projecting neurons in V1 reside in
layers 4B and 6 (Shipp and Zeki, 1989; vogt Weisenhorn et al., 1995; Nassi and Callaway,
2007). We find that the MT-projecting layer 6 neurons are nontufted pyramids, have very
long basal dendrites, and their basal dendritic arbors are significantly denser than the
dendritic arbors of SC-projecting cells in layers 5 and 6 (P < 0.05, Wilcoxon rank sum test,
Fig. 12A). This cell type is likely to be the same layer 6 MT-projecting cell type described
physiologically by Movshon and Newsome (1996)—the 1% of their recorded V1 cells that
were antidromically driven by MT stimulation. Those cells had large receptive fields, adding
further support to the likelihood that cells with long lateral dendrites collect inputs over a
large topographic extent. Previous studies also suggested the existence of a type of SC-
projecting cell in layer 6 that also projects to area MT (Fries et al., 1985; vogt Weisenhorn et
al., 1995). We attempted to verify this finding by injecting a fluorescent dextran in SC and
the modified rabies virus in area MT. However, we were unable to find any double-labeled
cells, likely due to mismatched topographic localization of our injections in the two
structures and the low number of layer 6 MT-projecting neurons labeled. However, based on
similar locations, morphological details, dendritic distributions, and lateral dendritic spreads
between the two populations, it is reasonable to hypothesize that layer 6 MT-projecting
neurons might be the same as, or belong to a subgroup of, SC-projecting layer 6 cells we
described here.

Functional significance
We find that each type of SC-projecting V1 neuron has basal dendrites restricted to the
home layer to potentially integrate inputs from other projecting or nonprojecting cells in the
same layer. In addition, layer 5 cells can also receive inputs from neurons in the superficial
layers that send branches down to specifically target layer 5 (Call-away and Wiser, 1996;
Briggs and Callaway, 2005). However, the laminar and columnar differences between
dendritic arbors of each cell type suggest that each is likely to receive additional inputs from
different sources. The apical tuft in layer 1 provides layer 5 tall-tufted cells with the
potential to receive input from some LGN K cells (Fitzpatrick et al., 1983; Hendry and
Yoshioka, 1994), intrinsic inhibitory inputs from Martinotti cells targeting apical dendrites
in layer 1 (Silberberg and Markram, 2007), and/or corticocortical feedback neurons that
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target this layer (Rockland and Pandya, 1979). Similarly, the blob-preferred nontufted cells
have the potential to collect inputs from LGN K cells, from M-recipient layers 4B and 4Ca
(Fitzpatrick et al., 1983; Callaway and Wiser, 1996; Yabuta and Callaway, 1998; Briggs and
Callaway, 2005; Nassi and Callaway, 2007), as well as from blob-targeting layer 2/3
neurons (Callaway and Wiser, 1996; Yabuta and Callaway, 1998).

The relatively small proportion of layer 6 SC- or MT-projecting cells found in this and other
studies suggests that each cell is likely to be sensitive to visual stimuli over a relatively large
area of visual space. It should be noted, however, that compared to nonprimate species, the
size of V1 relative to SC is quite large. Thus, despite the small proportion of SC-projecting
neurons in primate, their number relative to the size of SC is likely to be comparable to, or
perhaps even larger than, other species. Thus, the tall-tufted layer 5 neurons in macaque
could serve a function similar to the tall-tufted cells projecting to SC in other species, while
the nontufted cells, likely integrating inputs from distinctly different sources, may play a
unique functional role. Furthermore, since a subset of the SC-projecting layer 6 neurons also
project to MT (Fries et al., 1985), and these cells are direction-selective (Movshon and
Newsome, 1996), it is likely that the SC-projection from layer 6 might carry direction
information. Since these cells receive information directly from the LGN (Nassi et al.,
2006), this could be a relatively direct route to the SC and could substitute for direction
selective retinal ganglion cells, which have so far not been identified in primates, but are
observed in many other species (Barlow and Hill, 1963; Kim et al., 2008; Huberman et al.,
2009). If this is the case, then SC in primates may rely quite heavily on V1, and the
nontufted cells in particular, as a source of direction selective input.

Meynert cells
Originally, Meynert designated the terms “outer” and “inner Meynert cells” to describe large
and “solitary” neurons in layers 4B and 6 of primate V1 (Meynert, 1867). These same cells
were later described in Golgi preparations, and in the earliest of these descriptions by Cajal
(1899) and Le Gros Clark (1942) they described those in layer 6 as “being characterized by
having a base which is very broad in proportion to its height, and in possessing stout basal
dendrites which extend for considerable distances parallel to the surface” (Cajal, 1899; le
Gros Clark, 1942). Over time, descriptions of “Meynert cells” have gradually evolved to
include additional details based on inferences made from indirect observations linking cell
body sizes to dendritic morphologies with Golgi reconstructions and/or linking cell body
size to projection targets with retrograde labeling. Our results directly linking detailed
dendritic morphology to projection targets indicate that some inferences were wrong, while
others were correct. The most indirect inferences linked together detailed dendritic
morphology and projections, with cell body size used as a common intermediate; these
prove to lead to some errors because multiple cell types can have the same soma size (e.g.,
Figs. 8, 9). For example, our data show that not all large SC-projecting neurons in layer 5
are tall-tufted pyramids, as had been inferred. Conversely, not all neurons that match the
original definition of Meynert cells have large cell bodies. Links between projections and
cell body shape are more direct and prove to be more accurate; notably, both SC- and MT-
projecting layer 6 cells have broad-based somata (Fries and Distel, 1983; Fries et al., 1985).

The data now available suggest a more nuanced definition of Meynert cells that closely
resembles the original descriptions of Cajal and le Gros Clark (le Gros Clark, 1942;
Winfield et al., 1983), but also allows for layer 5 Meynert cells. Based on such a description,
our layer 5 and layer 6 nontufted cells, by virtue of their long lateral dendrites and large
broad-based cell body, are Meynert cells. Thus, all MT-and SC-projecting layer 6 neurons
are Meynert cells, but only a subset of layer 5 SC-projecting neurons are Meynert cells.
Contrary to some previous definitions (Chan-Palay et al., 1974), this definition specifically
excludes the layer 5, tall-tufted SC-projecting neurons, as they lack the broad-based cell
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body and long, lateral dendrites. Meynert cells with the same basal dendritic morphology, as
our nontufted cells, might also sometimes have an apical dendrite that reaches layer 1 and
forms a very small tuft (data not shown) (le Gros Clark, 1942; Valverde, 1985), but it is
likely that Golgi preparations from prenatal animals overestimate the proportion of cells
with apical dendrites in layer 1, since these are often subject to retraction later in
development (Callaway, 1998b).

In comparing our results to previous descriptions of Meynert cells, it is important to note
that the definition by le Gros Clark (1942), which we favor, is almost certainly different than
the definition that has been used in some previously published studies (e.g., Fries, 1986;
Payne and Peters, 1989). Such studies treat all large neurons in deep layers, and only large
neurons, as Meynert cells. We find that all of the nontufted neurons projecting to either SC
or MT are Meynert cells, even though many of them do not have large cell bodies and
despite the fact that many of the tall-tufted layer 5 pyramids do have large cell bodies. It is
therefore not surprising that the relationships between SC- or MT-projecting neurons and the
overlying blobs (Fig. 10) differs from the relationship for large neurons with unknown
projections (Fries, 1986; Payne and Peters, 1989). Large neurons in deep layers are clearly
situated preferentially beneath interblobs, while the nontufted pyramids either have no bias
or a modest trend toward blobs. Future studies should be cautious in their conclusions about
cell types that are defined solely on cell body size.
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Figure 1.
Rabies virus injection sites in superior colliculus and middle temporal area. A: SC injection
sites in monkey HNM2 showing the extent of rabies infection. Shown here is a 50-μm thick
cytochrome oxidase-stained (CO, gray background) SC section that shows GFP (black)
expressed in rabies-infected neurons. For each monkey we made four injections in each SC,
at two different depths (− 0.5 or − 1 mm and − 1.5 mm from the SC surface), 1 μl of virus
for each injection. White lines indicate the superficial layers of the SC; white dashed lines
indicate the extent of labeling. B: MT injection sites in monkey HNM3 showing the extent
of rabies infection. Single coronally cut cortical section stained for CO and GFP shows the
spread of the injections. The adjacent section (B′) is stained for myelin to show heavily
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myelinated area MT (the area between two dash lines) in the superior temporal sulcus. D,
dorsal; L, lateral. Scale bars =1 mm.
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Figure 2.
Retrogradely labeled neurons in V1 from SC injections. A,B: Low-power views of GFP-
labeled (black) SC-projecting neurons in V1 (HNM2) from regions of dense or sparse label,
respectively. Higher-power views of the boxed regions are shown in A′and B′. Cytochrome
oxidase staining (gray) reveals different cortical layers. GFP-labeled cells were found
exclusively in layers 5 and 6 of V1 and are concentrated at the border between these layers.
At regions of dense label (A,A′) the cell bodies and labeled neuronal processes from many
different neurons are extensively intermingled. Ascending apical dendrites and branches can
also be seen in more superficial layers. In regions with sparser label (B,B′) it is possible to
separately identify and reconstruct the neuronal processes originating from individual
neurons (see Materials and Methods). Scale bars =200 μm in A,B; 50 μm in A′,B′.
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Figure 3.
Morphologies of SC-projecting neurons in V1. A: Morphologies of layer 5 tall-tufted
neurons. The distinguishing feature of this cell type is the long apical dendrite (gray) that
extends to layer 1 and forms a tuft stratifying in layers 1 and 2. Their basal dendrites (black)
are densely packed in layer 5 and only extend laterally to about 350 μm. Some basal
dendritic branches extend into layer 6. There are more basal dendrites in layer 5 than in layer
6. B: Morphologies of layer 5 nontufted neurons. This is a distinct cell type that lacks an
apical tuft. Its apical dendrite (gray) ends in the supergranular layers without branching
above layer 5. These neurons have sparse but long laterally spreading basal dendrites
(black). Basal dendrites are spread rather evenly in both layers 5 and 6. C: Morphologies of
layer 6 nontufted neurons. This cell type resembles the layer 5 nontufted neurons in (B) in
terms of apical dendritic morphology, but their basal dendrites are confined mostly to layer
6. A′–C′: Histograms of laminar distribution of apical (gray) and basal (black) dendrites for
all reconstructed SC-projecting layer 5 tall-tufted cells (A′, n =8), SC-projecting layer 5
nontufted cells (B′, n =5), and SC-projecting layer 6 non-tufted cells (C′, n =7). Values
represent mean ± SD. Scale bars =100 μm.
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Figure 4.
Laminar distribution of SC-projecting neurons in layers 5 and 6. A: Distribution of neurons
in layers 5 and 6 (n =126). Population data is obtained by sampling every cell on every 12th
section of the entire striate cortex of monkey HMN2 (see Materials and Methods). Location
of soma is expressed as laminar depth index. LDIs of 0, 1, and 2 correspond to somata
located at the top of layer 5, at the border between layers 5 and 6, and at the bottom of layer
6, respectively. The overlaying box-whisker plot (top) shows the median, first, and third
quartile of the distribution, as well as the maximum and minimum values. Bin size =0.1. B:
Laminar distributions of tufted vs. nontufted SC-projecting cells (n =107). Of the 126 cells
sampled, 107 cells have identifiable apical dendrites (see Results), and are categorized as
tufted vs. nontufted. Tufted refers to the same cell type that is called tall-tufted in the text of
the manuscript.
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Figure 5.
Morphology of a layer 5 tall-tufted SC-projecting neuron from three different views. Three
different views of a layer 5 tall-tufted neuron (L391, see also Fig. 3A): top view (A,A′,A″),
front view (B,B′,B″), and side view (C,C′,C″). Circular histograms show the radial
distributions of dendritic length (in μm) of apical dendrites (gray, A′,B′,C′) and basal
dendrites (black, A″,B″,C″). The distribution of apical dendritic branches is very similar to
the basal dendritic branches. The top view of the dendritic reconstruciton shows that both
apical and basal dendrites emanate radially in all directions extending up to about 300 μm
from the cell body. Bin size, 0.15 radian. Scale bars for dendritic reconstructions =100 μm.
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Figure 6.
Morphology of a layer 5 nontufted SC-projecting neuron from three different views. This
cell (L508, see also Fig. 3B) has sparser dendritic trees than most layer 5 tall-tufted neurons,
and does not extend its dendrites as uniformly in all directions as the layer 5 tall-tufted cell
described in Figure 4. Even though total dendritic length is distributed symmetrically (top
view, A′,A″), there is one long basal dendritic branch (can be seen in the reconstruction, A′)
that extends to about 400 μm farther from the cell body than any other dendritic branches.
Same conventions as in Figure 5.
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Figure 7.
Morphology of a layer 6 nontufted SC-projecting neuron from three different views.
Although the side view (C) of this layer 6 nontufted cell (L468, see also Fig. 3C) suggests
that there is a single dendritic branch that extends much farther than any others, the top view
(A) shows that other basal dendrites also extend to similar distances from the cell body, but
were compressed in the side-view projection. Same conventions as in Figure 5.
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Figure 8.
Distributions of somal volumes for SC-projecting neurons in V1. A: Comparisons of the
distributions of somal volumes for neurons in layer 5 (black), layer 5/6 border (light gray),
and layer 6 (dark gray) (n =126). No significant correspondence between laminar
distribution and somal volume is observed. All three cell groups have overlapping
distributions of somal volume (P =0.79, Kruskal–Wallis test). The box-whisker plots (top)
show the median, first, and third quartile of each distribution, as well as the maximum and
minimum values for each group. Bin size =1,000 μm3. B: Comparisons of the distributions
of somal volumes between all tufted (black) and all non-tufted (gray) cells (n =107). The
tall-tufted cells have significantly larger somal volumes than the nontufted cells (P < 0.001,
Wilcoxon rank sum test). Bin size =1,000 μm3. C: Comparisons of the distributions of
somal volumes between layer 5 tufted (black) and layer 5 nontufted (gray) cells. Layer 5
cells exhibit a trend similar to the population for all SC-projecting cells, with layer 5 tall-
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tufted cells having significantly larger somata than layer 5 nontufted cells (P < 0.001,
Wilcoxon rank sum test). Bin size =1,000 μm3. Tufted refers to the same cell type that is
called tall-tufted in the text of the manuscript.
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Figure 9.
Relationships between somal volume and laminar depth for SC-projecting V1 neurons. A:
Distributions of somal volume across laminar depth for all SC-projecting neurons in layer 5
(black), layer 5/6 border (light gray), and layer 6 (dark gray). Although the few largest
neurons appear to be at the bottom of layer 5, there is not a significant correlation between
somal volume and laminar depth. B: Relationships between somal volume and laminar
depth index for the 21 reconstructed cells (big symbols) compared to the “unbiased”
population (small symbols).
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Figure 10.
Locations of different types of SC-projecting cells relative to CO blob centers. Blob distance
index (BDI) is determined for three cell types: layer 5 tall-tufted, layer 5 nontufted, and
layer 6 nontufted. A: BDI value of 1 indicates that the apical dendrite of the cell lies directly
in or underneath the center of an interblob, at an equal distance from the two closest blobs,
and a BDI of 0 means directly in or underneath the center of a blob. Every neuron from the
unbiased sample (n =107) is plotted as a separate symbol. Layer 5 tall-tufted cells (n =43)
have no preference for either blob or inter-blob regions, with BDI values evenly distributed
(median =0.50, min =0.05, first quartile =0.25, third quartile =0.86, max =0.98, box-whisker
plot). The nontufted cells in layer 5 (n =36) and layer 6 (n =11) tend to be located
preferentially under blobs with median BDI values of 0.31 and 0.16, respectively. The
distributions of BDIs for both the layer 5 and layer 6 nontufted cells are significantly smaller
than for layer 5 tall-tufted cells (P < 0.05, Wilcoxon rank sum test).
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Figure 11.
Dendritic distribution of different types of SC-projecting V1 neurons expressed by Sholl
analyses. Sholl analyses of dendritic distribution in relation to distance from soma for layer
5 tall-tufted (A,A′, n =8), layer 5 nontufted (B,B′, n =5), and layer 6 nontufted cells (C,C′, n
=7). A–C depict individual variability of total dendritic length within each population.
Traces in various shades of gray represent individual neurons. Thick black trace represents
the average total dendritic length at various distances from soma. Bin size =50 μm. A′,B′,C
′emphasize the extent of lateral spread between apical (gray) and basal (black) dendrites
(mean ± SD), showing that layer 6 nontufted cells have the longest basal dendritic spread.
Note the secondary peaks in the distributions for layer 5 tall-tufted cells (A) correspond to
the apical tufts (see also A′).
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Figure 12.
Comparisons between four types of SC- or MT-projecting V1 neurons for total basal
dendritic length (A) and lateral spread of basal dendrites (B). Box-whisker plots (gray) show
the median, first, and third quartile, as well as minimum and maximum values. Values are
from all the reconstructed neurons, each of which is also plotted separately. Significant
differences (Wilcoxon rank sum test) are indicated by brackets and corresponding P values.
Tufted refers to the same cell type that is called tall-tufted in the text of the manuscript.
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Figure 13.
Morphologies of layer 5 tall-tufted SC-projecting neurons. Top views, as well as circular
histograms showing the radial distributions of dendritic length (μm), for all Neurolucida
reconstructed neurons with apical and basal dendrites analyzed separately. Same
conventions as in Figure 5. The numbers on the polar histograms indicate the dendritic
length value at the outermost ring of each histogram. Scale bars for dendritic reconstructions
=100 μm.
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Figure 14.
Morphologies of layer 5 nontufted SC-projecting neurons. Same conventions as in Figure 5.
Scale bars for dendritic reconstructions =100 μm.
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Figure 15.
Morphologies of layer 6 nontufted SC-projecting neurons. Same conventions as in Figure 5.
Scale bars for dendritic reconstructions =100 μm.
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Figure 16.
Morphologies and dendritic distributions of MT-projecting neurons in V1. A,A′:
Morphologies of layer 6 nontufted MT-projecting neurons. This cell type has similar
morphological appearance to the nontufted SC-projecting neurons. Their apical dendrites
restrict the majority of their branches to layer 5 with a single branch extending toward the
cortical surface but only reaching as far as layer 2/3, while their basal dendrites are confined
to layer 6 and extend long distances laterally. B: Histogram of laminar distribution of apical
(gray) and basal (black) dendrites for all reconstructed MT projecting layer 6 nontufted cells
(n =5). Values represent mean ± SD. C: Sholl analyses depict individual variability of total
dendritic length within the population. Traces in various shades of gray represent individual
neurons. Thick black trace represents the average total dendritic length at various distances
from soma. Bin size =50 μm. Same conventions as used in Figure 11. D: Sholl analysis of
apical (gray) and basal (black) dendritic distribution showing the density of basal dendrites
and the extent of spread between apical and basal dendrites. Values represent mean ± SD.
Scale bars =100 μm.
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Figure 17.
Morphology of a layer 6 nontufted MT-projecting neuron (R415, see also Fig. 16A) from
three different views. Same conventions as in Figure 5. Scale bars for dendritic
reconstructions =100 μm.
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Figure 18.
Morphologies of layer 6 nontufted MT-projecting neurons. Same conventions as in Figure 5.
Scale bars for dendritic reconstructions =100 μm.
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Figure 19.
Comparisons of basal dendritic spread for 3 types of SC-projecting neurons (A) and for SC-
versus MT-projecting non-tufted neurons (B). A: Sholl analyses of basal dendritic lengths
for the three SC-projecting populations illustrate the longer dendrites of the tall-tufted
neurons at locations close to the soma versus the relatively longer dendrites of the layer 6
nontufted neurons farther from the soma. B: Sholl analyses comparing the nontufted cells
projecting to SC or MT illustrate the longer dendrites of MT-projecting neurons at nearly all
distances from the cell body when compared to SC-projecting, nontufted neurons. Values
represent mean ± SD.
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Figure 20.
A layer 5 MT-projecting neuron in V1. The apical dendrite of this cell extends to layer 1 and
forms a tuft. However, different from layer 5 tall-tufted SC-projecting neurons, the apical
tuft of this cell begins to bifurcate from the main apical shaft at the bottom of layer 2/3, and
has a small side branch in layer 4B. This is the only MT-projecting neuron encountered in
layer 5 and its morphology differs from the morphologies of all other layer 6 MT-projecting
neurons, which are nontufted. Same conventions as in Figure 5. Scale bars for dendritic
reconstructions =100 μm.
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TABLE 1

Injection Parameters

HNM1 HNM2 HNM3

Number of survival days 7 7 5

SC injections Number of penetrations per hemisphere 4 4 4

Number of injections per penetration (depths)* 2 (−1, −1.5 mm) 2 (−0.5, −1.5 mm) 3 (−0.5, −1, & −1.5 mm)

Amount of virus or dye per injection
(concentration)

1 μl RV (4.16×
108iu/ml)

1 μl RV (8.53×
109iu/ml)

1 μl RD (10%)

MT injections Number of penetrations per hemisphere n/a n/a 2

Number of injections per penetration n/a n/a 5

Amount of virus or dye per injection n/a n/a 0.5 μl RV (6.44× 108 iu/
ml)

*
Injection depth from the superior collicular surface. RV, G-deleted GFP rabies virus; RD, tetramethylrhodamine dextran.
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TABLE 2

Antibodies Characterization

Antigen Immunogen Manufacturing details Working dilution

Green fluorescent protein (GFP) Purified recombinant green
fluorescent protein

Aves Labs (Tigard, OR), chicken polyclonal,
GFP-1020

1:500

Green fluorescent protein (GFP) Purified recombinant green
fluorescent protein

Invitrogen (Carlsbad, CA), rabbit polyclonal,
A111–22

1:500

Tetramethyl-rhodamine dextran Tetramethyl-rhodamine Invitrogen (Carlsbad, CA), rabbit polyclonal,
A6397

1:250
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TABLE 4

All Reconstructed SC- and MT-Projecting Neurons in V1

Total number of cells Tall-tufted Nontufted

All cells 27 10 17

SC-projecting Layer 5 13 8 5

Layer 6 8 1 7

MT-projecting Layer 5 1 1 0

Layer 6 5 0 5
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