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The Brain — is wider than the Sky —  
For — put them side by side —  
The one the other will contain  
With ease — and You — beside —   
 
The Brain is deeper than the sea —  
For — hold them — Blue to Blue —  
The one the other will absorb —  
As Sponges — Buckets — do —   
 
The Brain is just the weight of God —  
For — Heft them — Pound for Pound —  
And they will differ — if they do —  
As Syllable from Sound— 
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ABSTRACT OF THE DISSERTATION 

 

Morphological Diversity of Cell Types in Macaque Monkey Visual System 

 

by 
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Professor Edward M. Callaway, Chair 

Professor Mark H. Ellisman, Co-Chair 

 

The mammalian central nervous system is a dynamically complex network of 

anatomically and functionally distinct cell types, neatly organized into laminar and 

columnar functional domains.  An excellent example of this is the primate primary 

visual cortex (V1), which is comprised of 6 layers, each containing various cell types 

interconnecting to one another to create a dense yet precise network of circuits 

(Callaway, 1998).   
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The morphologically diverse cell groups in layers 5 and 6 of primate V1 are 

important in facilitating the transmission of visual information (Callaway and Wiser, 

1996; Wiser and Callaway, 1996).  They participate not only in local, intracortical 

circuits, but also distant, cortico-cortical feedforward pathways, e.g. the projection to 

middle temporal area (MT), and cortico-subcortical feedback pathways, e.g. the 

projections to the superior colliculus (SC), lateral geniculate nucleus (LGN), and 

pulvinar (Ungerleider et al., 1983; Fries, 1984; Shipp and Zeki, 1989; Fitzpatrick et al., 

1994).  In addition, certain layer-6 cells are believed to send collateral axons to both 

MT and SC (Fries et al., 1985; vogt Weisenhorn et al., 1995).  

However, due to limitations in anatomical tracing techniques, detailed 

morphology of the cell types participating in each of these corticocortical and 

corticosubcortical pathways is still largely unknown.  In these experiments, we 

injected a modified rabies virus into the SC and area MT of macaque monkeys and 

performed detailed characterization of the labeled cells in V1.  We found that SC 

projecting neurons in V1 are located in layers 5 and 6, consisting of layer-5 tall-tufted, 

layer-5 non-tufted, and layer-6 non-tufted.  However, a few MT projecting neurons are 

located in layer 6 and have a single non-tufted main ascending branch of apical 

dendrites similar to those of the SC projecting non-tufted cells.  The morphology of 

the different cell types found in my experiments suggest that they receive and 

process different types of information before sending their outputs to the SC or area 

MT.    

Knowing the detailed morphology of different participants in different circuits 

provides insight into understanding their functional importance.  Furthermore, 

anatomical information is also useful in guiding future physiological and reversible 

inactivation studies.  
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Chapter I 

 

Introduction 
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Background 

“The Brain is wider than the Sky” 

“The Brain is wider than the Sky / …deeper than the sea,” described poetically 

by Emily Dickinson (see Epigraph).  In one of her iambically metered poems, the 

author testifies to the brain’s capacity to collect, interpret, and construct perceptual 

experiences.  Imagine a familiar scene at La Jolla Shores beach: the colors of the 

azure sky and the deep blue sea; the motions and sounds of the sometimes gentle, 

sometimes ferocious waves breaking and crashing towards the shore; the sweet and 

salty smell of the ocean mixed in the breeze; the warm feeling on your skin after 

being kissed by the 90-degree sun, along with all the emotions and memories that 

scenery might evoke.  We can experience all of this even if we are far from the ocean 

because throughout our lives, our brain continually collects and processes sensory 

information and stores it in our memory.  Our brain has the capacity to incorporate the 

universe into itself, or as Dickinson puts it, the brain “contains” the sky and “absorbs” 

the sea “as sponges – buckets – do.”  

 The advancement of science and technology has allowed us to learn much 

about our brain, but how our brain actually combines all types of sensory information 

to create coherent perception is still largely a mystery.  We do not experience the sky 

or the ocean as disjunct sets of visual, auditory, olfactory, tactile, and gustatory 

inputs, but rather, as a single unified percept.  The current understanding of our 

nervous systems is that our brain collects information through our sensory organs, 

filters out the irrelevant information in lower level processing centers, delivers the 

information through numerous (possibly parallel) pathways and integrates them in 

higher cortical areas to generate behaviorally relevant outputs.  The desire to 

understand how the brain works has motivated scientists for centuries. 
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Aristotle (384-322 BC) believed that the heart is the center of our intelligence 

and the brain is merely an organ to cool our blood (Finger, 1994).  Herophilus of 

Chalcedon (335-280 BC) was the first anatomist to correct Aristotle.  He performed 

systematic dissections on human cadavers and asserted that the brain is the control 

center for all human activities (von Staden, 1989).  His anatomical findings influenced 

many other notable physicians in the following centuries, such as Galen of 

Pergamum (129-199 AD), whose anatomical tracing work demonstrated that muscles 

are connected to the brain through a network of nerve fibers (Rocca, 2003).  It was 

not until the late 19th century, with the advances in staining technology, that we were 

able to visualize the brain’s basic building blocks – individual neurons.  Santiago 

Ramon y Cajal capitalized on the Golgi impregnation staining method, discovered by 

Camillo Golgi, to produce an enormous collection of meticulously detailed 

descriptions and aesthetically elegant drawings of neuronal morphology and 

connectivity.  His keen observations contributed significantly to the neuron doctrine 

proposed in 1891 by Heinrich Wilhelm Gottfried von Waldeyer-Hart, which states that 

the nervous system is made up of discrete individual cells connected through 

synapses, and it has been the fundamental understanding of modern neuroscience 

(Finger, 1994).   

Technological advances in the 20th century in electrophysiology and 

biophysics have produced a considerable amount of knowledge regarding the 

working of individual neurons.  At the same time, techniques like 

electroencephalography (EEG) recording and functional magnetic resonance imaging 

(fMRI) have allowed us to observe our brain in action.  However, it is still unclear how 

individual neurons interact with one another to form highly organized networks for 

performing complex operations. 



4 

Primate primary visual cortex: a good model for understanding cortical 

organization and function 

 The brain is composed of a dense network of neurons interconnecting with 

and interconnected to one another (Figure 1.1). 

In order to understand how a machine operates, we first need a list of all the 

parts and a circuit diagram that describes how the parts connect to one another.  

Similarly, to understand how the brain works, we first need to understand how the 

brain is constructed, not only on the macroscopic scale in terms of structures, 

regions, modules, nuclei, etc. but also on the microscopic scale in terms of cell type 

specificity and fine scale connectivity within an area, among areas within a structure, 

and among different structures.  A clear understanding of how different cell types 

forming different specialized circuits will allow us to derive more accurate hypotheses 

to test the mechanisms underlying neural functions.  That knowledge can also serve 

as useful foundation to guide further physiological studies. 

Primate visual cortex provides one of the best models to study brain 

architecture and connectivity.  Because primates rely heavily on visual inputs for 

navigation, their visual cortex is extremely developed and is designed to extract and 

process information quickly and efficiently, e.g. it takes less than 100 milliseconds for 

information to travel from the retina to higher visual cortical areas (Schmolesky et al., 

1998).  Due to the importance of vision in the survival of the species, half of a 

macaque monkey’s brain is devoted to visual computations, compared to the 3% 

devoted for auditory processing (Van Essen, 2004).  Similarly, humans also reserve a 

large portion of our brain, 20-30% of our cerebral cortex, for visual processing (Van 

Essen, 2004).  Despite some differences (Dacey, 1993a; Preuss et al., 1999; Denys 

et al., 2004; Orban et al., 2004; Wade et al., 2008), the visual system of the two 
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species share similar anatomical and functional organizations: similar photoreceptor 

types (Baylor et al., 1987; Roorda and Williams, 1999), retinal ganglion cell types 

(Dacey, 1993b), post-receptoral circuitries within the retina (Dacey, 2004), and 

possibly local circuitries in V1 (Wade et al., 2008).  Moreover, the main visual cortices 

such as V1, V2, V3 and V5 (area MT) in macaques are conserved in humans (Orban 

et al., 2004).   

Because of the similarities between the visual systems of human and non-

human primates, most of our understanding about vision is based on over four 

decades of research in non-human primates.  The extensive investigation of the 

monkey visual system, particularly in rhesus macaques, has led to the discovery of 

over 80 anatomically and physiologically distinct neural cell types in the retina 

(Sterling, 1983; Masland, 2001) that are intricately arranged in compact laminae.  

These laminae give rise to approximately 20 separate visual pathways that convey 

information from the retina to the cortex (Wassle and Boycott, 1991; Roska and 

Werblin, 2001; Dacey, 2004).  There are 32 visual and visual-association areas in the 

cortex that harbor numerous cell types (Lund, 1987; Lund et al., 1988; Lund and 

Yoshioka, 1991; Callaway and Wiser, 1996; Wiser and Callaway, 1996; Lund and 

Wu, 1997), forming more than 300 feedforward and feedback connections (Felleman 

and Van Essen, 1991).  Moreover, monkeys can be trained to perform visual 

behavioral tasks for studying cognitive processes such as visual attention (Moran and 

Desimone, 1985), visual discrimination (Vogels and Orban, 1990), target selection 

and saccade generation (Stryker and Schiller, 1975; Wurtz and Albano, 1980), 

working memory (Fuster and Jervey, 1982), and decision making (Shadlen and 

Newsome, 1996).  Overall, monkey visual system is a good model for studying the 

relationship between anatomy, physiology and cognitive behaviors. 
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“Form follows function.”  

As the famous architect Louis H. Sullivan once said: “Form follows functions.”  

How a cell is constructed is a good predictor of what it is built to do.  This introduction 

will emphasize the idea that understanding a cell’s morphology will provide insight 

into its physiology, and ultimately, the behavior of the organism.  The knowledge we 

gain regarding cell type connectivity and circuitry in the visual system should reflect 

the general principles of cortical computation and sensory processing, eventually 

providing us a glimpse into how the brain works beyond vision.  This thesis will also 

address cortico-cortical and cortico-subcortical connections in terms of projection 

neurons and the types of information they might convey to those cortical/subcortical 

structures. 

It is well understood that visual processing begins in the retina.  Initially, 

images from the visual field are projected onto the retina; visual input is then 

processed by different local retinal circuits, and the retinal output is sent to the 

primary visual cortex by the retinal ganglion cells (RGCs) via different subcortical 

structures.  There are two main routes through which information can be relayed from 

the retina to the cortex.  The first route is through the lateral geniculate nucleus of 

thalamus (LGN).  About 90% of all RGCs project to the LGN (Perry et al., 1984), 

which then relays the information to the primary visual cortex.  The second route is 

through the superior colliculi (SC) in midbrain.  Approximately 10% of retinal output is 

sent through this route (Perry and Cowey, 1984).  From the midbrain, information is 

sent to the pulvinar nucleus of thalamus before finally reaching cortex (Cusick et al., 

1993; Lyon et al., 2010).  There are other smaller structures to which RGCs send 

their outputs, such as the pretectal nucleus, the accessory optic nucleus, and the 

suprachiasmatic nucleus (Tokunaga et al., 1981). 
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Although local circuitry in V1 is extremely complicated, advanced research 

has led to many discoveries in this area (Figure 1.2).  In this introduction, I will 

describe our current understanding of the different cell types and how each 

contributes to the circuitry. 

First, we have to dismantle the false perception that neurons receive input 

only from axons that terminate in the same cortical layer as their cell bodies.  Instead, 

we should think of potential neuronal connections in terms of overlapping dendritic 

and axonal arbors.  When dendrites and axons overlap, there are potential synaptic 

connections, even when dendritic arbors are outside of the home layer.   This 

provides the basis for inferences regarding how neural circuits mediate cortical 

function (Callaway and Wiser, 1996; Wiser and Callaway, 1996; Callaway, 1998).  

This introduction focuses only on the excitatory neuronal cell types that are involved 

in the circuitry for visual computation.  About 20% of V1 cells are inhibitory, exhibiting 

a variety of morphologies (Fitzpatrick et al., 1987; Lund, 1987; Lund et al., 1988).  

Although inhibitory neurons can modulate and influence excitatory input, they cannot 

generate a response to visual stimuli by themselves. 

After leaving the LGN, retinal output is split into three separate streams— 

magnocellular (M), parvocellular (P), and koniocellular (K)—and sent to different 

layers of V1 (Figure 1.2) (Hendrickson et al., 1978; Blasdel and Lund, 1983; Hendry 

and Yoshioka, 1994; Dacey, 2000; Hendry and Reid, 2000). These three pathways 

remain segregated until reaching V1, where a considerable amount of integration 

takes place before the output is delivered to higher cortical areas.  Neurons in the 

magnocellular (M) pathway have high contrast sensitivity, lack color opponency, and 

are responsive to low spatial and high temporal frequency stimuli—characteristics 

that are optimized for motion detection (Shapley and Lennie, 1985).  In contrast, 
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neurons in the parvocellular (P) pathway are optimized for color and form detection, 

have chromatic opponency, high spatial and low temporal frequency selectivity.  The 

koniocellular (K) pathway is not well understood, but has been reported to carry blue-

on/yellow-off color opponent signals (Dacey and Lee, 1994; Chatterjee and Callaway, 

2003; Dacey, 2003). 

 

Morphology and connectivity of neurons in the superficial layers of V1 

The task of processing incoming information from the LGN is done by a 

variety of cell types in V1 in a very precise fashion (Figure 1.3 and 1.4).   

Layer 4C 

Layer 4C is the main geniculate recipient layer, containing predominantly 

spiny stellate neurons that are designed to receive inputs from the dense axonal 

arbors of LGN neurons terminating in that layer (Figure 1.3) (Lund, 1973; Callaway 

and Wiser, 1996).  The axons carrying M inputs terminate primarily in layer 4Cα, with 

small side branches dipping into layer 6 (Hubel and Wiesel, 1972; Hendrickson et al., 

1978; Blasdel and Lund, 1983; Freund et al., 1989; Chatterjee and Callaway, 2003).  

Most spiny stellate neurons in layer 4Cα have dendrites confined to layer 4Cα to 

collect information from LGN cells, and distribute their outputs to various layers 

including the lower half of layer 2/3 (layer 3B), layer 4A, 4B, 4Cα (but not 4Cβ), layer 

5, and occasionally, layer 6 (Lund, 1987; Callaway and Wiser, 1996).  In fact, within 

layer 4Cα, there is another level of fine scale specificity.  Spiny stellate neurons in 

upper layer 4Cα have axons targeting specifically layer 4B and cytochrome oxidase 

blob regions (regions with high cellular metabolic activity and stained darkly with the 

enzyme cytochrome oxidase) in layer 2/3 (Yabuta and Callaway, 1998) (see figure 

1.3).  This pattern of stratification suggests that only layer 4B and 2/3 blobs receive M 
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related signals traveling from the LGN to this cell type in layer 4Cα.  On the contrary, 

neurons whose somata are located at the bottom of layer 4Cα have dendrites 

narrowly confined within layer 4Cα and project their dense axonal arbors 

preferentially to interblob regions (Figure 1.3), while neurons with dendrites straddling 

both layers 4Cα and 4Cβ appear to project their axons indiscriminately into both blob 

and interblob regions (Yabuta and Callaway, 1998).  These neurons convey their M 

signals to the blob and interblob regions in layer 2/3 to be integrated in subsequent 

steps as described in following sections. 

The axons carrying P information terminate mainly in layer 4Cβ, and less 

prominently in layer 4A (Blasdel and Lund, 1983).  The spiny stellate neurons in layer 

4Cβ project their axonal branches to layer 4A, and to both blob and interblob regions 

of layer 2/3 regardless of whether their dendrites are narrowly confined to layer 4Cβ 

or extend into layer 4Cα.  Interestingly, the axons of layer 4Cβ neurons bypass layer 

4B without any branching (Callaway and Wiser, 1996).  However, we cannot infer 

from this organizational pattern that layer 4B receives no input from the P pathway 

(see below).  Sparser axonal arbors are seen locally in layer 4C, and occasionally in 

deep layers 5 and 6.  Some layer 4C neurons have dendrites that span across the 

depth of layer 4C, suggesting that they may receive inputs from both M and P 

pathways (Yoshioka et al., 1994; Callaway and Wiser, 1996; Yabuta and Callaway, 

1998).  

Axon terminals of K neurons in LGN are significantly sparser than those of the 

M or P pathways and they terminate in cytochrome oxidase blob regions in layers 2/3 

and 1 (Blasdel and Lund, 1983; Fitzpatrick et al., 1983; Lachica and Casagrande, 

1992).  Some koniocellular afferents are suspected to carry blue-on and blue-off 

information from the LGN to layer 4A (Chatterjee and Callaway, 2003).  The blue-off 
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response by cells at the bottom of layer 4A could either be carried by koniocellular 

afferents or by a separate parvocellular sub-system that terminates directly in 4A, 

bypassing its usual target – 4Cβ (see Chatterjee and Callaway, 2003). 

Layer 4B 

While none of the neurons in layer 4C are projecting neurons that send axons 

to a different cortical or subcortical area, nearly all neurons in layer 4B are projection 

neurons (Callaway and Wiser, 1996). They include two types of morphologies: spiny 

stellate and pyramidal, each designed for a specific functional role  (Figure 1.3).  

Spiny stellate cells in layer 4B primarily collect M information from axon terminals of 

4Cα neurons (Yabuta et al., 2001) and relay that M signal to blobs in layer 2/3, as 

discussed earlier (Lachica et al., 1992; Callaway and Wiser, 1996; Nassi and 

Callaway, 2007).  Meanwhile, about 60% of neurons in layer 4B have a pyramidal 

morphology with apical dendrites that extend to layer 2/3 to gather both M and P 

signals (Yabuta et al., 2001).  Layer 2/3 blobs and interblobs receive both M and P 

inputs from different groups of neurons in layers 4Cα and 4Cβ as described earlier.  

Therefore, even though the axons of layer 4Cβ neurons bypass layer 4B without any 

branching, layer 4B pyramidal neurons are still able to receive P information from the 

P pathway because their apical dendrites overlap with the dense axonal arbors of 

layer 4Cβ neurons in layer 2/3, regardless of blob or interblob regions.  Overlapping 

of dendritic and axonal processes suggests a possible functional connection, which 

was confirmed by Callaway and colleagues (Sawatari and Callaway, 1996; Yabuta et 

al., 2001).  Using scanning laser photostimulation to uncage glutamate and whole cell 

patch-clamping techniques on living monkey brain slices, the authors found that 

almost all of the pyramidal neurons in layer 4B (60-70% of the overall layer 4B 

population) in fact do receive information from both M and P pathways through layers 
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4Cα and 4Cβ, with input from 4Cβ being half the magnitude as input from 4Cα 

(Yabuta et al., 2001).  Spiny stellate neurons (constitute about 20% of all neurons in 

layer 4B) receive M-related signal from 4Cα, but the input from 4Cβ is minimal 

(Yabuta et al., 2001).  

Moreover, layer 4B has dendritic branches stratifying layer 4A, which is known 

to receive blue-on and/or blue-off inputs from LGN afferents (Chatterjee and 

Callaway, 2003).  Therefore, layer 4B neurons might also receive blue-on/blue-off 

information. 

Nearly all of these layer 4B neurons are projection neurons (Callaway and 

Wiser, 1996).  Callaway and Nassi conducted a study to elucidate how the 

morphology of layer 4B projection neurons correlates with projection targets (Nassi 

and Callaway, 2007).  The authors showed that 80% of cells projecting to MT are 

spiny stellate, while 80% of those projecting to V2 are pyramidal.  Regardless of cell 

type, MT projecting neurons have larger cell bodies, more dendritic length, are 

located closer to the bottom of layer 4B and when they have a pyramidal morphology 

they are located preferentially underneath blobs (Nassi and Callaway, 2007).  The 

authors suggested that MT projecting neurons are specialized for fast transmission of 

M related signals, while V2-projecting neurons are likely to be reserved for mediating 

slower integration of M and P signals (see Nassi and Callaway, 2007). 

Layer 4A 

Layer 4A cell bodies are tightly packed into a relatively narrow band between 

layer 2/3 and layer 4B, but their dendrites and axons extend into the bottom half of 

layer 2/3 in a non-blob/interblob specific manner, as well as to layer 4B and layer 5 

(Figure 1.3) (Callaway and Wiser, 1996).  Thalamic afferents terminating in layer 4A 

results in it its honeycomb appearance – clusters of cell bodies separated by regions 
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of dense dendritic and axonal processes (Hendrickson et al., 1978).  Besides 

potentially receiving direct P and K inputs from LGN neurons, these cells are also 

likely to integrate indirect M and P information from neurons in layers 4Cα and 4Cβ 

whose axonal arbors overlap significantly with dendritic branches of neurons in layer 

4A (Yoshioka et al., 1994; Callaway and Wiser, 1996; Chatterjee and Callaway, 

2003).  Cells in this layer have been shown to project to V2, similar to neurons in 

layers 2/3 and 4B (Van Essen et al., 1986; Lund and Yoshioka, 1991). 

Layer 2/3 

The specificity of anatomical and functional organization within layer 2/3 

extends both vertically throughout the depth of the layer as well as laterally through 

blob and interblob regions. 

Neurons located at different depths of layer 2/3 possess different dendritic and 

axonal arborization patterns, suggesting that they may be involved in extracting 

different types of information from different layers and sending it to different targets 

(Figure 1.3).  There are two types of neurons in the lower half of layer 2/3 (layer 3B): 

projecting pyramids and non-projecting (local) pyramids (Sawatari and Callaway, 

2000).  The local pyramidal neurons have short radial basal dendrites in layer 3B and 

single non-tufted apical dendrites extending towards the upper territory of layer 2/3 

(layer 2/3A) with many small side-branches also in layer 3B.  Their axons stratify both 

in layers 2/3A and 3B, and often have branches in layers 4B and 5 (Callaway and 

Wiser, 1996).  This pattern of dendritic arborization suggests that layer 3B cells 

integrate information from layers 4Cα, 4Cβ and 4A whose axons do not extend above 

layer 3B, and convey the output to other neurons throughout layer 2/3 and down to 

layers 4B and 5 (Yoshioka et al., 1994; Yabuta et al., 2001).  Different from the local 

pyramids, the projecting pyramids in layer 3B have main descending axons extending 
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into the white matter and have tufts branching from the tops of their apical dendrites 

collecting inputs in layer 2/3 where axons of layer 4Cβ cells are known to be present 

(Sawatari and Callaway, 2000).  However, they do not receive input from layer 4Cβ 

as suggested by their anatomy (Sawatari and Callaway, 2000).  Neurons whose cell 

bodies are located underneath a blob tend to have dendrites and axons innervating 

only blob regions, while those located underneath interblobs have processes 

preferentially targeting interblob regions (Callaway and Wiser, 1996).  

Similar to the axonal pattern of neurons in layer 3B, axons of neurons in layer 

2/3A also have blob/interblob preference depending on the location of the cell bodies.  

However, the axons of neurons in layer 2/3A do not arborize in layer 3B (although 

they still have side branches in layer 5, similar to layer 3B neurons).  This pattern of 

arborization suggests that this cell type only integrates information delivered to their 

dendrites in upper layer 2/3 through neurons in layers 3B and 4B whose axons 

arborize in both layers 2/3A and 3B.   

In summary, layer 3B neurons in blob regions receive inputs from layer 4Cβ 

by local pyramids and therefore could be influenced by the P pathway.  They also 

receive inputs from spiny stellate neurons in layers 4B and 4Cα, implying that they 

are heavily influenced by the M pathway.  Layer 2/3A neurons in blob regions are 

even more likely to be heavily driven by the M pathway.  Moreover, neurons in blob 

regions probably also receive K inputs from LGN afferents and from layer 4A that 

carry blue-on and/or blue-off signals (Livingstone and Hubel, 1982; Hendry and 

Yoshioka, 1994; Chatterjee and Callaway, 2003).  Neurons in layer 3B interblobs 

receive some M input from 4Cα neurons whose dendrites narrowly stratify the bottom 

of layer 4Cα, as well as P signals from 4Cβ, while neurons in layer 2/3A interblobs 

only receive the processed signal from layer 3B neurons.  Overall, LGN signals are 
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conveyed to these neurons in layer 2/3A, in both blobs and interblobs, after the 

processing step in layer 3B, making neurons in layer 2/3A one level higher in term of 

information processing hierarchy (Lachica et al., 1992; Callaway, 1998). 

Layer 1 

Layer 1 contains relatively few neurons and is composed mainly of apical 

dendritic and axonal processes of neurons from layers 2 to 5 (Lund and Wu, 1997), 

LGN K afferents (Blasdel and Lund, 1983; Fitzpatrick et al., 1983; Lachica and 

Casagrande, 1992) and terminals of other cortical and subcortical feedback axons 

that selectively target this layer (Rockland and Pandya, 1979).  The main role of this 

layer is inhibitory modulation of local and distant cortical neurons and circuits, with 

80% of its neurons are GABAergic (Fitzpatrick et al., 1987). 

 

Morphology and connectivity of neurons in the deep-layers of V1 

Layers 5 and 6 of V1 contain neurons that are the most morphologically and 

physiologically diverse. 

Layer 5  

Macaque V1 has been rigorously studied with Golgi impregnation and 

intracellular labeling with biocytin.  While each technique has its limitations as 

described below, the tests have revealed a variety of dendritc morphologies of layer 5 

neurons (Lund and Boothe, 1975; Lund et al., 1988; Callaway and Wiser, 1996). 

While all layer 5 cells have local dendrites within layer 5, some have a non-

tufted apical dendrite that extends out of layer 5 and reaches as far as layer 2/3 to 

collect inputs from neurons in the superficial layers from 2-4B, and occasionally, from 

4Cα whose descending axons arborize in layer 5 (Blasdel and Lund, 1983; Fitzpatrick 

et al., 1985; Katz et al., 1989; Anderson et al., 1993; Callaway and Wiser, 1996).  
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Biocytin labeling studies revealed two classes of layer 5 neurons based on axonal 

morphology (Callaway and Wiser, 1996).  “Class A” neurons form reciprocal 

connections with layer 2/3 by sending extremely dense axonal arbors to within layer 

2/3 but not to the white matter, while “class B” neurons lack such a connection (Fig 

1.3).  Within “class B,” the group that only has local recurrent axons within the deep 

layers, there are neurons with a distinct “back-branching” dendritic morphology – 

dense and widely spreading basal dendrites and branches that branch off the main 

ascending apical dendrites and arc downward (Callaway and Wiser, 1996).  Only the 

“back-branching” neurons were found to have axons projecting into the white matter, 

suggesting that they may be sending their output to the pulvinar (see Callaway, 

1998).  The local functional connections of layer 5 neurons were investigated in a 

photostimulation study by Briggs and Callaway (2005).  The authors found that layer 

5 neurons receive significant amount of input from nearly all layers.  This finding 

suggests that these neurons play an important role in integrating different types of 

information, signifying their role as modulators in the local V1 circuitries (Briggs and 

Callaway, 2005) 

Golgi impregnation studies have yielded two additional types of layer 5 

neurons: one has a thin, smooth non-tufted apical dendrite extending to layer 4Cα 

and axonal branches arborizing layer 2/3; the other type, located at the bottom of 

layer 5, has local dendrites stratifying layer 5 and a spiny apical dendrite extending all 

the way to layer 1 forming an extensive tuft (Lund and Boothe, 1975; Valverde, 1985).  

In another experiment, the same group of authors injected wheat germ agglutinin-

conjugated horseradish peroxidase (WGA-HRP) in the SC, LGN, and inferior pulvinar 

to determine the location of SC, LGN, and pulvinar projecting neurons in V1 (Lund et 

al., 1975).  They found that neurons projecting to the SC and pulvinar locate in layer 
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5B (bottom of layer 5), and have medium to large soma size (Lund et al., 1975).  

Based on similarities in size and location between the HRP and the Golgi studies, the 

authors suggested that the morphology of some layer 5 cells found in the Golgi 

studies may be the cell types that project to the SC.  This hypothesis was confirmed 

and further elucidated by my study in macaques (see Chapter 2).  Lund and 

colleagues also suggested that the largest pyramidal neurons of lamina 5B send 

collateral branches to both the SC and pulvinar (Lund et al., 1975).  This idea has 

been confirmed in rat, but not in primates (Deschenes et al., 1994).  Nevertheless, 

the morphology of these two cell types suggests that they perform different functions 

in modulating local and distant circuitries, possibly the circuitries in the SC and/or the 

pulvinar.  The non-tufted cells integrate information mostly from sources that project 

to layer 5, while the tufted cells, in addition, might collect K information from layer 1 

where LGN afferents carrying K input terminate (Blasdel and Lund, 1983; Fitzpatrick 

et al., 1983; Lachica and Casagrande, 1992), intrinsic inhibitory inputs from Martinotti 

cells that provide inhibitory feedback to apical dendrites in layer 1 (Silberberg and 

Markram, 2007), and terminals of other cortical and subcortical feedback axons that 

selectively target this layer (Rockland and Pandya, 1979). 

Layer 6 

Layer 6 neurons are more anatomically and physiologically diverse than 

neurons of layer 5 (Figure 1.4) (Lund and Boothe, 1975; Lund et al., 1975; Movshon 

and Newsome, 1996; Wiser and Callaway, 1996; Briggs and Callaway, 2001).  The 

majority of neurons in this layer participate in the modulation of local circuitries, with 

only approximately 30% being projection neurons that send their axons to several 

long-range targets such as the LGN, the SC, area MT, and possibly the claustrum 
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(Lund et al., 1975; LeVay and Sherk, 1981; Fries and Distel, 1983; Ungerleider et al., 

1983; Fitzpatrick et al., 1994; Callaway and Wiser, 1996; Wiser and Callaway, 1996). 

Golgi impregnation studies by Lund et al. (1977) revealed eight types of 

neurons, but only two types (type Iα and IβA, see below) were confirmed in a biocytin 

labeling study by Wiser and Callaway (1996).  Callaway and colleagues defined eight 

types of layer 6 neurons, which can be grouped into two main classes: Class I and 

Class II (Wiser and Callaway, 1996; Briggs and Callaway, 2001).   

Both classes of cells have basal dendrites restricted to layer 6 to welcome 

LGN afferents (M, P, and K) that terminate in layer 6 (Hubel and Wiesel, 1972; 

Hendrickson et al., 1978; Blasdel and Lund, 1983; Freund et al., 1989), as well as 

information from other neurons that selectively target that layer.  In addition, Class I 

neurons have tufted apical dendrites extending to various depths of layer 4 to further 

sample the bulk of M, P, and K inputs that are relayed to layers 4C and 4A by the 

majority of LGN afferents (Wiser and Callaway, 1996).  At the same time, these 

neurons send more extensive axonal arbors to the same layer in which their dendrites 

stratify, creating a feedback loop for information processing in layer 4C (Callaway, 

1998).  This reciprocal connectivity was functionally tested and confirmed in a 

photostimulation study (Briggs and Callaway, 2001).  Cell types Iα, Iβ, and IβA send 

their dendritic and axonal arbors to layers 4Cα, 4Cβ, and 4Cβ/4A respectively, where 

each layer receives corresponding dominant M, P, and K inputs.  Cell types Im and IC 

send their axons to the middle of layer 4C and throughout layer 4C respectively, 

suggesting their role in integrating and processing convergent M and P inputs (Wiser 

and Callaway, 1996).  Moreover, Class I neurons do not arborize in layer 5, 

dendritically or axonally; therefore, they do not receive input from neurons in the 

superficial layers that have axonal branches in layer 5.  Comparing the somal location 
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of those class I neurons that have axons entering the white matter (Iβ, IβA and IC) 

and the position of the LGN projecting neurons found in HRP studies (Fitzpatrick et 

al., 1994), Wiser and Callaway suggested that some of the class I layer 6 cells might 

be the LGN projecting neurons in V1 (see Wiser and Callaway, 1996).  Functionally, 

the authors proposed that class I neurons facilitate “the emergence of orientation 

selectivity by synchronizing the activity of layer 4C cells with circular receptive fields” 

(Sillito et al., 1994; Wiser and Callaway, 1996). 

In contrast to Class I neurons that form extensive connections with layer 4C, 

Class II neurons form extensive connections with deep layers 5 and 6, and 

occasionally with layers 2/3-4B, but never with layer 4C.  Class II neurons include 3 

distinct cell types: type IIA, IIB, and IIC (Figure 1.4).  

Type IIA neurons confine their local dendritic branches to layers 5 and 6, while 

their tuftless apical dendrites can reach as high as layer 2/3 and branch mainly in 

layer 5.  This cell type is functionally tested and confirmed to receive inputs from 

neurons in all layers (Briggs and Callaway, 2001).  The axonal stratification pattern of 

this cell type includes local axons that never project above layer 5 but extend laterally 

in the lower half of layer 6, with the main descending axons projected into the white 

matter.  The cell bodies of type IIA neurons reside in the middle of layer 6.  Because 

claustrum projecting neurons in cat are also found only in the middle of layer 6 

(LeVay and Sherk, 1981), type IIA layer 6 neurons are believed to be claustrum 

projecting (Wiser and Callaway, 1996).  

On the contrary, type IIB and type IIC cells do not send their axons to the 

white matter, making them modulators of local V1 circuits.  Type IIB neurons have 

their entire dendritic tree within the deep layers, never reaching beyond layer 5.  Even 

though their dendritic trees reside entirely within the deep layers, type IIB neurons 
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actually receive the majority of their inputs from neurons in layers 2/3-4B, and local 

inputs from neurons in layers 5, 6 and 4Cβ but not 4Cα (Briggs and Callaway, 2001).  

This connection pattern can be explained by the overlap of their dendritic trees with 

the axonal arbors of neurons in the superficial layers that send axons to the deep 

layers.  Axonal arbors of this cell type have branches in layers 5 and 6 that extend 

upward bypassing layer 4C to stratify layers 2/3-4B.  They provide feedback to the 

superficial layers and substantiate their roles as modulators. 

Type IIC neurons have cell bodies located in the top two-thirds of layer 6 and 

have dendritic morphology similar to type IIA neurons.  The marked difference 

between type IIA and IIC is that type IIC does not project a descending axon into the 

white matter.  Their local axons only extend laterally within the deep layers (Wiser 

and Callaway, 1996). 

The discrepancy between Golgi studies and biocytin labeling studies could be 

due to the use of prenatal tissues in Golgi studies, which contain cells with immature 

morphology (Lund et al., 1977; Wiser and Callaway, 1996).  This also raises the 

possibility that there may be more cell types existing within these deep layers that 

have not been discovered or properly described.  The amazing heterogeneity of 

neurons in these two layers, combined with their strategic location in V1, make them 

ideal candidates for modulating both local and distant circuitries.  Understanding the 

morphology of each type of projection neurons provides insight into the different types 

of information that are being sent to various cortical and subcortical structures.  For 

example, as described earlier, areas MT and V2 receive the majority of their V1 

inputs from spiny stellate and pyramidal neurons (Nassi and Callaway, 2007).  Based 

on their morphology, we are able to postulate that layer 4B spiny stellate cells relay 

mostly M information to area MT, while layer 4B pyramidal neurons relay a mixture of 
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M and P inputs to V2 (Callaway and Wiser, 1996; Sawatari and Callaway, 1996; 

Nassi and Callaway, 2007).  This was confirmed by transsynaptic labeling with rabies 

virus (Nassi and Callaway, 2007).  However, regarding the projection neurons in 

layers 5 and 6, our understanding of how each type of projection neuron might 

contribute to the different computations involving the different streams of information 

and to what cortical/subcortical structure they might project, is still incomplete. 

 

Cortical and subcortical targets of deep-layer neurons 

The organization of V1 provides itself the ability to process inputs from 

different cortical and subcortical structures, as well as the ability to dynamically 

regulate those inputs via feedback projections (Sherman and Guillery, 2002).  While 

most feedforward projections to other cortical areas are performed by neurons in 

layers 2/3 and 4B, feedback projections to different subcortical structures are carried 

out by neurons in layers 5 and 6 (Lund et al., 1975; LeVay and Sherk, 1981; Fries 

and Distel, 1983; Ungerleider et al., 1983; Fitzpatrick et al., 1994; Callaway and 

Wiser, 1996; Wiser and Callaway, 1996; Callaway, 2004).  The corticogeniculate 

feedback loop is the most prominent feedback pathway that completes the reciprocal 

exchange of information between V1 and LGN.  This is because half of the projection 

neurons in layer 6 have been found to be devoted to that particular feedback loop 

(Fitzpatrick et al., 1994; Wiser and Callaway, 1996).  Besides the corticogeniculate 

pathway, V1 also sends feedback projections to other subcortical structures such as 

the SC, pulvinar (another visually related thalamic nucleus), and possibly claustrum 

(LeVay and Sherk, 1981; Fries and Distel, 1983; Ungerleider et al., 1983).  The only 

feedforward connection that is carried out by layer 6 cells is the direct MT projection 

from V1 (Shipp and Zeki, 1989). 
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The most prominent cortico-subcortical feedback pathway is the 

corticogeniculate pathway (Fitzpatrick et al., 1994; Briggs and Usrey, 2009).  In early 

experiments, Lund and colleagues (1975) injected WGA-HRP in the SC, LGN, and 

inferior pulvinar to determine the location of LGN, SC and pulvinar projecting neurons 

in V1 (Lund et al., 1975).  They found that the corticogeniculate neurons projecting to 

P and M layers are located at the top and bottom of layer 6 respectively.  This finding 

was later confirmed by Fitzpatrick and colleagues (1994), with the elaboration that P-

layer projecting cells can also be found at the bottom of layer 6 (Fitzpatrick et al., 

1994).  Based on similar locations of these cells and cells found in biocytin labeling 

studies, Wiser and Callaway suggested that LGN projecting neurons might have 

morphology of type Iβ, IβA and IC (Wiser and Callaway, 1996).  Functionally, these 

corticogeniculate neurons were found to reciprocally carry M, P and K stream specific 

information back to the LGN to influence the transmission of geniculocortical inputs to 

the cortex (Briggs and Usrey, 2009). 

The corticotectal and corticopulvinar feedback pathways have also been 

studied extensively.  Based on Golgi impregnation and HRP labeling studies 

mentioned earlier, Lund and colleagues found that neurons projecting to SC and 

pulvinar are located at the bottom of layer 5 (layer 5B), and have medium to large 

soma size (Lund and Boothe, 1975; Lund et al., 1975).  Based on similarities in size 

and location between the two SC- and pulvinar-projecting neuronal populations in V1, 

the authors suggested that perhaps the largest pyramidal neurons of lamina 5B send 

collateral branches to both destinations (Lund et al., 1975).  This idea has been 

confirmed in rats, but not in primates (Fries and Distel, 1983; Fries et al., 1985; 

Deschenes et al., 1994; Wiser and Callaway, 1996).   
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The corticotectal pathway appears to be dominated by layer 5 neurons; 

however, they also include a contribution from a subpopulation of neurons in layer 6 

that is likely to be different from the LGN projecting neurons described earlier (Fries 

and Distel, 1983).  By injecting HRP in the SC, Fries and Distel found labeled cells in 

both layers 5 and 6, forming two distinct classes (Fries and Distel, 1983).  Layer 5 

neurons consist of 85% of all labeled cells while layer 6 cells consist of only 15% of 

all labeled cells in V1.  Those layer 6 corticotectal cells have large, ovoid cell bodies; 

their basal dendrites are confined to the home layer while apical dendrites extend 

upward but not reaching layer 1 (see Chapter 2).  When comparing the maximal 

basal soma diameter of the 2 populations, layer 6 cells have significantly larger 

diameter (with a mean of 22µm and as large as 40µm) compared to layer 5 cells 

(mean 13µm) (Fries and Distel, 1983).  Functionally, corticotectal cells, at least in 

cats, were shown to be complex cells, directionally selective and have large receptive 

field area within the binocular zone (Palmer and Rosenquist, 1974).  Advanced 

anatomical viral tracing techniques have allowed specific neuronal populations to be 

more distinctly characterized (see below); hence, new insights regarding corticotectal 

neurons have recently been revealed (see Chapter 2).  In my experiments described 

in Chapter 2, I will present a more detailed characterization of corticotectal neurons in 

V1. 

 Claustrum projecting neurons in V1 have been reported in cats but have not 

been identified in primates (LeVay and Sherk, 1981).  

The direct pathway from V1 to area MT is the only direct cortico-cortical 

feedforward pathway known to be mediated by layer 6 neurons (Shipp and Zeki, 

1989).  To determine the location of MT projecting neurons in V1, researchers 

injected WGA-HRP or fluorochromes into area MT of different species of monkeys: 
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macaques (Shipp and Zeki, 1989) and marmosets (vogt Weisenhorn et al., 1995), 

and found labeled cells in layers 4B and 6.  Vogt Weisenhorn and colleagues took 

one step further and intracellularly injected Lucifer Yellow into pre-labeled neurons in 

an attempt to reveal more detailed morphology (vogt Weisenhorn et al., 1995).  They 

found that layer 6 MT projecting neurons have a single non-tufted apical dendrite that 

reaches into to layer 4, along with dense basal dendritic trees in layer 6.  There is 

evidence to suspect that the MT projecting neurons in V1 is the same as, or belong to 

a subgroup of, SC projecting neurons in layer 6 based on the similarities in size and 

laminar location.  To test this hypothesis, Fries and colleagues injected Fast Blue 

(FB) dye in the SC and Diamidino Yellow (DY) dye in area MT, and found that about 

40-50% of all FB labeled neurons in layer 6 are double-labeled (Fries et al., 1985).  

However, the morphology described in that study was very coarse.  This finding was 

confirmed in marmosets (vogt Weisenhorn et al., 1995). 

Physiology of MT projecting neurons in V1 was documented through 

antidromic stimulation of area MT and recording in V1 (Movshon and Newsome, 

1996).  Of the twelve antidromically driven cells in V1 (out of 745 recorded cells), six 

are located in layer 6, at the border of layers 5 and 6.  They have unusually large 

receptive field, poor spatial resolution, fast temporal frequency tuning, good contrast 

sensitivity, and are component direction selective (Movshon and Newsome, 1996).  

Overall, these cells carry many characteristics of the M pathway, optimized for motion 

detection.  Ponce et al suggested that direct MT projection neurons in V1 carry 

direction tuning information because inactivation of the indirect pathway (via V2 and 

V3) resulted in a disproportionate degradation of binocular disparity tuning without 

affecting direction tuning; however, it was not clear whether the modulation comes 

from layer 6 or layer 4B cells (Ponce et al., 2008).  Since layer 6 MT projecting cells 
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could be the same cell type as those that project to SC, they might guide eye 

movement or other reactions toward the site of velocity change. 

 

“The gains in the brain are mainly in the stains.”  

As originally said by Dr. Stanley Yolles and made famous by Dr. Floyd E 

Bloom, “the gains in the brain are mainly in the stains.” Traditional methods have 

enabled us to gain a vast amount of information and insight into the connectivity of 

neural networks; however, each technique has its own limitations.  

Tracing experiments using HRP as described above have some intrinsic 

deficiencies.  First, there is uncertainty concerning the exact region of uptake due to 

potential uptake by fibers of passage.  Second, HRP can be taken up by axons that 

are considered physiologically “leaky.”  Lastly, there are differences in the rate of 

uptake and transport among different types of axon.  Moreover, the quality of HRP 

labeling only allows the visualization of soma.  No detailed morphology is revealed 

(Lund et al., 1975; Hendrickson et al., 1978; Fries and Distel, 1983; Fries, 1984). 

Early attempts to study the detailed morphology of these deep-layer neurons 

using Golgi or dye-filling methods allowed the reconstruction of single cells along with 

dendrites and axons, but provided no connectivity information.  However, the signal-

to-noise ratio is very high in Golgi stain; the integrity of the reconstructed morphology 

is very likely to be compromised (Lund and Boothe, 1975; Valverde, 1985).  Another 

drawback of Golgi stain is that it only works well on immature tissues; therefore, the 

morphology of labeled cells described by this method may not be representative of 

mature neurons.  For example, Lund et al 1977 described six different types of layer 6 

cells in young monkey tissues, but only two were found in biocytin labeling by Wiser 

and Callaway (Lund et al., 1977; Wiser and Callaway, 1996). 
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Recent improvements in technique using biocytin to intracellularly label 

neurons in living brain slices yielded a more complete morphology (Callaway and 

Wiser, 1996; Wiser and Callaway, 1996).  With this technique, both dendritic and 

axonal arbors are more clearly revealed.  However, one of the disadvantages of slice 

preparation is the possibility of cutting the dendrites or axons, which renders the 

reconstruction incomplete.  Another disadvantage is sampling bias, yielding an 

inaccurate representation of the whole population.  Rare cell types are not usually 

sampled due to the low probability of encountering them.  Perhaps this is the reason 

why the layer 5 tall tufted neurons that sends its tufted apical dendrite to layer 1 have 

not been found using this method (Callaway and Wiser, 1996).  And lastly, this 

method does not yield long distance projection information. 

The lack of a good tracing method that provides both morphology and 

connectivity information has led to (incorrect – see Chapter 2) hypotheses about the 

existence of certain cell types.  For example, some believe that there exists a unique 

type of tall-tufted layer 6 (“Meynert”) cell, present in cortical areas of a variety of 

species, that projects to the SC and/or area MT.  These neurons are believed to have 

unusually large soma, with prominent tall-tufted apical dendrites, and are located at 

the border between layers 5 and 6 of V1 (Chan-Palay et al., 1974; Fries and Distel, 

1983; Lund et al., 1988). The confusion that there is a group of big tall-tufted cells in 

layer 6 projecting to the SC and area MT may come from HRP tracing experiments 

(Lund et al., 1975; Fries, 1984; Shipp and Zeki, 1989) combined with the morphology 

of cells found at the corresponding locations in Golgi studies (Lund and Boothe, 1975; 

Valverde, 1985).  Based on the results from my study, we now know that the tall-

tufted cells are located only in layer 5, and layer 6 cells can have both big and small 

cell bodies.  A compromise solution is to use traditional tracing method (HRP, 
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fluorochromes, etc.) and enhance the morphology by intracellular injection of another 

fluorescent dye, such as Lucifer Yellow (Katz, 1987; vogt Weisenhorn et al., 1995), 

but this is a tedious endeavor. 

Recently, an improved tracing method that can provide both morphology and 

connectivity information has been developed in the laboratory of Dr. Callaway using a 

modified rabies virus (Wickersham et al., 2007).  Studies have shown that the rabies 

virus infects neurons at axon terminals and travels retrogradely (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).  Glycoprotein is required for the virus to exit as well as to 

enter a cell.  The modified rabies virus used by Wickersham and colleagues is 

derived from the SADB19 vaccine strain of rabies virus, but has its glycoprotein gene 

deleted from its genome and replaced by a GFP gene.  When this virus infects cells, 

the cells will express GFP instead of glycoprotein.  When new viral particles are 

assembled, they lack the glycoprotein that is essential for viral particles release.  All 

the viral particles are thus trapped inside the cell, continually expressing GFP and 

filling its processes completely.  This method allows us to directly link the morphology 

of a certain cell type to a particular feedforward or feedback pathway of interest.   

With this new tracing method, it is possible to more clearly elucidate the 

components that are involved in the different feedforward and feedback pathways 

that are essential to the transmission of cortical information.  I am interested in 

understanding the morphology the projection neurons located in the deep layers of 

V1, precisely because they are so morphologically diverse and complex.  Particularly, 

I am interested in the morphology of neurons that participate in the corticocoritcal 
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feedforward transmission of information to area MT and corticotectal feedback 

pathway to the SC.   

 

Why study SC- and MT-projecting V1 neurons? 

Why is it important to study the cell types that project to these two cortical and 

subcortical structures?   

One of the goals of visual neuroscience is to understand how visual 

perception guides motor control, or more specifically, how motion perception 

influences eye movement.  Area MT is an area containing neurons that are 

responsible for detecting direction, speed, and binocular disparity of moving stimuli – 

an important area for generating motion perception, while the SC is responsible for 

saccade generation and control of eye movements (Allman et al., 1973; Stryker and 

Schiller, 1975).  Understanding the morphology of neurons conveying information to 

those two motion-related areas can yield great insight into the variety of functional 

roles they play in the computations that give rise to visual perception.  As discussed 

previously, some of the layer 6 neurons in V1 may project their axons to both the SC 

and MT.  If a cell is to modulate the activities of two structures at the same time by 

sending axons to both areas, it would be interesting to understand the kind of 

information that is being shared between different cortical and/or subcortical 

structures and how that contributes to the big picture of cortical information 

processing.  Understanding a cell’s morphology will pave the way for future 

physiology studies.  More importantly, it gives us a glimpse into the network of 

players that facilitate cerebral organization and processing.    

In the following chapter, I will describe a study that aims to further elucidate 

the rare cell types that were not found in the biocytin studies in macaques by Wiser 
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and Callaway – cells project to SC and area MT (Wiser and Callaway, 1996).  In 

these experiments, we injected the previously described rabies virus into the SC or 

area MT (Wickersham et al., 2007).  I will provide descriptions for the layer 5 neurons 

that were suspected by Lund to be SC projecting, and will report a type of non-tufted 

layer 6 neuron that has never been described in old world monkeys.  
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Figure 1.1:  A schematic representation of the complicated neuronal network in 
macaque primary visual cortex (V1). 
A piece of macaque brain stained for cytochrome oxidase (CO, brown) shows the 6 
layers of V1.  Overlaying the brain tissue is a schematic drawing of a network of 
distinct cell types interconnecting with one another to form the complicated V1 
circuitry. 
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Figure 1.2:  A schematic representation of the local circuitry in macaque V1. 
The diagram shows the three different magno-, parvo-, and koniocellular pathways 
from the LGN terminating in different layers of V1.  The different streams of 
information are integrated in V1 and relayed to higher cortical areas in a feedforward 
fashion through neurons in layers 2/3 and 4B.  Neurons in layers 5 and 6 send 
feedback projections to the LGN, SC, and pulvinar.  Star: spiny stellate neuron; 
triangle: pyramidal neuron in layer 4B; ovoid: deep-layer neurons; M, P, K: magno-, 
parvo-, and konio-cellular pathway; LGN: lateral geniculate nucleus; SC: superior 
colliculus. 
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Figure 1.3:  Diversity of cell types in layers 2/3, 4 and 5 of macaque V1. 
Thick traces: dendrites; thin traces: axons.  Different colors denote the various types 
of neurons in different layers.  Dashed lines depict axons entering the white matter, 
suggesting that those are projection neurons.  This schematic illustration is based on 
actual morphologies found in Callaway and Wiser, 1996. 
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Figure 1.4:  Diversity of layer-6 neurons in macaque V1.   
Dark traces: dendrites; gray traces: axons.  Eight types of pyramidal neurons were 
identified in layer 6 of macaque V1, divided into two classes.  Class I neurons (top 
row) have dense dendritic and axonal arbors in layer 4C; Class II neurons (bottom 
row) avoid layer 4C, instead, have more extensive dendritic and axonal arbors in the 
deep layers 5 and 6.  From Briggs and Callaway, 2001. 
 



33 

References 

Allman JM, Kaas JH, Lane RH (1973) The middle temporal visual area(MT)in the 
bushbaby, Galago senegalensis. Brain Res 57:197-202. 

 
Anderson JC, Martin KA, Whitteridge D (1993) Form, function, and intracortical 

projections of neurons in the striate cortex of the monkey Macacus 
nemestrinus. Cereb Cortex 3:412-420. 

 
Baylor DA, Nunn BJ, Schnapf JL (1987) Spectral sensitivity of cones of the monkey 

Macaca fascicularis. J Physiol 390:145-160. 
 
Blasdel GG, Lund JS (1983) Termination of afferent axons in macaque striate cortex. 

J Neurosci 3:1389-1413. 
 
Briggs F, Callaway EM (2001) Layer-specific input to distinct cell types in layer 6 of 

monkey primary visual cortex. J Neurosci 21:3600-3608. 
 
Briggs F, Callaway EM (2005) Laminar patterns of local excitatory input to layer 5 

neurons in macaque primary visual cortex. Cereb Cortex 15:479-488. 
 
Briggs F, Usrey WM (2009) Parallel processing in the corticogeniculate pathway of 

the macaque monkey. Neuron 62:135-146. 
 
Callaway EM (1998) Local circuits in primary visual cortex of the macaque monkey. 

Annu Rev Neurosci 21:47-74. 
 
Callaway EM (2004) Feedforward, feedback and inhibitory connections in primate 

visual cortex. Neural Netw 17:625-632. 
 
Callaway EM, Wiser AK (1996) Contributions of individual layer 2-5 spiny neurons to 

local circuits in macaque primary visual cortex. Vis Neurosci 13:907-922. 
 
Chan-Palay V, Palay SL, Billings-Gagliardi SM (1974) Meynert cells in the primate 

visual cortex. J Neurocytol 3:631-658. 
 
Chatterjee S, Callaway EM (2003) Parallel colour-opponent pathways to primary 

visual cortex. Nature 426:668-671. 
 
Cusick CG, Scripter JL, Darensbourg JG, Weber JT (1993) Chemoarchitectonic 

subdivisions of the visual pulvinar in monkeys and their connectional relations 
with the middle temporal and rostral dorsolateral visual areas, MT and DLr. J 
Comp Neurol 336:1-30. 

 
Dacey DM (1993a) The mosaic of midget ganglion cells in the human retina. J 

Neurosci 13:5334-5355. 
 
Dacey DM (1993b) Morphology of a small-field bistratified ganglion cell type in the 

macaque and human retina. Vis Neurosci 10:1081-1098. 



34 

 
Dacey DM (2000) Parallel pathways for spectral coding in primate retina. Annu Rev 

Neurosci 23:743-775. 
 
Dacey DM (2003) Origins of Perception: Retinal Ganglion Cell Diversity and the 

Creation of Parallel Visual Pathways. In. 
 
Dacey DM (2004) Origins of Perception: Retinal Ganglion Cell Diversity and the 

Creation of Parallel Visual Pathways, Third Edition. Cambridge: The MIT 
Press. 

 
Dacey DM, Lee BB (1994) The 'blue-on' opponent pathway in primate retina 

originates from a distinct bistratified ganglion cell type. Nature 367:731-735. 
 
Denys K, Vanduffel W, Fize D, Nelissen K, Peuskens H, Van Essen D, Orban GA 

(2004) The processing of visual shape in the cerebral cortex of human and 
nonhuman primates: a functional magnetic resonance imaging study. J 
Neurosci 24:2551-2565. 

 
Deschenes M, Bourassa J, Pinault D (1994) Corticothalamic projections from layer V 

cells in rat are collaterals of long-range corticofugal axons. Brain Res 664:215-
219. 

 
Felleman DJ, Van Essen DC (1991) Distributed hierarchical processing in the primate 

cerebral cortex. Cereb Cortex 1:1-47. 
 
Finger S (1994) Origins of Neuroscience: A History of Explorations Into Brain 

Function, First Edition. New York: Oxford University Press. 
 
Fitzpatrick D, Itoh K, Diamond IT (1983) The laminar organization of the lateral 

geniculate body and the striate cortex in the squirrel monkey (Saimiri 
sciureus). J Neurosci 3:673-702. 

 
Fitzpatrick D, Lund JS, Blasdel GG (1985) Intrinsic connections of macaque striate 

cortex: afferent and efferent connections of lamina 4C. J Neurosci 5:3329-
3349. 

 
Fitzpatrick D, Lund JS, Schmechel DE, Towles AC (1987) Distribution of GABAergic 

neurons and axon terminals in the macaque striate cortex. J Comp Neurol 
264:73-91. 

 
Fitzpatrick D, Usrey WM, Schofield BR, Einstein G (1994) The sublaminar 

organization of corticogeniculate neurons in layer 6 of macaque striate cortex. 
Vis Neurosci 11:307-315. 

 
Freund TF, Martin KA, Soltesz I, Somogyi P, Whitteridge D (1989) Arborisation 

pattern and postsynaptic targets of physiologically identified thalamocortical 
afferents in striate cortex of the macaque monkey. J Comp Neurol 289:315-
336. 



35 

 
Fries W (1984) Cortical projections to the superior colliculus in the macaque monkey: 

a retrograde study using horseradish peroxidase. J Comp Neurol 230:55-76. 
 
Fries W, Distel H (1983) Large layer VI neurons of monkey striate cortex (Meynert 

cells) project to the superior colliculus. Proc R Soc Lond B219:53-59. 
 
Fries W, Keizer K, Kuypers HG (1985) Large layer VI cells in macaque striate cortex 

(Meynert cells) project to both superior colliculus and prestriate visual area V5. 
Exp Brain Res 58:613-616. 

 
Fuster JM, Jervey JP (1982) Neuronal firing in the inferotemporal cortex of the 

monkey in a visual memory task. J Neurosci 2:361-375. 
 
Hendrickson AE, Wilson JR, Ogren MP (1978) The neuroanatomical organization of 

pathways between the dorsal lateral geniculate nucleus and visual cortex in 
Old World and New World primates. J Comp Neurol 182:123-136. 

 
Hendry SH, Yoshioka T (1994) A neurochemically distinct third channel in the 

macaque dorsal lateral geniculate nucleus. Science 264:575-577. 
 
Hendry SH, Reid RC (2000) The koniocellular pathway in primate vision. Annu Rev 

Neurosci 23:127-153. 
 
Hubel DH, Wiesel TN (1972) Laminar and columnar distribution of geniculo-cortical 

fibers in the macaque monkey. J Comp Neurol 146:421-450. 
 
Katz LC (1987) Local circuitry of identified projection neurons in cat visual cortex 

brain slices. J Neurosci 7:1223-1249. 
 
Katz LC, Gilbert CD, Wiesel TN (1989) Local circuits and ocular dominance columns 

in monkey striate cortex. J Neurosci 9:1389-1399. 
 
Kelly RM, Strick PL (2000) Rabies as a transneuronal tracer of circuits in the central 

nervous system. J Neurosci Methods 103:63-71. 
 
Lachica EA, Casagrande VA (1992) Direct W-like geniculate projections to the 

cytochrome oxidase (CO) blobs in primate visual cortex: axon morphology. J 
Comp Neurol 319:141-158. 

 
Lachica EA, Beck PD, Casagrande VA (1992) Parallel pathways in macaque monkey 

striate cortex: anatomically defined columns in layer III. Proc Natl Acad Sci U 
S A 89:3566-3570. 

 
LeVay S, Sherk H (1981) The visual claustrum of the cat. I. Structure and 

connections. J Neurosci 1:956-980. 
 
Livingstone MS, Hubel DH (1982) Thalamic inputs to cytochrome oxidase-rich 

regions in monkey visual cortex. Proc Natl Acad Sci U S A 79:6098-6101. 



36 

 
Lund JS (1973) Organization of neurons in the visual cortex, area 17, of monkey 

(Macacca mulatta). J Comp Neurol 147:455-496. 
 
Lund JS (1987) Local circuit neurons of macaque monkey striate cortex: I. Neurons of 

laminae 4C and 5A. J Comp Neurol 257:60-92. 
 
Lund JS, Boothe RG (1975) Interlaminar connections and pyramidal neuron 

organisation in the visual cortex, area 17, of the Macaque monkey. J Comp 
Neurol 159:305-334. 

 
Lund JS, Yoshioka T (1991) Local circuit neurons of macaque monkey striate cortex: 

III. Neurons of laminae 4B, 4A, and 3B. J Comp Neurol 311:234-258. 
 
Lund JS, Wu CQ (1997) Local circuit neurons of macaque monkey striate cortex: IV. 

Neurons of laminae 1-3A. J Comp Neurol 384:109-126. 
 

Lund JS, Boothe RG, Lund RD (1977) Development of neurons in the visual cortex 
(area 17) of the monkey (Macaca nemestrina): a Golgi study from fetal day 
127 to postnatal maturity. J Comp Neurol 176:149-188. 

 
Lund JS, Hawken MJ, Parker AJ (1988) Local circuit neurons of macaque monkey 

striate cortex: II. Neurons of laminae 5B and 6. J Comp Neurol 276:1-29. 
 

Lund JS, Lund RD, Hendrickson AE, Bunt AH, Fuchs AF (1975) The origin of efferent 
pathways from the primary visual cortex, area 17, of the macaque monkey as 
shown by retrograde transport of horseradish peroxidase. J Comp Neurol 
164:287-303. 

 
Lyon DC, Nassi JJ, Callaway EM (2010) A disynaptic relay from superior colliculus to 

dorsal stream visual cortex in macaque monkey. Neuron 65:270-279. 
 
Masland RH (2001) Neuronal diversity in the retina. Curr Opin Neurobiol 11:431-436. 
 
Moran J, Desimone R (1985) Selective attention gates visual processing in the 

extrastriate cortex. Science 229:782-784. 
 
Movshon JA, Newsome WT (1996) Visual response properties of striate cortical 

neurons projecting to area MT in macaque monkeys. J Neurosci 16:7733-
7741. 

 
Nassi JJ, Callaway EM (2007) Specialized circuits from primary visual cortex to V2 

and area MT. Neuron 55:799-808. 
 
Orban GA, Van Essen D, Vanduffel W (2004) Comparative mapping of higher visual 

areas in monkeys and humans. Trends Cogn Sci 8:315-324. 
 
Palmer LA, Rosenquist AC (1974) Visual receptive fields of single striate corical units 

projecting to the superior colliculus in the cat. Brain Res 67:27-42. 



37 

 
Perry VH, Cowey A (1984) Retinal ganglion cells that project to the superior colliculus 

and pretectum in the macaque monkey. Neuroscience 12:1125-1137. 
 
Perry VH, Oehler R, Cowey A (1984) Retinal ganglion cells that project to the dorsal 

lateral geniculate nucleus in the macaque monkey. Neuroscience 12:1101-
1123. 

 
Ponce CR, Lomber SG, Born RT (2008) Integrating motion and depth via parallel 

pathways. Nat Neurosci 11:216-223. 
 
Preuss TM, Qi HX, Kaas JH (1999) Distinctive compartmental organization of human 

primary visual cortex. Proc Natl Acad Sci U S A 96:11601-11606. 
 
Rocca J (2003) Galen on the Brain: Anatomical Knowledge and Physiological 

Speculation in the Second Century A.D., First Edition. Leiden: Brill Academic 
Publishers. 

 
Rockland KS, Pandya DN (1979) Distinctive compartmental organization of human 

primary visual cortex. Brain Res 179:3-20. 
 
Roorda A, Williams DR (1999) The arrangement of the three cone classes in the 

living human eye. Nature 397:520-522. 
 
Roska B, Werblin F (2001) Vertical interactions across ten parallel, stacked 

representations in the mammalian retina. Nature 410:583-587. 
 
Sawatari A, Callaway EM (1996) Convergence of magno- and parvocellular pathways 

in layer 4B of macaque primary visual cortex. Nature 380:442-446. 
 
Sawatari A, Callaway EM (2000) Diversity and cell type specificity of local excitatory 

connections to neurons in layer 3B of monkey primary visual cortex. Neuron 
25:459-471. 

 
Schmolesky MT, Wang Y, Hanes DP, Thompson KG, Leutgeb S, Schall JD, 

Leventhal AG (1998) Signal timing across the macaque visual system. J 
Neurophysiol 79:3272-3278. 

 
Shadlen MN, Newsome WT (1996) Motion perception: seeing and deciding. Proc Natl 

Acad Sci U S A 93:628-633. 
 
Shapley R, Lennie P (1985) Spatial frequency analysis in the visual system. Annu 

Rev Neurosci 8:547-583. 
 
Sherman SM, Guillery RW (2002) The role of the thalamus in the flow of information 

to the cortex. Philos Trans R Soc Lond B Biol Sci 357:1695-1708. 
 
Shipp S, Zeki S (1989) The Organization of Connections between Areas V5 and V1 in 

Macaque Monkey Visual Cortex. Eur J Neurosci 1:309-332. 



38 

 
Silberberg G, Markram H (2007) Disynaptic inhibition between neocortical pyramidal 

cells mediated by Martinotti cells. Neuron 53:735-746. 
 
Sillito AM, Jones HE, Gerstein GL, West DC (1994) Feature-linked synchronization of 

thalamic relay cell firing induced by feedback from the visual cortex. Nature 
369:479-482. 

 
Sterling P (1983) Microcircuitry of the cat retina. Annu Rev Neurosci 6:149-185. 
 
Stryker MP, Schiller PH (1975) Eye and head movements evoked by electrical 

stimulation of monkey superior colliculus. Exp Brain Res 23:103-112. 
 
Tokunaga A, Akert K, Garey LJ, Otani K (1981) Primary and secondary subcortical 

projections of the monkey visual system. An autoradiographic study. Brain 
Res 214:137-143. 

 
Ugolini G (1995) Specificity of rabies virus as a transneuronal tracer of motor 

networks: transfer from hypoglossal motoneurons to connected second-order 
and higher order central nervous system cell groups. J Comp Neurol 356:457-
480. 

 
Ungerleider LG, Galkin TW, Mishkin M (1983) Visuotopic organization of projections 

from striate cortex to inferior and lateral pulvinar in rhesus monkey. J Comp 
Neurol 217:137-157. 

 
Valverde F (1985) The Organizing Principles of the Primary Visual Cortex in the 

Monkey. In: The Cerebral Cortex (Peters A, Jones EG, eds), pp 207-257. New 
York: Springer. 

 
Van Essen D (2004) Organization of Visual Areas in Macaque and Human Cerebral 

Cortex, 1st Edition. Cambridge: The MIT Press. 
 
Van Essen DC, Newsome WT, Maunsell JH, Bixby JL (1986) The projections from 

striate cortex (V1) to areas V2 and V3 in the macaque monkey: asymmetries, 
areal boundaries, and patchy connections. J Comp Neurol 244:451-480. 

 
Vogels R, Orban GA (1990) How well do response changes of striate neurons signal 

differences in orientation: a study in the discriminating monkey. J Neurosci 
10:3543-3558. 

 
vogt Weisenhorn DM, Illing RB, Spatz WB (1995) Morphology and connections of 

neurons in area 17 projecting to the extrastriate areas MT and 19DM and to 
the superior colliculus in the monkey Callithrix jacchus. J Comp Neurol 
362:233-255. 

 
von Staden H, ed (1989) Herophilus: The Art of Medicine in Early Alexandria: Edition, 

Translation and Essays. Cambridge: Cambridge University Press. 
 



39 

Wade A, Augath M, Logothetis N, Wandell B (2008) fMRI measurements of color in 
macaque and human. J Vis 8:6.1-19. 

 
Wassle H, Boycott BB (1991) Functional architecture of the mammalian retina. 

Physiol Rev 71:447-480. 
 
Wickersham IR, Finke S, Conzelmann KK, Callaway EM (2007) Retrograde neuronal 

tracing with a deletion-mutant rabies virus. Nat Methods 4:47-49. 
 
Wiser AK, Callaway EM (1996) Contributions of individual layer 6 pyramidal neurons 

to local circuitry in macaque primary visual cortex. J Neurosci 16:2724-2739. 
 
Wurtz RH, Albano JE (1980) Visual-motor function of the primate superior colliculus. 

Annu Rev Neurosci 3:189-226. 
 
Yabuta NH, Callaway EM (1998) Functional streams and local connections of layer 

4C neurons in primary visual cortex of the macaque monkey. J Neurosci 
18:9489-9499. 

 
Yabuta NH, Sawatari A, Callaway EM (2001) Two functional channels from primary 

visual cortex to dorsal visual cortical areas. Science 292:297-300. 
 
Yoshioka T, Levitt JB, Lund JS (1994) Independence and merger of thalamocortical 

channels within macaque monkey primary visual cortex: anatomy of 
interlaminar projections. Vis Neurosci 11:467-489. 

 
 



40 

Chapter II 

 

Morphology of superior colliculus- and middle temporal area-projecting 

neurons in primate primary visual cortex 

 
 
 



41 

Abstract 

Layer 5 and 6 neurons in primate primary visual cortex (V1) provide both 

corticocortical connections to the middle temporal area (MT), and subcortical 

connections.  Layer 6 MT projecting neurons are particularly interesting, as they are 

the only V1 neurons providing feedforward input from the deep layers, and are the 

only cortical cell type making both corticcortical and subcortical connections (to 

superior colliculus [SC]) as demonstrated by double-labeling experiments (Fries et al., 

1985).  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 that acts as a retrograde tracer and completely fills the dendrites 

of projection neurons with GFP (Wickersham et al., 2007).  We injected the virus into 

SC or area MT of macaque monkeys and examined labeled cells in V1.  Two thirds of 

labeled neurons in our SC injections were found in layer 5, consisting of “tall-tufted” 

and “non-tufted” cells, while the remaining cells were located in layer 6 and were non-

tufted.  Area MT injections labeled neurons in layer 4B and layer 6, as previously 

described (Shipp and Zeki, 1989).  The layer 6 neurons projecting to MT were 

remarkably similar to those projecting to SC. Contrary to previous suggestions that 

SC or MT projecting neurons are invariably large “Meynert” cells, detailed analyses of 

cell body volumes reveal a broad range and no significant differences between 

layers.  Nevertheless, these unusual non-tufted layer 6 cells have very long, lateral 

dendrites extending up to a millimeter away from the soma, suggesting important 

roles in integrating information over a large retinotopic extent.   
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Introduction 

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 (see Callaway, 1998).  

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 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 location, size, 

shape, dendritic/axonal arborization patterns, input sources and physiological 

properties (Callaway, 1998).   

Of the six 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).  Improvements in experimental techniques have allowed an 

increasing number of cell types to be identified, but some cell types have still not 

been accessible to detailed evaluation.   

Superior colliculus (SC) 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 both layers 4B and 6 in both old and new world monkeys (Shipp and Zeki, 

1989; vogt Weisenhorn et al., 1995).  Based on the limited morphological details 

revealed by retrograde horseradish peroxidase (HRP) or fluorescent labeling, layer 5 

and 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 
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and Zeki, 1989).  Due to limitations of the techniques used, detailed morphology of 

SC- and MT-projecting V1 neurons is 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 GFP.  We injected the virus into SC or 

area MT of macaque monkeys and found that in V1, SC projecting cells are confined 

to layers 5 and 6; MT projecting cells are confined to layers 4B and 6, with most layer 

6 neurons being “non-tufted.”  Three types of SC projecting neurons were identified: 

layer 5 “tall-tufted,” layer 5 “non-tufted,” and layer 6 “non-tufted” pyramids.  A striking 

morphological resemblance among all the non-tufted cells is their sparse, but long 

and laterally spreading dendrites that extend up to a millimeter away from the soma.  

This suggests that they are likely to integrate information over large topographic 

areas.  
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Materials and Methods 

Animals 

Three adult monkeys were used: one Macaque mulatta (HNM1) and two 

Macaque fascicularis (HNM2 and HNM3), following protocols approved by the Salk 

Institute Animal Care and Use Committee.  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).  The 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 

completely (Wickersham et al., 2007). 
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Surgical procedures 

Injection sites 

Locations of SC injection sites (for HNM1 and HNM2) were determined based 

on stereotaxic coordinates and electrophysiological recordings.  Superficial layers of 

SC (~ 900µm) 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 MR images.  We used MR images in order 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).  

Injection parameters 

Recording and injecting electrodes entered the brain at a 38° angle and hit SC 

after passing through visual cortices.  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 Corporation, Fairfield, 

NJ, USA).  We adjusted pulse pressure (between 20-40 psi), duration (10-50 ms), 
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and frequency (0.5-2.0 Hz) to produce an injection rate of about 1 µl per every 5 min 

(or 0.2 µl/min). 

G-deleted rabies virus carrying GFP (4x108 to 8x109 i.u/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 2.1. 

 

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 parasagitally at 40-60µm 

thickness.  Blocks of brain containing STS were sectioned coronally at 50µm 

thickness.  The brain stem containing the superior colliculi was also sectioned at 

50µm thickness coronally. 

Initially, a series of every 12th section was processed for cytochrome oxidase 

(CO) activity followed by GFP immunostaining (Nassi and Callaway, 2007).  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.  The following 

primary antibodies were used: rabbit anti-GFP (Invitrogen A11122, 1:500), rabbit anti-

GFP (Abcam ab290-50, 1:15000), chicken anti-GFP (Aves Lab GFP-1020, 1:500), 

rabbit anti-tetramethylrhodamine dextran (Invitrogen A6397, 1:250).  For fluorescent 

secondary antibodies labeling in one case (HNM3), we used donkey anti-chicken 
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Cy2-conjugated secondary antibodies (Jackson ImmunoResearch 703-225-155, 

1:200), and donkey anti-rabbit Cy3-conjugated secondary antibodies (Millipore 

AP128C, 1:200).  In two cases (HNM1 and HNM2), GFP signals were detected using 

a goat-anti-rabbit biotinylated secondary antibody (Vector Laboratories BA-1000, 

1:250), amplified with the Avidin-Biotin-Peroxidase Complex system using 3,3'-

Diaminobenzidine (DAB) as chromogen, and enhanced with nickel and cobalt 

(Vectastain ABC Kit, Peroxidase Standard PK-4000, Vector Laboratories).  

Fluorescent sections were counterstained with 10 µM DAPI (Sigma-Aldrich D9542) in 

PBS for 10 min.  Sections were dehydrated through series of ethanol dilutions and 

xylene, then coverslipped using Krystalon (EMD Chemicals 64969-95, Gibbstown, 

NJ, USA).  Non-fluorescent sections were dehydrated following the same dehydration 

protocol, but were coverslipped using Permount (Fisher Scientific SP15-500, 

Pittsburgh, PA, USA) 

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 

(Figure 2.1A).  Cytochrome oxidase staining of the superior colliculus reveals the 

visually responsive superficial layers 1 to 3 as well as the intermediate and deep 

layers that are responsible for sensorimotor 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 superior colliculi 

(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 superior collicular surface.  While we hoped that the spread from 

the injections would be sufficient to infect the axon terminals of interest, this was not 
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the case.  The injections hit mostly the intermediate and deep superior collicular 

layers.  Therefore, only one layer 5 SC projecting neuron in V1 was labeled in 

HNM1’s brain.  For the second monkey (HNM2), injections were made at 0.5 and 1.5 

mm depth below the superior collicular surface, which allowed the virus to infect all 

superior collicular layers. 

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 (Figure 2.1B).  Modified 

Gallyas myelin stain was used to reveal the heavy myelination characteristic of area 

MT (Figure 2.1B’). 

 

Data Analysis 

Partial reconstruction of neurons from the “unbiased” sampling of population data 

To obtain an “unbiased” sample of the population data, we counted every cell 

on every 12th section of the entire V1 (of HNM2).  Only cells with greater than 50% of 

soma located on the 12th sections were counted.  All cells were classified based on 

the location of their soma.   

Morphological features obtained for each neuron in this unbiased sample are: 

laminar location of the soma represented by the laminar depth index (LDI), somal 

volume, the cell’s blob/interblob preference represented by the blob distance index 

(BDI), the appearance of its apical dendrite (tufted vs. non-tufted) if it exists and 

where it terminates (Figure 2.7).  We defined “tall-tufted” cells as cells with an apical 

dendrite extending to layer 1 and forming a tuft with more than two branches.  Non-

tufted cells were cells whose apical dendrite remains a single branch ending 
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anywhere between layers 2 and 5 without forming a tuft. These cell’s dendrites did 

not extend into layer 1. 

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 LDI’s 

between 1.01 and 1.14 (1<LDI≤1.14), and were considered as a separate group of 

layer 5/6 border cells.  Layer 6 cells are cells with LDI values between 1.14 and 2 

(1.14<LDI<2) (e.g., Figure 2.3). 

Somal volume 

To measure the three-dimensional volume of a soma, we outlined cross-

sections of the soma at approximately 1.5 µm intervals from the top to the bottom of 

that cell body to yield at least 8 contours per cell.  Cross-sectional outlines were 

drawn using Neurolucida software (MicroBrightField, 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. 
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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) 

Blob distance index 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, likely corresponding to the retinotopic locations matched to injection sites.  

At more central locations, large numbers of infected neurons often created a dense 

region of labeled dendrtic and axonal processes, making it unfeasible to accurately 

reconstruct those cells without confusing the processes between neurons.  Complete 

dendritic morphology was reconstructed using Neurolucida software 

(MicroBrightField, Williston, VT).   

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 
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computation of dendritic length and lateral dendritic spread – the quantitative 

measurements that were used to further distinguish the different cell types.  Total 

dendritic length is the sum of all dendritic segments, and was performed using Matlab 

(MathWorks, Natick, MA).  Sholl analyses were performed using Neurolucida 

software (MicroBrightField, Williston, VT) to examine the lateral spread of basal 

dendrites (Sholl, 1953). 

Statistical analyses were performed using JMP Statistical Discovery Software 

(SAS Institute Inc., Cary, NC).  
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Results 

Superior colliculus projecting V1 neurons 

Transynaptically incompetent GFP expressing rabies virus was injected into 

monkey superior colliculi using stereotactic coordinates obtained from collicular 

recordings (see 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 (Figure 2.1).  

We observed many labeled cells in V1, along with many labeled retinal 

ganglion cells in the retina, and labeled neurons in other extrastriate cortices.  

However, this report will only focus on describing the detailed morphology of SC 

projecting neurons in V1.  With the vast number of deep-layer V1 neurons labeled in 

this case, we counted and characterized every cell in every 12th section for all the 

sections collected from both hemispheres as our unbiased population data analyses.  

We are confident that such an unbiased sampling of cells would yield an objective 

and representative description of SC projecting neurons in V1 of non-human 

primates. 

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 of layers 5 and 6 

(n=126, mean LDI = 0.92, 25%-quartile LDI = 0.80, 75%-quartile LDI = 1, max LDI = 

1.56, min LDI = 0.25) (see Figure 2.2A and Figure 2.3A).  Cells were found in both 

calcarine and opercular surfaces.   

We classified cells into layer 5, layer 5/6, and layer 6 neurons based on the 

method we used to define somal location (see Methods).  By counting every cell in 

every 12th section as a means to obtain representative population data, we found a 
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total of 126 cells in HNM2.  Among this population of cells, the majority of SC 

projecting neurons in V1 are located in layer 5 (77%, n=97), and a smaller percentage 

is located in layer 6 (12%, n=15) (Figure 2.3A).  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 

projection to SC: layer 5 tall-tufted, layer 5 non-tufted, and layer 6 non-tufted (Figure 

2.7).  Ideally, reconstruction of detailed morphology of a randomly sampled group of 

cells would be the most unbiased way to characterize the population.  But due to the 

intense degree of overlapping between dendritic and axonal processes in densely 

labeled regions, detailed reconstruction of randomly chosen cells was not 

permissible.  However, it was possible to follow and trace the apical dendrite of any 

one particular cell and determine its morphology (tufted vs. non-tufted), as well as the 

location where the apical dendrite terminates (blob vs. interblob regions).  In this 

report, population data were collected for every cell on every 12th section, which 

consists of laminar location (represented by laminar depth index [LDI]), blob/interblob 

preference (indicated through blob distance index [BDI]) and somal volume.  We were 

able to categorize the apical dendritic morphology and termination site for 107 of 

those 126 cells.  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. 

  Among all the SC projecting neurons in layer 5, 40% (n=43) are tufted and 

35% (n=37) are non-tufted, with the majority of the non-tufted cells situating close to 

the border (Figure 2.3B).  Almost all layer 6 neurons are non-tufted (n=12/13) with 
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one exception (Figure 2.12A), and the majority of layer 5/6 neurons are non-tufted 

(n=11/14) (see figure 2.3B).  It is likely that the majority of layer 5/6 neurons are layer 

6 neurons as defined by our criteria. 

Distributions of somal volume of the three groups overlap completely: mean 

layer 5 somal volume is 5391 ± 2565 µm3, layer 5/6: 5966 ± 3661 µm3, and layer 6: 

5845 ± 4053 µm3.  Fries et al. reported that most layer 6 SC projecting neurons in his 

study had larger basal diameters than layer 5 pyramidal cells (Fries and Distel, 1983).  

Instead of using basal diameter as a measurement of cell body size, which is rather 

subjective and not reproducible, we devised a more reliable and reproducible method 

to measure the volume of each cell (see Methods).  Contrary to previous results, our 

population data reveal that layer 6 cells have a wide range of somal sizes, ranging 

from 2,000 to 14,000 µm3, indistinguishable from those of layer 5 cells (Figure 2.4A). 

There was no significant difference in the distributions of cell body sizes between 

layer 5 and layer 6 neurons (p > 0.87, Wilcoxon Rank-Sum test). 

 However, all the tall tufted cells as a group has significantly larger soma than 

the non-tufted group (p < 0.001, Wilcoxon Rank-Sum test, see figure 2.4B).  This 

trend holds true when we compared only layer 5 tufted vs. layer 5 non-tufted cells (p 

< 0.001, Wilcoxon Rank-Sum test, see Figure 2.4C), but not for layer 5/6 or layer 6 

neurons due to the very small number of tufted cells in those two groups (Table 2.2). 

 High cell density near layer 5 and layer 6 border and big cell bodies of layer 5 

tall-tufted cells give the impression that many layer 5 tall-tufted cells exist near the 

border.  However, no correlation between somal volume and LDI is found (Figure 

2.5A).  Somal sizes of neurons whose cell bodies located at the border between 

layers 5 and 6 and whose cell bodies in layer 6 do not have any correlation with 

laminar depth (Figure 2.5A). 
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The apical dendrites of layer 5 tall-tufted cells have no clear blob/interblob 

preference (mean BDI = 0.53 ± 0.31), while layer 5 non-tufted neurons have a clear 

blob preference (mean BDI = 0.36 ± 0.24).  Similarly, layer 6 non-tufted cells have a 

mean BDI of 0.27 ± 0.22 (Figure 2.6).  In general, non-tufted neurons of both layers 5 

and 6 are more blob-biased compared to the tufted cells. 

Reconstruction of selected cells 

To obtain detailed morphology of these 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.  We are aware that the selection process 

might create sampling bias and affect the representativeness of each population.  

However, because the morphologies of our reconstructed cells closely resemble the 

ones described in the literature (Lund and Boothe, 1975; vogt Weisenhorn et al., 

1995), we believe that the effect of this selection method did not critically alter our 

conclusion. 

Twenty-one SC projecting neurons in V1 were selected for reconstruction: 

thirteen were classified as layer 5 and eight as layer 6 neurons (Table 2.3).  The LDI 

values and somal sizes of the eight reconstructed layer 6 neurons are representative 

of the layer 6 population (Figure 2.5B).  While LDI’s 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).  We were 

unable to reconstruct layer 5 cells with bigger soma because they generally are 

located at the border of layers 5 and 6, in the middle of some of the densest labeled 

regions, hence reconstruction of those cells became nearly impossible. 
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 Eight of the 13 reconstructed layer 5 neurons are termed “tall tufted” neurons 

because they have an apical tuft extending to layer 1 without any side-branching in 

lower layers 2/3 and 4, while the majority of its apical dendrites are restricted to layer 

5 and upper layer 2/3 (Figure 2.7A).  Their basal dendrites are densely packed in 

layers 5 and 6 (Figure 2.7A’), and only extend laterally to about 300 µm on average 

(Figure 2.8A’ and 2.9B).  There is a small degree of individual variability among cells 

within this population in term of dendritic length distribution (Figure 2.8A) but the 

overall morphology is very consistent (Fig 2.7A). 

Five of the 13 reconstructed layer 5 neurons are termed “non-tufted” neurons 

(Figure 2.7B) because they have a single tuftless apical dendrite that extends toward 

but does not project beyond layer 2/3, and have many branches in layer 5.  The 

apical dendrites of this cell type appear to end preferentially under blob regions, in 

agreement with population data shown in figure 6.  Individual variability within this 

population regarding distribution of dendritic length is very low (Figure 2.8B).  This 

cell type has a very distinct dendritic distribution profile compared to their layer 5 

tufted counterparts.  The percentage of basal dendrites of layer 5 non-tufted neurons 

are distributed evenly between those two layers (Figure 2.7B’) while twice as many 

basal dendrites of layer 5 tall-tufted cells are confined to layer 5 than to layer 6 

(Figure 2.7A’).  Interestingly, even though the basal dendrites of layer 5 non-tufted 

cells are sparser than their tall-tufted counterparts, the lateral spreads of their 

dendrites are significantly longer (Figure 2.8B-B’ and 2.9B).  This is also 

demonstrated by the Sholl analysis between these two cell types (Figure 2.11A).   

 Overall, the two types of layer 5 neurons discovered in this study resemble the 

morphologies found in Golgi studies of immature macaque tissues by Lund and 

colleagues (Lund and Boothe, 1975; Lund et al., 1975), but not the ones found in 
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biocytin labeling studies (Wiser and Callaway, 1996; Briggs and Callaway, 2001).  

The authors from the Golgi studies suspected that they are SC projecting, but no one 

has been able to provide concrete and direct evidence for such a connection by this 

particular cell type until now. 

 The overwhelming majority of layer 6 SC projecting neurons in V1 has non-

tufted morphology with only one exception that will be described later (Figure 2.12A).  

Seven layer 6 neurons were selected for reconstruction (Figure 2.7C).  The 

distributions of LDI’s and somal sizes of these reconstructed neurons are similar to 

those of the observed overall population (Figure 2.5B).   

 All layer 6 SC projecting neurons are located in the upper half of layer 6.  They 

have a non-tufted apical dendrite extending upward as far as layer 2/3 with a slight 

preference for blob regions and have extensive branching of apical dendrites in layers 

5 and 6 (Figure 2.7C).  Their extensive basal dendrites are confined to layer 6 (Figure 

2.7C’), can extend laterally as far as 1.2 mm from the soma in one case, and are 

significantly longer than layer 5 tall-tufted (p<0.01, Wilcoxon Rank Sum test) but not 

layer 5 non-tufted cells.  In general, layer 6 cells have similar morphology to layer 5 

non-tufted cells, with long and laterally spreading basal dendrites being their 

signature characteristic (Figure 2.7C, 2.8C-C’).  

 In this experiment, we also encountered another unique looking layer 6 cell, 

but because we only encountered one cell of this type in the entire population, we will 

only describe it without making any generalized conclusion or categorization.  Of the 

fifteen layer 6 cells found in our unbiased sampling of SC projecting neurons in V1, 

twelve were non-tufted layer 6 cells as described, two had apical dendrites that were 

unidentifiable due to noise, and one was a layer 6 cell with a small apical tuft in layer 

1.  The tufted layer 6 cell had similar morphology to the tall-tufted layer 5 cells, except 
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the layer 6 cell’s tuft was relatively small (Figure 2.12A).  No statistical test was 

performed on the layer 6 cells because of the sample size of one.  

 

Middle temporal area projecting V1 neurons 

After injections of rabies virus in the middle temporal area in both 

hemispheres of monkey HNM3, labeled neurons were found in layers 4B and 6 of V1, 

as reported in previous studies (Figure 2.2B) (Lund and Boothe, 1975; Maunsell and 

van Essen, 1983; Fries et al., 1985; Shipp and Zeki, 1989; Sincich and Horton, 2003; 

Nassi and Callaway, 2006).  Figure 2.1C confirms that the location of injection was 

indeed in area MT.   

 By counting every cell in the entire primary visual cortex of monkey HNM3, we 

found that the number of 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 stellates and 18% pyramidals.  

Only six labeled neurons were discovered in layer 6, and interestingly, one in layer 5.  

 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 non-tufted 

morphology similar to the SC projecting non-tufted neurons in both layers 5 and 6: 

apical dendrites restricting the majority of their branches in layer 5 with a single 

tuftless branch extending toward cortical surface but only reaching as far as layer 2/3, 

and their basal dendrites are confined to layer 6 (Figure 2.10).  One very unique 

feature of MT projecting layer 6 cells that distinguishes them from all of the SC 

projecting cells is the size of their dendritic tree: their basal dendritic arbors are 
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significantly bigger than all SC projecting cells (all comparisons have p<0.05, 

Wilcoxon Rank Sum test, figure 2.9A).  This phenomenon can also be seen through 

the Sholl analysis of the amount of basal dendrites among three types of non-tufted 

cells (SC projecting layer 5, layer 6, and MT projecting layer 6) at different distance 

away from soma (Figure 2.11B).  That analysis demonstrates that MT projecting layer 

6 non-tufted cells have the densest dendritic arbors, followed by SC projecting layer 6 

non-tufted cells, and the sparsest being SC projecting layer 5 non-tufted cells.  On the 

other hand, those MT projecting layer 6 non-tufted cells’ lateral basal dendritic 

spreads are only significantly longer than those of the SC projecting layer 5 tufted 

neurons; no difference was detected when compared between the MT projecting 

layer 6 cells and the SC projecting non-tufted cells in both layers 5 and 6 (Figure 

2.9B).  No significant difference was found in somal sizes between different 

populations.   

 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 tetramethyl-rhodamine dextran in the SC and the modified rabies virus in 

area MT.  However, no double-labeled neuron was found.  This could be due to the 

mismatch of topographic locations between the superior collicular map and the MT 

map.  Based on our data, we believe that the layer 6 MT projecting cells in V1 are 

similar to layer 6 SC projecting neurons in V1 in terms of morphological details (Fig 

2.7C and 2.10A), dendritic distributions (Figure 2.7C’ and 2.10B), somal sizes 

(p=0.52, Wilcoxon Rank Sum test), and lateral dendritic spread (p=0.22, Wilcoxon 

Rank Sum test, see figure 2.11B).   

 One very unique MT projecting neuron was found in this experiment that has 

never been previously described (Figure 2.12B).  While all previous studies reported 
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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 3550 µm3).  This layer 5 tall-

tufted neuron has an apical dendrite that extends to layer 1 and forms a tuft.  

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 upper layer 2/3. 
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Discussion 

Our improved tracing method using a modified rabies virus has allowed us to 

confidently and directly identify the morphology of V1 neurons that project 

corticocortically to area MT and 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 and Boothe, 1975; Lund et al., 1975; 

Callaway and Wiser, 1996; Wiser and Callaway, 1996). 

 

Superior colliculus 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 non-tufted, and layer 6 non-tufted 

(Figure 2.7).  The two types of layer 5 neurons found in this study had been described 

in Golgi studies on young monkey tissues (Lund and Boothe, 1975; Valverde, 1985) 

and 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).  Our study 

provides direct evidence linking these two cell types to the corticotectal circuitry. 

 One remarkable characteristic of layers 5 and 6 of V1 is their neuronal 

diversity.  Biocytin labeling studies of layer 6 neurons in living macaque brain slices 

revealed two classes, consisting of eight different cell types (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 discovered in this study.  

This is not surprising, given that approximately 70% of excitatory neurons in layers 5 

and 6 focus on targeting local axonal arbors, leaving only approximately 30% of cells 
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projecting to other cortical and subcortical structures (Lund and Boothe, 1975; 

Callaway and Wiser, 1996; Usrey and Fitzpatrick, 1996; Wiser and Callaway, 1996).  

The projection neurons in layer 5 target SC and pulvinar (Lund et al., 1975; 

Ungerleider et al., 1983).  Half of the layer 6 projection neurons target the LGN, while 

the rest target the SC, area MT, and possibly the claustrum (LeVay and Sherk, 1981; 

Fries and Distel, 1983; Fitzpatrick et al., 1994; Callaway and Wiser, 1996; Wiser and 

Callaway, 1996).  Therefore, the SC projecting neurons described in this study 

constitute only approximately 1-5% of all layer 5 and 6 cells. 

Even though these SC projecting neurons in primates only exist as a small 

population, they are likely to perform more sophisticated functions than the SC 

projecting neurons in other species.  While other species such as mice, rats, 

hamsters, and 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), primates uses both tall-tufted and non-tufted 

cells (in both layers 5 and 6) for such function.  The distinct basal dendritic 

morphology of the non-tufted cells, reflected in every measurement (Figure 2.4, 2.6-

2.9), suggests that they are a unique cell type and their lack of apical dendritic tuft is 

not due to technical artifacts.  The need to recruit more than one cell type to modulate 

corticotectal activity might suggest the existence of higher order cortico-tectal 

interactions in monkey.   

 Layer 6 SC projecting neurons in primates are particularly unique.  They have 

not been detected in non-primate species (Gilbert and Kelly, 1975; Kawamura and 

Konno, 1979; Ferrer et al., 1986b, 1986a; Klein et al., 1986; Katz, 1987; 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, 
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the marmoset (vogt Weisenhorn et al., 1995) but not in macaques (Lund et al., 1977; 

Wiser and Callaway, 1996; Briggs and Callaway, 2001).  The most distinctive feature 

of these cells is their long lateral dendrites that we find extend as far as 1.2mm from 

the cell body, suggesting that these cells are likely to integrate visual information from 

large regions of the visual field. 

One extremely rare cell type encountered in layer 6 during population data 

sampling is the layer 6 small-tufted neuron (n=1 out of 126 neurons from the 

unbiased sample, see figure 2.12A).  Therefore, the three SC projecting cell types 

described here are perhaps the most abundant, but certainly are not the only cell 

types projecting to SC, reaffirming the rich heterogeneity of corticotectal cells. 

  

Middle temporal area projecting neuron in V1 

In agreement with previous studies, 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 non-tufted 

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, figure 2.9A).  This cell type is likely to be the same 

MT projecting cell type described physiologically by Movshon and Newsome – the 1% 

of their recorded cells that were antidromically driven by MT stimulation (Movshon 

and Newsome, 1996).  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 
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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 

Each type of SC projecting neurons has basal dendrites restricted to the home 

layer to integrate inputs from other projecting or non-projecting cells in the same 

layer.  In addition, layer 5 cells also receive inputs from neurons in the superficial 

layers that send branches down to specifically target layer 5 (Callaway and Wiser, 

1996).  However, the laminar and columnar differences in dendritic arbors suggest 

that each cell type 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 selectively target 

this layer (Rockland and Pandya, 1979).  Similarly, the blob-preferred non-tufted cells 

are likely to collect inputs from LGN K cells, from M-recipient layers 4B and 4Cα 

(Fitzpatrick et al., 1983; Callaway and Wiser, 1996; Yabuta and Callaway, 1998; 

Nassi and Callaway, 2007), as well as from blob-targeting layer 2/3 neurons that 

carry mixed M and P signals (Callaway and Wiser, 1996).  

 The extensive laterally spreading dendrites of layer 6 (both SC and MT 

projecting) cells could result in relatively large visual receptive fields for collecting 
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direct LGN inputs, as well as inputs from other deep-layer targeting V1 neurons 

(Hendrickson et al., 1978; Movshon and Newsome, 1996; Wiser and Callaway, 1996; 

Nassi and Callaway, 2006).  The relatively small number of layer 6 SC or MT 

projecting cells found in this and other studies suggests that each cell is likely to be 

responsible for sampling over a large area, but their output is likely to be very coarse 

yet very specific, solidifying their roles as modulators (Fries, 1984; Movshon and 

Newsome, 1996).  The specialized layer 6 MT projecting cells are likely to integrate 

and compare motion information from other direct LGN-recipient layer 6 cells.  They 

are also likely to fast track that information directly to MT before the majority of 

information reaches MT indirectly a few synapses later through layer 4B, and even 

later, through V2 and V3.  And since layer 6 MT projecting cells are likely to be the 

same cell type that is SC projecting, they might guide eye movement or other 

reactions toward the site of velocity change. 

 

“Meynert” cells 

Originally, Meynert designated the terms “outer” and “inner Meynert cells” to 

describe neurons in layers 4B and 6 that project to area MT in primates (Meynert, 

1867; Valverde, 1985).  Over time, the meaning of the term “Meynert cells” has 

gradually been altered to describe neurons with large cell bodies in layer 6 (le Gros 

Clark, 1942; Winfield et al., 1983), or layers 5 and 6 (Chan-Palay et al., 1974; Peters 

and Sethares, 1991).  Recently, the term “Meynert cells” has been used to describe a 

unique type of layer 6 neurons, present in cortical areas of a variety of species, that 

projects to the superior colliculus and/or area MT (Fries and Distel, 1983; Fries et al., 

1985).  These neurons were believed to have unusually large soma, with prominent 

tall-tufted apical dendrites, and are located at the border between layers 5 and 6 of 
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V1 (Chan-Palay et al., 1974; Fries and Distel, 1983; Lund et al., 1988).  The 

confusion that there is a group of big tall-tufted cells in layer 6 projecting to SC and 

MT may come from HRP tracing experiments (Lund et al., 1975; Fries, 1984; Shipp 

and Zeki, 1989) combined with the morphology of cells at the corresponding locations 

found in Golgi studies (Lund and Boothe, 1975; Valverde, 1985).  The method used in 

this study yields both morphological details and connectivity information, which is a 

significant improvement from previous similar studies.  We did not find any big tall-

tufted layer 6 Meynert cell that projects to SC. 

 In summary, V1 neurons projecting to the SC and area MT have a variety of 

somal sizes and dendritic morphologies, and there is no big tall-tufted layer 6 

“Meynert” cells in V1 that project to the SC or MT as previously thought. 
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Table 2.1: Injection parameters. 

  HNM1 HNM2 HNM3 

 Number of 
survival days 7 7 5 

Number of 
penetrations 

per hemisphere 
4 4 4 

Number of 
injections per 
penetration 
(depths)* 

2  
(-1, -1.5mm) 

 

2  
(-0.5, -1.5mm) 

 

3  
(-0.5, -1, & -1.5 

mm) 
SC 

injections 

Amount of virus 
or dye per 
injection 

(concentration) 

1 µl 
(4.16x108 iu/ml) 

# 

1 µl 
(8.53x109 iu/ml) 

# 

1 µl 
(10%)  

^ 

Number of 
penetrations 

per hemisphere 
n/a n/a 2 

Number of 
injections per 
penetration 

n/a n/a 5 MT 
injection 

Amount of virus 
or dye per 
injection 

n/a n/a 
0.5 µl 

(6.44x108 iu/ml)  
# 

* Injection depth from superior collicular surface. 
# G-deleted GFP rabies virus  
^ tetramethylrhodamine dextran 
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Table 2.2: Distribution of somal sizes of SC projecting neurons in V1. 

 Mean somal volume (mean ± std, µm3) of 
 all cells by layer tufted cells non-tufted cells cells with 

unidentifiable 
apical dendrite 

All cells 5509 ± 2887 
(n = 126) 

6772 ± 2885 
(n = 47) # 

5003 ± 2806 
(n = 60) # 

3983 ± 1822 
(n = 19) 

Layer 5 5391 ± 2565 

(n = 97) 
6563 ± 2853 

 (n = 43) ^ 
4743 ± 1898 

(n = 37) ^ 
4025 ± 1877 

(n = 17) 
Layer 5/6 5966 ± 3661  

(n = 14) 
7823 ± 995 

(n = 3) 
5459 ± 3988 

(n = 11) 
0 

Layer 6 5845 ± 4053 

(n = 15) 
8639 ± 0 
(n = 1) 

5652 ± 3943 
(n = 12) 

3629 ± 1760 
(n = 2) 

Note: Pairs of means with the same symbols are significantly different from each 
other, p<0.001, Wilcoxon rank-sum test. 
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Table 2.3: All reconstructed neurons in V1 projecting to SC and MT. 

  Total number 
of cells 

Tufted Non-tufted 

 All cells 27 10 17 
Layer 5 13 8 5 SC projecing Layer 6 8 1* 7 
Layer 5 1 1* 0 MT projecting Layer 6 5 0 5 

* Only one example of this cell type was found in the entire population and it was not 
included in any analysis (see figure 2.12A). 
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Figure 2.1:  Rabies virus injection sites in SC and MT. 
A, Superior collicular injection sites in monkey HNM2 showing the extent of rabies 
infection. Shown here is a cytochrome oxidase stained (CO, brown) SC section that 
displays rabies infection (GFP, black). The SC section is 50µm thick. For each 
monkey, we made four injections in each SC, at two different depths (-0.5 or -1 mm 
and -1.5mm from the SC surface), 1µl of virus for each injection. Although our 
injections extended into the deep layers of SC, but only the superficial layers (1-3) 
have connections with V1. 
B, MT injection sites in monkey HNM3 showing the extent of rabies infection. Single 
coronally cut cortical section stained for CO (brown) and GFP (black) showing the 
spread of the injections. The adjacent section (B’) is stained for myelin to show area 
MT in the superior temporal sulcus. D, dorsal; L, lateral. 
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Figure 2.2:  Retrogradely labeled neurons in V1 from SC and MT injections. 
A, Superior colliculus projecting neurons in V1 (HNM2).  Cytochrome oxidase staining 
of a V1 section reveals six distinct layers. Labeled cells (GFP, black) are found 
exclusively in layers 5 and 6, clustering around the border between layers 5 and 6, 
with about three quarters of cells residing in layer 5. A’, Magnification of the boxed 
neuron in (A). This neuron is located in layer 5.  
B, Area MT projecting neurons in V1 (HNM3).  DAPI staining of a V1 section reveals 
different cortical layers. Labeled cells (GFP, green) are found exclusively in layers 4B 
and 6, with an overwhelming majority in layer 4B. In the case of HNM3, we employed 
fluorescent immuno-labeling in an attempt to improve axonal labeling. 
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Figure 2.3:  Distribution of 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. 
Location of soma is expressed through laminar depth index. An LDI of 0, 1, and 2 
indicates the location of the soma being at the top of layer 5, at the border between 
layers 5 and 6, and at the bottom of layer 6 respectively. Bin size = 0.1. All cells are 
categorized as layer 5 (blue), layer 5/6 (green), or layer 6 cells (red).  
B, Distribution of tufted vs. non-tufted cells in layers 5 and 6 (n=107). Of the 126 cells 
sampled, only 107 cells have identifiable apical dendrites due to reasons described in 
the Results section, and are categorized into tufted vs. non-tufted. Cells with an 
apical tuft are indicated by the darker shade of the corresponding color than cells 
without an apical tuft. Layer 5/6 cells belong to the ambiguous zone and are 
considered a separate group in this analysis (see Methods). 
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Figure 2.4:  Somal distribution of SC projecting neurons in V1. 
A, Somal distribution of neurons in layer 5 (blue), layer 5/6 (green), and layer 6 (red) 
(n=126). No relationship 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 bar (top) shows the median, first and third quartile of 
each distribution, as well as the maximum and minimum values. Bin size = 1000 µm3. 
B, Distribution of somal volume between all tufted (black) and all non-tufted cells 
(gray) (n=107). The tall-tufted population has bigger somal volume than non-tufted 
cells (p<0.001, Wilcoxon Rank Sum test). Bin size = 1000 µm3. 
C, Distribution of somal volume between layer 5 tufted (dark blue) and layer 5 non-
tufted (light blue) cells. A similar trend is observed: layer 5 tall tufted cells generally 
have bigger somata than layer 5 non-tufted cells (p<0.001, Wilcoxon Rank Sum test). 
Bin size = 1000 µm3.  
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Figure 2.5:  Relationship between somal volume and laminar depth. 
A, Distribution of somal volume across laminar depth for neurons in layer 5 (blue), 
layer 5/6 (green) and layer 6 (red). No correlation between somal volume and laminar 
depth is detected for layer 5/6 and layer 6 cells 
B, Somal volume of the reconstructed cells compared to the overall population. 
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Figure 2.6:  Blob/Interblob preference of different SC projecting cell groups. 
Blob distance index (BDI) is determined for three main cell groups: layer 5 tall-tufted, 
layer 5 non-tufted, and layer 6 non-tufted. 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. Layer 5 tall-tufted cells have no preference for either blob or 
interblob regions, with BDI values evenly distributed (median=0.50, min=0.05, first 
quartile=0.25, third quartile=0.86, max=0.98, blue box-whisker plot). The non-tufted 
cells in layer 5 and 6 seem to have a blob preference, with median BDI values of 0.31 
and 0.16 respectively. 
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Figure 2.7:  Morphology of SC projecting neurons in V1. 
A, Morphology of layer 5 tall-tufted neurons. The distinguishing feature of this cell 
type is the long apical dendrite that extends to layer 1 and forms a tuft stratifying layer 
1 and upper layer 2/3. Their basal dendrites are densely packed in layer 5 and only 
extend laterally to about 350 µm.  Some basal dendritic branches extend into layer 6. 
A’, Quantitative analysis of laminar distribution of dendrites for all reconstructed SC 
projecting layer 5 tall-tufted cells (n=8).  
B, Morphology of layer 5 non-tufted neurons. This is a distinct cell type from their 
tufted counterpart, with their lack of an apical tufts and their sparse but long laterally 
spreading basal dendrites. The tuftless apical dendrites of this cell type have a blob 
preference. Their basal dendrites are spread rather evenly in both layers 5 and 6. 
B’, Quantitative analysis of laminar distribution of dendrites for all reconstructed SC 
projecting layer 5 non-tufted cells (n=5). 
C, Morphology of layer 6 non-tufted neurons.  Similar to layer 5 non-tufted neurons, 
this cell type has a single-branch apical dendrite that ends in the supergranular 
layers. Their basal dendrites are confined mostly in layer 6 and spreading very far 
laterally, up to 1.2 mm from soma. 
C’, Quantitative analysis of laminar distribution of dendrites for all reconstructed SC 
projecting layer 6 non-tufted cells (n=7). 
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Figure 2.8:  Sholl analysis of dendritic distribution of different cell types. 
Sholl analysis of dendritic distribution in relation to distance from soma for layer 5 tall-
tufted (A-A’, n=8), layer 5 non-tufted (B-B’, n=5), and layer 6 non-tufted cells (C-C’, 
n=7).  A, B, and C depict individual variability within each population. Traces in 
various shades of gray represent individual neurons. Blue trace represents the 
average dendritic length at various distances from soma. Bin size = 50µm. A’, B’, and 
C’ emphasize the extent of lateral spread between apical and basal dendrites, 
showing that layer 6 non-tufted cells have the longest basal dendritic spread. 
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Figure 2.9:  Comparison of dendritic features among the four cell type populations. 
Comparison of basal dendritic lengths (A) and lateral dendritic spread (B) across 
different cell types.  Blue box-whisker plots show the median, first and third quartile, 
as well as min and max values. Values are from all the reconstructed neurons. 
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Figure 2.10:  Morphology of MT projecting neurons in V1. 
A, Morphology of layer 6 non-tufted MT projecting neurons. This cell type has similar 
morphological appearance as the non-tufted SC projecting neurons. Their apical 
dendrites restrict the majority of their branches in layer 5 with a single branch 
extending towards cortical surface but only reaching as far as layer 2/3, while their 
basal dendrites are confined to layer 6. 
B, Quantitative analysis of laminar distribution of dendrites for all reconstructed MT 
projecting layer 6 non-tufted cells (n=5). 
C, Sholl analysis of dendritic distribution in relation to distance from soma showing 
individual variability within the population. Same convention as used in figure 8. 
D, Sholl analysis of dendritic distribution showing the density of basal dendrites and 
the extent of lateral spread between apical and basal dendrites. 
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Figure 2.11:  Distribution of basal dendrites of different cell types. 
Scholl analysis of basal dendritic lengths for the three SC projecting populations of V1 
neurons (A), and for the three types of non-tufted cells projecting to SC and MT (B).  
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Figure 2.12:  Rare cell types encountered in our experiments. 
A, Layer 6 tufted SC projecting neuron in V1. Of the 15 layer 6 SC projecting neurons 
encountered when we sampled every 12th section of the entire V1 of monkey HMN2, 
12 have the usual described non-tufted morphology, two have apical dendrites that 
were unidentifiable due to noise, and one has a small-tufted apical dendrite. We 
exclude this cell from our analysis and treat it as a rare exception. 
B, Layer 5 MT projecting neuron in V1. The apical dendrite of this cell extends to 
layer 1 and forms a tuft. However, different from other 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. 
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Chapter III 

 

Conclusions and final thoughts 
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The brain is a powerful organ.  Emily Dickinson even suggested that the brain 

is an embodiment of God: “The Brain is just the weight of God — / For — Heft them 

— Pound for Pound — / And they will differ — if they do — / As Syllable from 

Sound—” (see Epigraph, page v).  It is an organ that controls our thoughts and 

actions.  How does the brain work to perform extremely complicated yet precise 

functions?  As described in chapter 1, all of our sensory, motor, and cognitive 

processes are initiated and controlled by an array of cells interconnecting with one 

another to filter, consolidate, and convey information (Callaway, 1998).  I have 

explained that the brain is comprised of different regions, modules, layers, and nuclei, 

each with its own network of cells intra-communicating and intercommunicating with 

other cells in other regions to ensure the coherence of the cognitive thought and/or 

behavioral action. 

Following the principle that “form follows function,” first asserted by Louis H. 

Sullivan in the field of architecture, the physiology of a neuron can be explained and 

predicted, to certain extent, by its morphology.  Using primate V1 as a model, I 

described in detail the morphology and connectivity of neurons in each cortical layer, 

especially neurons in the deep layers of V1 – the layers that encompass the greatest 

diversity of neuronal cell types (Callaway and Wiser, 1996; Wiser and Callaway, 

1996; Callaway, 1998).  While the majority of deep layer neurons participate in local 

circuits, a small percentage of cells project to subcortical structures such as the LGN, 

SC, pulvinar, and possibly the claustrum (Lund et al., 1975; LeVay and Sherk, 1981; 

Fries and Distel, 1983; Ungerleider et al., 1983; Fitzpatrick et al., 1994; Callaway and 

Wiser, 1996; Wiser and Callaway, 1996; Callaway, 2004).  Layer 6 cells are 

particularly interesting because a subset of them are known to project to cortical area 
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MT in a feed-forward fashion (Movshon and Newsome, 1996), and they are 

suspected to be the same cell type that also projects to SC (Fries et al., 1985).   

Area MT is a brain region made up of neurons that are responsible for 

detecting direction, speed, and binocular disparity of moving stimuli – an important 

area for generating motion perception, while the SC region is responsible for saccade 

generation and control of eye movements (Allman et al., 1973; Stryker and Schiller, 

1975).  By studying the cell types recruited by V1 to participate in these two 

pathways, we hoped to be able to obtain a glimpse into how V1 is involved in these 

two very specialized motion perception and eye movement circuits.  However, little 

was known about the morphology of these cell types due to limitations in anatomical 

tracing techniques.  My experiments described in chapter 2 further explored the 

detailed anatomy of macaque V1 deep layer neurons that project to SC and MT using 

the advanced rabies viral tracing technique (Wickersham et al., 2007a). 

In chapter 2, I described my experiments that aimed to elucidate the 

morphology of SC and MT projecting neurons in V1.  With the new viral tracing 

technique, I was able to identify three new cell types that can be confidently assigned 

to the corticotectal and corticocortical (V1 to MT) pathways.  The corticotectal cells 

discovered in my study are the layer 5 tall-tufted, layer 5 non-tufted and layer 6 non-

tufted.  The layer 6 non-tufted cell type is distinct from any previously described cell 

type.  Their signature characteristic is the long laterally spreading basal dendrites.  

The layer 6 non-tufted MT projecting cells have very similar morphological details as 

the layer 6 non-tufted SC projecting cells.  Some researchers even suggested that 

they are the same cell type (Fries et al., 1985).  However, we were not able to locate 

any double-labeled cell, likely to do mismatched topographic localization of our 

injections in the two structures. 
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Knowing the morphology of SC and MT projecting neurons, along with 

previous anatomical and physiological studies, we are able to gain a little more insight 

into how the brain recruits various cell types into functionally and anatomically distinct 

circuits.  My discovery will set the foundation for future studies seeking to elucidate a 

more complete picture of neural circuitry in V1. 

What are some possible, meaningful future studies based on my discovery? 

My experiments have identified that the SC and MT projecting neurons belong 

to a very rare cell group reserved for very specialized functions involving motion 

perception and eye movement control; our ultimate goal is to understand how those 

neurons participate in that circuit functionally.  One possible future study is to further 

investigate the motion perception and eye movement circuit by conducting disynaptic 

tracing studies using viral complementation techniques developed by Wickersham 

and colleagues (Wickersham et al., 2007b).  The viral complementation technique 

allows for the visualization of not only the initially-infected neuron, but also all the 

presynaptic neurons connected to that one cell.  Such an experimental design would 

give us a broader snapshot of a network of cells in relation to one particular neuron of 

interest.  For example, this method not only allows the visualization of the layer 5 tall-

tufted cells, but also the LGN K cells that send projections to layer 1, the inhibitory 

interneurons that modulate the activities in superficial layers, as well as other 

feedback neurons that selectively target the layer 5 tall-tufted cell type. 

Knowing the anatomical details of each cell type in the brain is useful for 

guiding future functional studies, such as studies using activation or inactivation 

techniques (Lechner et al., 2002; Boyden et al., 2005).  For example, it is possible to 

selectively inactivate the SC projecting cells in V1 and examine how the inactivation 

procedure alters the response properties of SC neurons.  Further, we can combine 
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these monosynaptic or disynaptic tracing studies with two-photon imagining in vivo to 

identify the functional properties of these cells or cells that are directly connected to 

them.   

With the innovative techniques, such as those I’ve mentioned above, that are 

being developed in the field of Neuroscience, the possibilities for future experiments 

are endless, guiding us closer and closer to the ultimate goal of understanding how 

the brain works beyond vision. 
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