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Under the longstanding model of the primate primary visual cortex (V1), color and form 

are processed by distinct neurons that are clustered according to cytochrome oxidase (CO) 

expression. Previous studies have demonstrated that there is not strict spatial segregation but have 

continued to support the model at single neuron level; previous studies have failed to identify 

neurons selective for both orientation and color that respond much more strongly to their preferred 
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color (on an equiluminant background) than to achromatic stimuli. But previous studies have been 

limited in their spatial resolution and sampling of stimulus space, leaving several outstanding 

questions. 

We overcame limitations of previous studies by utilizing GCaMP6f 2-photon calcium 

imaging, which enabled long-term recording from large populations of neurons with single neuron 

resolution. We displayed a variety of stimuli, including equiluminant colored gratings and 

luminance-modulated achromatic gratings at a variety of orientations and spatial frequencies. We 

also conducted reverse correlation using cone-isolating gratings to map the cone inputs individual 

neurons. Finally, we aligned our calcium imaging results with intrinsic signal imaging (ISI) and 

postmortem histology to relate the responses of individual neurons to functional and anatomical 

markers, such as CO blobs. 

We reveal that nearly half (46.4%) of neurons in V1’s superficial (cortico-cortical output) 

layers prefer colored to achromatic stimuli and nearly one-fifth (19.1%) respond more than twice 

as strongly to colored stimuli. Amongst these strongly color-preferring cells, the majority (11.6% 

of all cells) are also strongly orientation selective and located far from CO blobs, while the 

remaining color-preferring cells (7.5% of all cells) are poorly tuned for orientation and located 

close to CO blobs. We also reveal that cells are spatially organized according to preferred color 

and the sign of their dominant cone inputs.  

These findings demonstrate that color and form are jointly processed by a previously 

unreported population of neurons located predominantly in the interblobs of primate V1, indicating 

that early and integrated processing contributes to perception of visual objects. Observations that 

both cone inputs and preferred hues are systematically mapped within V1 are likely to reflect 

underlying organization of thalamic inputs and local circuits within V1.
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INTRODUCTION 

Color perception has fascinated psychologists and physiologists for centuries, particularly 

due to several unique properties that differ from other sensory modalities. For example, unlike 

sound waves, which can be combined to create unique chords, the combination of two or more 

colors is simply perceived as another individual color. Furthermore, colors can appear different 

depending on their surrounding colors and shapes, demonstrating that color information must be 

integrated with information regarding motion and form in order to provide a complete 

representation of visual stimuli. Over the past century, a series of landmark studies have provided 

great insight on how color and other features are represented in the early visual system, including 

the retina and lateral geniculate nucleus (LGN) of the thalamus. However, despite the great 

importance of color vision, the coding mechanisms of color in the cerebral cortex, particularly in 

relation to other visual features, remain a central question in vision research (Conway et al., 2010). 

Here, I review our current understanding of how color signals are processed from the retina to the 

primary visual cortex. 

 

Early Theories of Color Vision 

The Young-Helmholtz, or trichromatic, theory of color vision was proposed by Thomas 

Young and Hermann von Helmholtz in the nineteenth century. In 1802, Young postulated the 

existence of multiple photoreceptors, each of which was sensitive to a range of visible wavelengths 

of light (Young, 1802). Several decades later, Helmholtz demonstrated that all visible colors could 

be created using combinations of three basic colors (Helmholtz, 1867) and hypothesized three 

types of photoreceptors that preferred short (blue), medium (green), or long (red) wavelengths. 

Based on the relative activation of each of these photoreceptors, the brain would be able to perceive 
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a wide range of colors. Meanwhile, German physiology Ewald Hering proposed the opponent 

process theory in the late nineteenth century, which states that the visual system processes color 

in an antagonistic fashion (Hering, 1964). Under this theory, the visual system records differences 

between colors. Hering proposed three opponent channels: green/red, blue/yellow, and 

black/white. 

While the trichromatic and color opponent theories were first thought to be at odds with 

each other, subsequent discoveries demonstrated that each theory is represented within separate 

stages of visual processing. Studies have demonstrated the existence of multiple types of cone 

photoreceptors with different light absorption spectra in primate retina (Baylor, Nunn, & Schnapf, 

1987). In the 1950s and 1960s, a series of studies by De Valois et al., Hubel and Wiesel, and others 

found a variety of cone-opponent neurons in the primate lateral geniculate nucleus (LGN) (De 

Valois, 1960; Wiesel & Hubel, 1966). It is now well understood that the short- (S), medium- (M), 

and long-wavelength (L) cones in the retina integrate into cone-opponent retinal ganglion cells and 

thalamic neurons in the LGN. Further, the three opponent channels proposed by Hering have been 

demonstrated to relate to the parvocellular, koniocellular, and magnocellular parallel visual 

pathways (Nassi & Callaway, 2009). Below, each of these early visual processing steps is reviewed 

in detail. 

 

Retinal Photoreceptors 

 Visual processing begins in the retina, where a dense photoreceptor mosaic converts 

incoming light into electrochemical signals as a function of position, wavelength, and time (Nassi 

& Callaway, 2009). As introduced above, the primate retina contains three types of cone 

photoreceptors (L-, M-, and S-wavelength) in addition to rod photoreceptors. These photoreceptors 



 3 

tile the retina, with variations in cone density resulting in nonuniform visual acuity in different 

regions of the visual field. In the primate retina, previous work has demonstrated that L and M 

cone density is highest in the fovea, which is responsible for central vision, and decreases with 

eccentricity (Curcio, Sloan, Packer, Hendrickson, & Kalina, 1987; Marc & Sperling, 1977). L and 

M cones are randomly arranged, while S cones are arranged more sparsely in an organized fashion 

(Curcio et al., 1987; Roorda, Metha, Lennie, & Williams, 2001). Conversely, rod density is lowest 

in the fovea and highest in the periphery (C. K. Adams, Perez, & Hawthorne, 1974). The high cone 

density within the fovea facilitates the increased photopic central visual acuity of primates. 

Interestingly, as reported by Curcio et al. (1987), there is a wide variance in the precise foveal 

and/or peripheral cone density between subjects, which may explain some difference in visual 

acuity between individuals.  

Rod photoreceptors display extreme light sensitivity and consequently mediate night, or 

scotopic, vision. Cone photoreceptors, on the other hand, require relatively high activation 

thresholds, and are therefore most useful in photopic, or well-lit, environments (Bloomfield & 

Dacheux, 2001). Each cone type has a corresponding absorption spectrum, which demonstrates 

how the relative response of each cone type differs based on the wavelength of the stimulus. The 

sensitivity of each photoreceptor types varies due to slight differences between the visual pigments 

in each cell type, and these variations mediate mammalian color vision. The precise cone 

absorption spectrum has been calculated for each cone type and is indicated in Figure 0.1 (Baylor 

et al., 1987; Schnapf, Kraft, & Baylor, 1987; Stockman & Sharpe, 2000). 
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Figure 0.1: Normalized Cone Response Spectra. 10° cone fundamentals as calculated by 
Stockman and Sharpe (2000). The normalized responses of S, M, and L cones are plotted in blue, 

green, and red, respectively. 
 

Evolutionarily, mammalian species differ greatly both in the number of cone photoreceptor 

types as well as their respective absorption spectra. For example, chickens possess four cone types, 

while mice and many other mammalian species have just two cone types (Nathans, 1999). The 

exact evolutionary processes the led to trichromatic color vision in primates remain unknown, but 

several studies have led to the following picture of the evolution of color vision in humans. Studies 

of several vertebrates reveal an ancient dichromatic color vision system that evolved 

approximately 500 million years ago, in which one visual pigment prefers wavelengths <500nm 

(the S cone pigment in primates, found on chromosome 7) and the other prefers wavelengths 

>500nm (Nathans, 1999). In primates, however, a recombination event of the second opsin gene 

emerged approximately 30-40 million years ago in order to give rise to the L and M cones and 

consequently trichromatic color vision (Bowmaker, 1998; Sharpe, Stockman, Jägle, & Nathans, 

2001). In Old World monkeys and the Great Apes, including humans, the L and M cones display 
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approximately 98% homology and are both found on the X chromosome, suggesting that they 

arose from nonhomologous recombination (Bowmaker, 1998). The fact that the genes for both L 

and M cone pigments are found on the X chromosome in humans also results in a higher prevalence 

of color blindness in males. 

An important limitation of cones is the ambiguity of the information that is coded by their 

responses. In 1972, Rushton introduced the principle of univariance, which states that “the output 

of a receptor depends upon its quantum catch, but not upon what quanta are caught” (Rushton, 

1972). In other words, upon absorption of the stimulus, the only remaining information is the 

number of photons in each cone; the wavelength of absorbed photons is not retained. Therefore, 

the activation of each cone can be modulated by a change in light intensity or by a change to a 

more or less favorable wavelength based on the cone’s absorption spectra. Accordingly, the 

activation of an individual cone type does not provide useful information about the color of a 

stimulus. Instead, the relative activation of each cone type at each position of visual space must be 

compared to infer the color of a visual stimulus. Consequently, while any light stimulus may be 

defined by its intensity at an infinite number of wavelengths, the trichromatic cone photomosaic 

decreases the dimensionality to just three dimensions (Gegenfurtner & Kiper, 2003), greatly 

simplifying the subsequent computations necessary to infer stimulus color. However, because the 

response of individual cones is ambiguous and cannot provide precise information about the color 

of a visual stimulus, a significant amount of additional visual processing beyond the responses of 

retinal cone photoreceptors is required to infer the color and shape of a visual stimulus. Due to the 

anatomical limitation imposed by the optic nerve, the output of the photoreceptor mosaic must be 

greatly condensed prior to exiting the retina. 
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Color Representation in Retinal Ganglion Cells and the Thalamus 

 From retinal photoreceptors, information is further processed in retinal ganglion cells 

(RGCs) and then sent to the lateral geniculate nucleus (LGN) of the thalamus, which further relays 

visual information to the primary visual cortex (V1). As introduced above, the amount of 

information carried between the retina and thalamus is limited by the size of the optic nerve, which 

necessitates that information is carried in a highly efficient manner. Therefore, populations of 

several different types of RGCs tile the retina to provide parallel information streams to the brain, 

with each RGC type integrating the responses of one or more photoreceptors through retinal 

bipolar cells. Retinal bipolar cells are considered to be the first “projection neurons” of the 

mammalian visual system. There have been at least 13 distinct bipolar cell types, each of which 

integrates the output of photoreceptors in a different manner to begin generating parallel channels 

that can encode various stimulus features. Bipolar cells can differ in their polarity (whether they 

respond to the onset or offset of light), spectral sensitivity, and speed, amongst other 

characteristics. Multiple bipolar cell types can provide input to an individual RGC (Euler, 

Haverkamp, Schubert, & Baden, 2014). The properties of an individual RGC are therefore 

dependent on the information provided by the bipolar cells that provide its input. 

RGCs are also a diverse population, with recent estimates suggesting approximately thirty 

distinct ganglion cell types in the mouse retina (Sanes & Masland, 2015). In primates, at least 18 

morphological types of RGCs have been identified (Fernandez, Nelson, & Kolb, 1995). Each RGC 

type is believed to tile the retina in order to provide a complete representation of the visual field. 

Consequently, an increased quantity of any particular RGC type suggests that individual cells are 

responsible for a smaller portion of the overall visual field (Field & Chichilnisky, 2007). However, 

the relative quantity of a specific RGC does not necessarily indicate the importance or complexity 
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of the visual information that it transmits to the LGN. Like bipolar cells, the properties of RGCs 

are also quite diverse. RGCs can differ in their polarity, opponency (see below), speed, and more. 

 The first evidence for color opponent ganglion cells came from Gunnar Svaetichin and 

Edward MacNichol, who reported the existence of “Y-B” and “R-G” retinal cells in the fish retina 

(Svaetichin & MacNichol, 1959). These cells were characterized as having “two maxima of 

opposite polarity” (yellow and blue for the Y-B cells, red and green for the R-G cells). Color-

opponent RGCs in the primate retina were first discovered by physiologist Peter Gouras in 1968. 

In a series of studies, Gouras and colleagues recorded from RGCs of anesthetized macaques and 

demonstrated color opponency by recording the responses of individual RGCs to various 

combinations of stimulating and adapting lights. They identified three classes of cells (De 

Monasterio & Gouras, 1975; Gouras, 1968). The first class had sustained color-opponent responses 

in which one cone mediated a center response while one or two cones mediated an antagonistic 

surround response. In the second class, two cones mediated the center response and the surround 

typically had the same spectral sensitivity as the center. Finally, a third class did not have 

concentrically organized receptive fields. 

 As described briefly above, RGCs project directly to the LGN of the dorsal thalamus. The 

thalamus serves as a relay center for information from all sensory modalities except olfaction. The 

LGN in turn projects directly to the V1. Previous studies assessing the physiological responses of 

LGN neurons have demonstrated a high degree of similarity between the response properties of 

RGCs and thalamic neurons. Consequently, the LGN is viewed as primarily a relay center where 

little processing of visual information occurs, though there have been some differences seen in the 

temporal response properties of RGCs and thalamic neurons (Usrey & Alitto, 2015). 

Consequently, the color opponency of LGN neurons has also been well characterized through 
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many studies. In fact, the first evidence of color opponent neurons in LGN actually preceded the 

retinal studies described above. First, in 1958, a team led by Russell De Valois stimulated the eyes 

of rhesus monkeys with monochromatic light while recording from the lateral geniculate nucleus 

(LGN) and reported the existence of “red-on, green-off cells” (De Valois, 1960; De Valois, Smith, 

Kitai, & Karoly, 1958). Primate LGN cells were further characterized by Wiesel and Hubel (1966), 

who utilized monochromatic spots of varying diameters to demonstrate the existence of center-

surround color opponent neurons (Wiesel & Hubel, 1966). 

Early studies of the primate visual system, which utilized monochromatic light to infer the 

strength of cone inputs to individual RGCs, suggested that there were several opponent channels 

in the LGN that were used to process color vision. However, more recent studies utilizing cone-

isolating stimuli found that there are just two major classes of cone-opponent channels; a red-green 

(L-M) opponent channel and a blue-yellow (S-(L+M)) channel (Dacey, 2000) in the LGN. In 

addition, there is an achromatic channel that integrates the responses of multiple cone types to 

detect information about the brightness of a stimulus. These pathways correspond to the three 

primary parallel streams of visual information between the retina and LGN: the parvocellular (P), 

koniocellular (K), and magnocellular (M) pathways, respectively. The RGC types (midget, 

parasol, and bistratified cells) that participate in these pathways account for approximately 90% of 

all RGCs (Nassi & Callaway, 2009). Anatomically, these parallel visual pathways are extremely 

organized into specific layers of LGN. In Old World primates, LGN is composed of 2 

magnocellular layers, 4 parvocellular layers, and 6 koniocellular layers (Usrey & Alitto, 2015). 

Similar laminar precision has also been described in cats (Hickey & Guillery, 1974), while rodent 

LGN is organized into an inner core and outer shell (Reese, 1988). Further, as described in more 

detail below, these layers target precise layers or anatomical landmarks of V1. 
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The remaining RGC types likely contribute to other parallel pathways responsible for 

extracting additional features from visual scenes. As described by Field and Chichilnisky (2007), 

the textbook model that describes the abovementioned three primary parallel pathways is likely a 

gross oversimplification. However, additional parallel pathways between the retina and LGN have 

not been well characterized to date. 

 

Primary Visual Cortex 

Although we have gained a relatively strong understanding of color processing in the retina 

and LGN, the cortical transformations that lead to color perception remain poorly understood. 

Despite the impoverished color input in the trichromatic retina provided by L, M, and S cones, 

primates and humans are able to perceive very small changes in wavelength, indicating that the 

cortex transforms its inputs in order to infer fine details regarding colored stimuli. How and where 

does the transformation from cone-opponent inputs to hue selectivity occur? Similarly, how and 

where is information about stimulus shape and speed integrated with color information to provide 

the ability to infer the speed of oriented colored objects? 

Here, it is important to discuss the experimental techniques that have been used to reveal 

the functional response properties of individual V1 neurons. Due to its increased complexity and 

organization relative to LGN, additional techniques have been required to comprehensively study 

V1. The vast majority of early studies of primate cortex utilized single-unit extracellular 

electrophysiology. This technique, which involves the insertion of a glass or metal (typically 

tungsten) microelectrode into cortex, allows for the recording of the extracellular electrical 

potential of individual V1 neurons. While single-unit recordings are an extremely powerful 

technique for recording the response properties of individual neurons, they have limitations that 
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prevent comprehensive studies of neuronal connectivity and cortical organization. First, single-

unit extracellular electrophysiology suffers from sampling biases. In order to locate single units, 

researchers typically advance electrodes carefully while listening to or viewing the electrical 

activity on an oscilloscope and looking for evidence of action potentials, or spikes. In order to 

drive neuronal activity, this is typically conducted while providing a stimulus to the subject. This 

technique is potentially problematic due to the tendency to select for neurons that either have a 

high baseline firing rate or those that respond to the specific stimulus that was being displayed 

while searching for units. Further, the brain movement and cortical damage resulting from the 

electrode penetration impose limitations on the time during which single units can be isolated, 

limiting the breadth of the stimulus set that can be presented to the subject. Finally, the ability to 

record from single, typically noncontiguous, neurons prevents visualization of the spatial 

organization of response properties across the surface of V1 as well as studies assessing the direct 

connectivity of V1 neurons. 

In order to map functional response properties that could not be visualized by single-unit 

electrophysiology due to the limitations described above, Grinvald et al. developed a technique to 

map the functional architecture of cortex using intrinsic signals originating from small arteries 

(Grinvald, Lieke, Frostig, Gilbert, & Wiesel, 1986). While first used to display the existence of 

orientation columns in cat visual cortex, this technique has since been used to demonstrate the 

organization of ocular dominance columns (Blasdel, 1992; Ts'o, Frostig, Lieke, & Grinvald, 1990), 

orientation pinwheels (Blasdel & Salama, 1986), and color-responsive regions (Lu & Roe, 2008) 

in primate V1. Early studies utilized differential analysis, in which the response to one condition 

(e.g. responses to a stimulus with the left eye) are subtract from the responses to another condition 

(e.g. responses with the right eye). Later studies showed that utilized a continuous periodic 
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stimulus can reveal additional functional organization, such as retinotopy (Kalatsky & Stryker, 

2003). While intrinsic signal imaging (ISI) is a powerful technique for studying functional spatial 

organization of cortex because of its ability to simultaneously image large regions of cortex (often 

larger than 10mm x 10mm) for extended periods of time, the limited spatial and temporal 

resolution of intrinsic signals results in limitations on the conclusions that can be drawn. First, the 

limited spatial resolution does not allow detailed studies of single neuron activity. Consequently, 

it is not possible to know exactly where the intrinsic signals originated from. Since primate V1 is 

known to be a highly laminated region of cortex (see below), ISI does not provide an understanding 

of the mechanisms that lead to the functional maps that exist in V1. Additionally, due to the limited 

temporal resolution of intrinsic signals, it is not possible to know which phase of the stimulus the 

intrinsic signals result from when presenting continuous periodic stimuli. As a result, ISI studies 

typically require additional techniques with higher spatial and temporal resolution to confirm that 

the functional characteristics exist at a single cell level and to reveal which phase of a stimulus 

intrinsic signals are resulting from. 

More recent studies have overcome the limitations on spatial and temporal resolution 

imposed by ISI by utilizing calcium-sensitive dyes, such as Oregon Green BAPTA-1. Coupled 

with two-photon calcium imaging, calcium-sensitive dyes allow for cortical imaging with single 

neuron resolution and increased temporal resolution relative to ISI. These dyes utilize calcium 

levels as an indicator of neuronal activity, and the fluorescence of individual neurons can be 

measured in response to stimuli to infer their activity. However, the temporal resolution remains 

limited relative to single-unit electrophysiology, as individual action potentials cannot be 

visualized and instead must be inferred through deconvolution of the calcium response. Due to 

current limitations on two-photon microscopy, the imaging windows are limited in size (typically 
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a maximum of approximately 1mm x 1mm) relative to ISI. Further, the rapid decay of calcium-

sensitive dyes necessitates restricted stimulus sets that preclude highly specific stimuli, which are 

often necessary to fully characterize the functional properties of neurons that are highly tuned to 

many stimulus features. Finally, while two-photon imaging provides a method of focusing on 

specific cortical depths, it is limited in the cortical depth that it can penetrate. While this limitation 

typically does not prevent studies across all layers of rodent cortex, it does limit cortical studies in 

the thicker primate cortex to the most superficial layers. 

In order to overcome the limitations of the abovementioned techniques, additional 

strategies are currently in development. For example, genetically encoded calcium indicators 

(GECIs) such as GCaMP (Chen et al., 2013), which have long been used in rodents, have recently 

been successfully expressed in marmosets (Sadakane et al., 2015) and macaques (Li, Liu, Jiang, 

Lee, & Tang, 2017). GECIs are similar to calcium-sensitive dyes, with the additional advantage of 

enabling long-term imaging. Long-term imaging provides several advantages, including the ability 

to present more comprehensive stimulus sets as well as the ability to track the response properties 

of single neurons during long-term behavioral studies. However, GECIs are similarly limited in 

their ability to visualize only superficial layers and their poor time resolution. Advances in silicon 

fabrication technology have enabled the production of high-density microelectrode arrays, such as 

Neuropixels (Jun et al., 2017). These electrode arrays maintain the high temporal resolution of 

single-unit extracellular electrophysiology while also providing the ability to record from hundreds 

of neurons across all layers of cortex simultaneously. This ability enables the elucidation of single 

action potential from several individual neurons, potentially allowing for the detection of direct 

connections between neurons. In addition to having additional channels, silicon microelectrodes 

typically have a smaller footprint than tungsten or glass microelectrodes, resulting in decreased 
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cortical damage, enabling longer isolation of single units. Further, the high channel count 

eliminates the sampling biases of single-unit electrophysiology described above, as it is not 

necessary to search for single units by slowly advancing the electrode. 

As introduced above, the primate LGN provides several parallel inputs to the primate 

primary visual cortex (V1), including the magnocellular, parvocellular, and koniocellular 

pathways. Due to its extensive specialization described below, V1 has been the subject of 

exhaustive investigation over the past several decades. Notably, V1 transforms its inputs in several 

domains, including orientation and color. For example, orientation selective neurons, which were 

first described by Hubel and Wiesel (Hubel & Wiesel, 1968), arise in V1 and are generated by 

combining circularly symmetric opponent inputs (Figure 0.2A) (Priebe, 2016). Similarly, single-

opponent inputs from LGN are transformed into double opponent receptive fields, which have both 

spatial and cone opponency (Figure 0.2B). The existence of oriented double opponent neurons 

has also been described. Importantly, V1 neurons are also highly tuned and variable in their 

responses to these various features. Neurons in V1 have been shown to have a wide range of 

preferences for orientation (Blasdel, 1992; Ohki et al., 2006), spatial frequency (Bredfeldt & 

Ringach, 2002), speed (Priebe, Lisberger, & Movshon, 2006), and color, amongst other features. 

 

Figure 0.2: Oriented and Double Opponent Receptive Fields. (A) Depiction of the generation 
of oriented receptive fields from the combination of multiple circularly symmetric center-

surround receptive neurons. (B) Double opponent receptive fields. Double opponent neurons 
display both spatial and cone opponency. The sign of each cone input is indicated by + (ON) or 

– (OFF). This example neuron displays L/M double opponency. 
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In their landmark work, Hubel and Wiesel classified neurons in V1 as “simple” or 

“complex” neurons based upon their response properties. Simple cells were defined as the neurons 

with receptive fields that had the following characteristics (Hubel & Wiesel, 1968): 

1. Subdivided into distinct inhibitory and excitatory regions 

2. Summation within the separate inhibitory and excitatory regions 

3. Antagonism between the inhibitory and excitatory regions 

4. Possible to predict responses to stationary or moving spots of various shapes from a map 

of the excitatory and inhibitory areas 

The responses of complex cells, on the other hand, were not predictable from maps made with 

small circular stimuli. While other researchers have used variations on their definitions of simple 

and complex cells, the terminology has been a staple of visual cortex literature and remains a 

commonly used method to describe the response properties of visual cortex neurons. The relative 

proportions of simple and complex cells also remain unknown. 

Primate V1 is separated into six layers that can be separated based upon cell types (Balaram 

& Kaas, 2014). Further, some of these layers can be separated into sublayers, with the precise 

number of sublayers differing across primate species. In addition to the laminar stratification, V1 

can also be identified by the existence of cytochrome oxidase (CO) “blobs”, which form a patchy 

pattern across the surface of V1 (Horton & Hubel, 1981). Numerous detailed anatomical studies 

have shown that the cortical targets of LGN input are highly organized, both in terms of cortical 

layers targeted and the spatial location of the targets. Briefly, the magnocellular pathway projects 

predominantly layer 4Calpha and layer 6; the parvocellular pathway projects predominantly to 

layers 4A, 4Cbeta, and layer 6; and the koniocellular pathway projects predominantly to layer 1 

and the CO blobs of layer 2/3 (Figure 0.3). 
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Figure 0.3: Highly Organized Parallel Visual Pathways. Schematic diagram displaying the 
organization of the parallel magnocellular, koniocellular, and parvocellular visual pathways 

from retinal cone photoreceptors to primate V1. 
 

The intricate spatial organization of primate V1 has provided insight into information 

coding and cortical circuit mechanisms. Hubel and Wiesel first demonstrated the existence of 

cortical columns with their studies revealing the existence of ocular dominance columns (Hubel & 

Wiesel, 1969). This discovery was later demonstrated with additional spatial resolution using 

differential optical imaging (Blasdel, 1992). In addition to ocular dominance columns, primate V1 

individual neurons are also highly spatially organized according to their orientation preferences. 

Hubel and Wiesel first demonstrated that the orientation preferences of cortical columns were 

systematically organized (Hubel & Wiesel, 1974). However, they noted that there were 

unpredictable and sudden shifts in orientation preference as they advanced their electrodes. Later 

work by Blasdel and Salama utilizing optical imaging demonstrated that these shifts were due to 
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the fact that orientation preference are precisely organized in pinwheel structures (Blasdel & 

Salama, 1986). More recently, two-photon imaging using calcium sensitive dyes in cat V1 

demonstrated that single neurons are highly organized even within the centers of orientation 

pinwheels (Ohki et al., 2006). Additional studies have also demonstrated spatial organization of 

spatial frequency preference (Nauhaus, Nielsen, & Callaway, 2016; Nauhaus, Nielsen, Disney, & 

Callaway, 2012). 

The discovery of V1’s columnar and spatial organization of led to the proposition of the 

“ice cube” model by Hubel and Wiesel in 1977 (Hubel & Wiesel, 1977). According to this model, 

both orientation and ocular dominance complete full cycles over approximately 1mm of cortex, 

and therefore all possible combinations of orientation and ocular dominance are systematically 

mapped across the surface of primate V1. Further studies utilizing widefield imaging and 2-photon 

calcium imaging have demonstrated that orientation tuning, ocular dominance, and spatial 

frequency are all tiled in an orthogonal manner, providing further evidence and support for the ice 

cube model proposed by Hubel and Wiesel (Nauhaus et al., 2012).  
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Figure 0.4: “Ice Cube” Model of Primate V1. Depiction of the ice cube model of primate V1, in 
which all combinations of orientation selectivity and ocular dominance are included within a 
1mm x 1mm section of cortex. Colors indicate different orientation preferences, and ocular 

dominance and cytochrome oxidase blobs are indicated with labels. Adapted, with permission, 
from Principles of Neural Science, 5th Edition (Hudspeth, Jessell, Kandel, Schwartz, & 

Siegelbaum, 2013). 
 

The landmark discovery of orientation selective neurons in V1 provided important insight 

into the mechanisms by which information about edges, and consequently shapes, is extracted. 

Further studies revealed the existence of orientation-selective color-sensitive neurons (Michael, 

1979; 1981). However, the relative responses of these neurons to colored and achromatic stimuli 

remained a subject of debate. The existence of a color center in the brain and the segregation of 

color, form, and motion were first proposed by neurobiologist Semir Zeki in the primate 

extrastriate cortex (Zeki, 1978) and later in V1 by Livingstone and Hubel (Livingstone & Hubel, 

1988). Zeki noted that higher visual areas were highly specialized for specific features, such as 
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area V5’s specialization for motion and V4’s specialization for color. Livingstone and Hubel 

postulated that color and form were segregated into V1 cytochrome oxidase blobs (Wong-Riley, 

1979) and interblobs, respectively, each of which projects to a distinct region of V2 (see below). 

According to Livingstone and Hubel’s model, the cytochrome oxidase blobs contained color-

responsive double-opponent neurons that were equally responsive to stimuli of all orientations, 

while the inter-blob regions contained neurons that were orientation-selective. 

Subsequent work has demonstrated that there is not a strict anatomical spatial segregation 

of orientation selectivity (Economides, Sincich, Adams, & Horton, 2011), as suggested by 

Livingstone and Hubel. Further, studies using single-unit electrophysiology by Lennie et al. and 

Leventhal et al. found no difference between color responsiveness and CO staining (Lennie, 

Krauskopf, & Sclar, 1990; Leventhal, Thompson, Liu, Zhou, & Ault, 1995). It is important to note, 

however, that technical limitations did not allow for the generation of equiluminant colored 

gratings in these studies. Therefore, it is not possible to know whether neurons in these studies 

were recording to changes in color or luminance in these studies. A later study by Lu and Roe 

(2008) utilized differential ISI analysis to compare the responses to achromatic gratings of a low 

spatial frequency versus the responses to equiluminant colored gratings of a low spatial frequency. 

They found clear clustering of color responsivity in a “blob-like” pattern (Lu & Roe, 2008). 

However, it is unclear whether the low spatial frequencies (0.15-0.5 cycles/degree) tested by Lu 

and Roe contributed to their results. Further, while these regions were arranged in a similar pattern 

to CO blobs, the locations and frequency of CO blobs and these ISI color regions did not align 

exactly. An additional paper by Xiao et al. (2007) utilizing ISI visualized the regions of V1 that 

had the maximal responses to a series of equiluminant colors that were selected to evenly space 

CIE color space. They reveal a series of overlapping hue maps (Y. Xiao, Casti, Xiao, & Kaplan, 
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2007) that was also organized in a similar manner to the results of Lu and Roe (2008). However, 

the regions responding to different hues had large overlaps and there was no electrophysiology to 

support this result. Consequently, the exact relationship between color responsivity and CO 

histology remains unclear. 

While the spatial segregation of color and form have provided conflicting results, as 

described above, analyses of single unit responses have generally supported the segregated 

viewpoint. Few studies have compared the responses to achromatic versus equiluminant colored 

stimuli. A series of studies by Johnson et al. found that approximately 11% of 167 neurons 

recorded were considered “color-preferring” (at least twice as strong of a response to equiluminant 

colored stimuli), which was in line with previous results from Lennie et al (Johnson, Hawken, & 

Shapley, 2001; Lennie et al., 1990). Further, they concluded that these color-preferring cells were 

typically poorly tuned or untuned for orientation, and that only “luminance-preferring” (at least 

twice as strong of a response to achromatic gratings) or “color-luminance” (approximately equal 

response to achromatic and equiluminant colored stimuli) were orientation selective. However, it 

is important to note that color-luminance cells cannot unambiguously code for color. Because they 

have an approximately equal response to achromatic and colored stimuli, neurons that receive 

input from color-luminance neurons cannot distinguish whether the response was a result of 

chromatic or luminance modulation. Therefore, these results are in line with a segregated model 

of V1, in which neurons are unable to unambiguously code for orientation of colored stimuli that 

do not have any changes in luminance. 

 

Higher Visual Areas (V2, V4, and IT) 
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 Though not the main focus of this review, color processing beyond V1 also remains an 

active area of investigation. Because the mechanisms and organization of color processing beyond 

V1 are relevant to the organization of V1, a brief review of color processing in higher visual areas 

is included here. V1 sends strong projections to the second visual area (V2), which in turn provides 

strong feedback onto V1. Similar to V1, V2 can also be functionally and anatomically separated 

into thick, thin, and pale stripes. Further, the output of V1 to V2 is highly organized into multiple 

streams, and the functional segregation of these output streams is a subject of debate. As described 

above, Livingstone and Hubel described three parallel pathways that were responsible for color, 

form, and motion (Livingstone & Hubel, 1984; 1987): 

1. Color: V1 CO blobs to V2 thin stripes 

2. Form: V1 interblobs to V2 pale stripes 

3. Motion: V1 layer 4B to V2 thick stripes 

Interestingly, two studies from the Felleman lab utilizing ISI and electrophysiology 

demonstrated that the thin stripes of V2 contain relatively-large color-specific regions (Lim, Wang, 

Xiao, Hu, & Felleman, 2009; Y. Xiao, Wang, & Felleman, 2003). These bands are organized 

across the surface of V2 in the same order as color stimuli in the German standard color chart. 

Similar regions were not visualized in other stripes of V2, providing additional evidence to the 

theory that V2 thin stripes play a central role in color processing. However, as described above, a 

growing consensus of studies has demonstrated that the strict spatial segregation of features that 

was suggested by Livingstone and Hubel has been shown to be an oversimplification. 

Consequently, it is important to re-assess the functional roles of V2 compartments in light of the 

lack of spatial segregation in V1. A recent anatomical study by Federer et al. (2009) demonstrates 

that CO blobs project to thin stripes while the thick and pale stripes receive spatially segregated 
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inputs; the middle of interblobs projects to pale stripes while the borders of blobs/interblobs 

projects to thick stripes (Federer et al., 2009). While it is clear that there is anatomical organization 

of V1’s outputs to V2, it is important for future studies to revisit the functional specialization of 

V2’s stripe compartments. 

The representation of color beyond V2 has also been a subject of extensive work. Studies 

using fMRI have demonstrated hotspots, termed “globs” by Conway et al. (2007), in area V4 that 

display color tuning (Conway, Moeller, & Tsao, 2007). Additionally, similar studies have revealed 

the existence of larger color “patches” in the inferior temporal cortex (IT) (Lafer-Sousa & Conway, 

2013) (Chang, Bao, & Tsao, 2017). Importantly, these regions were found to multiplex information 

about the shape and hue objects, suggesting that they may be important for the combination of 

multiple features that are extracted separately. However, given the growing evidence that the 

segregated model is an extreme oversimplification, future studies are necessary to understand the 

complexity and specialization (or potential lack thereof) of the inputs to these higher order visual 

areas to reveal the mechanisms that allow for the perception of complex stimuli.  

 

Summary 

In summary, several decades of extensive research have provided great insight on the 

mechanisms that enable color perception. The Young-Helmholz and Hering theories of color 

vision are both represented within retinal photoreceptors and RGCs and the transformation and 

functional organization of the retina and thalamus have become more clear, though studies remain 

ongoing. The relatively simple thalamic inputs to V1 are highly organized, but the cortical 

transformations that contribute to color perception in primate V1 largely remain unclear. 

Following its introduction in 1988, the segregated model of V1 has been a mainstay in textbooks 
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and reviews. As I reviewed above, technical limitations have been a large factor preventing 

rigorous testing of the segregated model of V1. While subsequent literature has demonstrated that 

the organization and segregation of features in V1 is not as simple as originally proposed, the exact 

organization and mechanisms that give rise to color and form perception are still not well 

understood. 

In this dissertation, I describe a series of studies that takes advantage of new technologies, 

including GCaMP6f two-photon calcium imaging. In the work described here, we took advantage 

of the ability to display stimuli for long periods of time to sample a very large stimulus set that 

included achromatic gratings as well as gratings of various equiluminant colors. Both achromatic 

and colored stimuli were presented at a variety of spatial frequencies and orientations to account 

for the diverse preferences of V1 neurons. By comparing the responses to achromatic and colored 

stimuli, we reveal that there is a notable proportion of neurons that responds at least twice as 

strongly to colored stimuli. Surprisingly, the majority of these color-preferring neurons were also 

orientation selective and located in regions of lower CO intensity than the separate population of 

color-preferring, unoriented neurons. The latter population was located in CO blobs, as previously 

reported. 

Next, I describe a set of experiments combining ISI and two-photon calcium imaging, 

which reveals that neurons are highly spatially organized according to their dominant cone inputs. 

First, we displayed full-field periodic cone-isolating stimuli with Fourier analysis to reveal a 

patchy distribution of regions that respond to opposite phases of the stimulus. We further 

demonstrate that the locations of these regions correspond with the “blob-like” color-responsive 

regions that had been previously described by Lu and Roe (2008), strongly suggesting that the 

color-responsive regions previously described were simply a result of the relative activation of L 
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and M cones by their chosen hues. Next, we take advantage of the superior spatial and temporal 

resolution of two-photon calcium imaging to identify which phase of the cone-isolating stimuli the 

regions in the ISI maps correspond with. We demonstrate for the first time that neurons are highly 

organized across the surface of V1 based on the sign of their dominant cone inputs and that these 

maps are related to CO histology and previous ISI color maps. 
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CHAPTER 1: Color and orientation are mutually represented and spatially organized in primate 

primary visual cortex 

 

Abstract 

Previous studies support the textbook model that orientation and color are extracted by 

distinct neurons in the primate primary visual cortex (V1). However, rigorous testing of this model 

requires sampling a larger stimulus space than previously possible. We used GCaMP6f 2-photon 

calcium imaging to probe a very large spatial and chromatic visual stimulus space and map 

functional micro-architecture of thousands of neurons with single cell resolution. We find that 

notable proportions of V1 neurons strongly prefer equiluminant color over achromatic stimuli and 

are also orientation selective, indicating that orientation and color in V1 are mutually processed 

by overlapping circuits, and single neurons can precisely and unambiguously code for color at a 

specific orientation. Further analyses reveal systematic spatial relationships between color tuning, 

orientation selectivity, and cytochrome oxidase histology. 

 

Introduction 

The trichromatic primate primary visual cortex (V1) fundamentally transforms the inputs 

that it receives from retinal cone photoreceptors (via LGN) in the domains of both shape and color. 

Circularly symmetric inputs are combined to generate orientation selectivity (Priebe, 2016) and 

cone-opponent inputs are transformed to create color selectivity (Shapley & Hawken, 2011; 

Solomon & Lennie, 2007). Understanding how color is coded in the cortex remains a central 

question in vision research (Conway, Eskew, Martin, & Stockman, 2018). In a landmark 1988 

review, a general model was proposed in which color and orientation are separately extracted 



 31 

within V1 and are represented by neurons located in different cortical columns that project 

separately to higher visual areas for further processing (Livingstone & Hubel, 1988). Under this 

modular model, neurons within cytochrome oxidase (CO) blobs respond selectively to color or 

brightness but not orientation, while neurons in interblobs are selective for orientation but not the 

color of the stimulus. Subsequent studies have demonstrated that there is not in fact strictly 

modular spatial segregation of these properties (Economides, Sincich, Adams, & Horton, 2011; 

Leventhal, Thompson, Liu, Zhou, & Ault, 1995) but have continued to support the model at the 

level of single neurons; despite extensive investigation, previous studies have failed to identify 

neurons selective for both orientation and color that also respond much more strongly to their 

preferred color (on an equiluminant background) than to achromatic stimuli. Due to the lack of 

definitive data to the contrary, the segregated model persists in modern neuroscience textbooks as 

either a dominant feature of V1’s functional organization or a major unresolved question regarding 

visual processing (Bear, Connors, & Paradiso, 2016; Hudspeth, Jessell, Kandel, Schwartz, & 

Siegelbaum, 2013; Werner & Chalupa, 2014).  

Here, we record from thousands of neurons in primate V1 using 2-photon calcium imaging 

with single neuron resolution. The enhanced spatial resolution of this technique and the ability to 

record from hundreds of contiguous neurons simultaneously for many hours allow us to reveal 

several novel findings regarding color and orientation processing and their spatial micro-

organization in primate V1. We reveal that nearly half of sampled hue selective neurons respond 

more strongly to equiluminant colored stimuli than full-contrast achromatic stimuli and that a 

majority of strongly color-preferring neurons are also orientation selective. In addition to the 

previously described unoriented color-preferring neurons found in CO blobs, we report an 

additional population of orientation selective, color-preferring neurons located predominantly in 
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interblobs, demonstrating that orientation and color are jointly processed by single neurons within 

V1. In summary, our study reveals that processing of orientation and color is combined at the 

earliest stages of visual processing, replacing the existing model with novel findings that 

incorporate the integration of color and form within single V1 neurons. 

 

Materials and Methods 

All procedures involving live animals were conducted in accordance with the guidelines of 

the NIH and were approved by the Institutional Animal Care and Use Committee (IACUC) at The 

Salk Institute for Biological Studies. We recorded from five adult female macaque monkeys (M. 

fascicularis) for the experiments described in this study. The animals are referred to below as AE2, 

AE4, AE5, AE6, and AE7. We conducted extracellular electrophysiology with AE4, and calcium 

imaging with the remaining animals. 

 

Animal preparation and AAV vector injections for GCaMP expression 

GCaMP expression was achieved by pressure injections of a mixture of AAV vectors (see 

below) into the primary visual cortex (V1) (Sadakane et al., 2015). Prior to injection of AAVs, 

animals were anesthetized with ketamine (10 mg/kg) and pretreated with atropine sulfate (0.02 

mg/kg) intramuscularly. The animal was intubated and an IV line inserted.  Anesthesia was 

switched to inhaled isoflurane (2-4% in O2) and the animals was placed in a stereotaxic apparatus 

in which the animal’s head was held in place using ear bars, eye bars, and a palate clamp (David 

Kopf Instruments, Tujunga, CA). Anesthesia was maintained throughout the procedure using 1-

2.5% inhaled isoflurane and the animal was mechanically ventilated using a small animal 

respirator (Ugo Basile, Gemonio, Italy). The EKG, SpO2, end tidal CO2, and body temperature 
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were all monitored throughout the surgery to judge the health of the animal and maintain proper 

anesthesia and respiration rate and volume. Antibiotics and lactated Ringer were supplied (iv). 

Following a scalp incision, craniotomy, and retraction of dura, we pressure injected a mixture of 

AAV5-TRE3-GCaMP6f (titre: 8.04E+12 GC/ml) and AAV5-thy1s-tTa (titre: 2.13E+12 GC/ml) 

by 1:1 volume ratio via glass pipette (tip diameter 20-35 microns) into 1-3 depths at 6-12 locations 

in the opercular surface of primary visual cortex (300-600 nl per injection, 300-700 µm below 

cortical surface). Injections were typically spaced about 1mm apart to obtain uniform coverage of 

GCaMP expression across the injected region. Following injections, a thin piece of silicone 

artificial dura was placed between the cortical surface and the natural dura and these were glued 

in place with Vetbond (3M, Maplewood, MN). The bone was replaced and cemented in place. 

Buprenorphine was administered (slow release, 0.12mg/kg, s.c.) and dexamethasone (1-2mg/kg, 

i.m.) was administered daily to reduce brain swelling. 

 

Animal preparation for recording 

Approximately 10 days after viral vector injection, the animal was anesthetized with 

ketamine (10 mg/kg) and pretreated with atropine sulfate (0.02mg/kg) intramuscularly as 

described above. The animal was then switched to inhaled isoflurane (2-4% in O2) and a 

tracheostomy was performed. The animal was held in the stereotaxic head holder, anesthesia 

continued with isoflurane, and IV lines were inserted into the femoral arteries. Holes were drilled 

through the skull over the frontal cortex and silver wires inserted between the skull and dura to 

monitor electroencephalography (EEG). A small metal post was attached to the skull over the 

frontal cortex using metal screws and dental cement (Grip Cement, Dentsply, York, PA). 

Following attachment of the metal post, we used this post instead of the ear and eye bars to keep 



 34 

the animal’s head stable throughout the recording. The skull over the occipital lobe was thinned 

using a dental drill, and following craniotomy, a custom-made imaging chamber (20mm inner 

diameter) was attached over the primary visual cortex using dental cement (Figure 1.1). We 

utilized a titanium insert that incorporated a glass coverslip, whose depth within the chamber could 

be controlled with a threaded ring. Following durotomy, the coverslip was screwed into position 

to place a small amount of pressure sufficient to reduce brain movement for two-photon imaging. 

Eyes were dilated with 1% atropine eye drops and fitted with contact lenses of appropriate 

curvatures to focus on a screen 57 cm from the eyes. Following implantation of the chamber, we 

gradually transitioned the anesthesia to sufentanil citrate (2.0-8.0 µg/kg/hr, i.v.). The animal was 

mechanically ventilated using a small animal respirator (Ugo Basile, Gemonio, Italy). The EEG, 

EKG, SpO2, end tidal CO2, and body temperature were all monitored throughout the procedure to 

judge the health of the animal and maintain proper anesthesia and respiration rate and volume. 

Anesthesia dosage was maintained at a level that insured slow wave EEG activity. In addition to 

the anesthetic, the animals were paralyzed to prevent eye movement using vecuronium bromide 

(0.05-0.2 mg/kg/hr i.v.). We then collected data using the intrinsic signal imaging setup and either 

the two-photon microscope or extracellular electrophysiology setup described below. The animal 

was humanely euthanized at the end of the procedure (see Histology). 
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Figure 1.1: Imaging Chamber. Custom-made imaging chamber used for all imaging and 
experiments. Inner diameter of the chamber was 20mm. The depth of the coverslip used in the 

chamber was adjustable in order to ensure that the brain was stable throughout the experiment. 
 

Intrinsic signal imaging setup 

Following placement of the imaging chamber, we conducted intrinsic signal imaging. We 

obtained images of the change in reflectance with 630nm illumination, which correspond to 

cortical activity, in response to various visual stimuli described below. Imaging was performed 

using a Photonfocus camera (MV1-D2080-160-G2-12, Photonfocus, Lachen, Switzerland) and 

custom Matlab software. In order to increase the signal-to-noise ratio, each stimulus condition was 

repeated between 20 and 40 trials. Stimuli were presented in a randomized order. For each trial, 

the stimulus was displayed for 4 seconds with a 2-second pre-stimulus period and 8-second 
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interstimulus interval. Images were acquired during the 6-second pre-stimulus and stimulus period 

at 8Hz. 

 

Two-photon microscope setup 

Two-photon microscopy was performed with a customized setup incorporating a Sutter 

movable objective microscope (Sutter Instruments, Novato, CA) with a Ti:sapphire laser 

(Chameleon Ultra II, Coherent, Santa Clara, CA) at 910nm. For one animal (AE2), data acquisition 

was controlled with a customized version of ScanImage (Vidrio Technologies, Ashburn, VA) and 

collected at 3 Hz per imaging plane. For the remaining three animals (AE5-7), the microscope was 

modified to include a resonant scanner (Cambridge Instruments, Bedford, MA) and data 

acquisition was controlled with a customized version of Scanbox (Neurolabware, Los Angeles, 

CA) and collected at 15.49 Hz per imaging plane. We used a 16x, 0.8 NA objective (Nikon 

Corporation, Tokyo, Japan) for imaging. The back aperture of the objective was not overfilled due 

to the technical limitations of the microscope. 

 

Visual Stimuli 

Visual stimuli were generated with the Psychophysics Toolbox for MATLAB (Mathworks 

Inc., Natick, MA) on a CRT monitor (CPD-G520, Sony Corporation, Tokyo, Japan) with a refresh 

rate of 100 Hz. Prior to each experiment, the monitor was gamma corrected, and the phosphor 

spectra were measured with a spectroradiometer (PR-701, Photo Research, Syracuse, NY) in order 

to display the desired colors. Each hue stimulus was calibrated individually before each experiment 

to make sure they had the same luminance (10 cd/m2) and their xy coordinates remained the same 
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between different experiments. For all experiments, the monitor was positioned 57 cm in front of 

the animal’s eyes. 

For intrinsic imaging experiments, we presented a series of full-field achromatic square-

wave drifting gratings of 8 or 12 directions (spatial frequency: 1.5 cycles/degree, temporal 

frequency: 5-6.67cycles/sec) to both eyes as well as each eye separately to obtain orientation 

preference maps and ocular dominance (OD) maps. 

In two-photon imaging experiments, we located the receptive field by showing a series of 

drifting gratings and locating the region of the monitor to which the neurons in the imaging field 

responded most strongly. Next, we presented square-wave drifting gratings of 12 different hues 

selected to sample a wide area of CIE xy color space (Figure 1.2A, Table 1.1). We presented all 

colors at an equal luminance (10 +/- 0.1 cd/m2) and the gratings included a gray background 

(x=0.33, y=0.33, Y=10 cd/m2) of the same luminance. Square-wave gratings were selected to 

ensure that an equal luminance could be presented between the hues and the background. In 

addition, we also displayed achromatic sine-wave drifting gratings at 100% contrast in order to 

locate visually responsive neurons that were not responsive to the color stimuli. All stimuli were 

shown at 8 or 12 directions (0 to 330 degrees in increments of 30 or 45 degrees), 4 spatial 

frequencies (0.2-1.6 cycles/degree) and a single temporal frequency of 5 cycles/sec, and the 

diameter of the stimuli were 0.5-2.0 degrees. We chose an upper limit of 1.6 cycles/degree due to 

the fact that chromatic aberration at higher spatial frequencies can result in luminance artifacts, as 

previously reported (Cottaris, 2003; Wandell, 1995). Achromatic and chromatic stimuli were 

randomized separately: all equiluminant colored stimuli (384 unique stimuli) and their repeats 

were interleaved and presented in a randomized order, and all achromatic stimuli (32 unique 

stimuli) were presented in a randomized order. The order of presentation of achromatic and 
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chromatic stimulus sets was randomly changed for each imaging plane. Due to contrast adaptation, 

it is not appropriate to interleave the higher contrast achromatic gratings with the achromatic 

colored gratings. All stimuli were displayed for a 4 seconds with a 2-second pre-stimulus period 

and approximately 1.5-second post-stimulus interval. For animal AE2, larger stimuli were 

presented (10-15 degrees). Consequently, while similar hue tuning properties and maps were seen 

for these imaging regions (Figure 1.7D), analysis of these imaging regions was excluded from all 

population analysis presented.  
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Table 1.1: CIE coordinates of presented hues. RGB and CIE xyY coordinates of all presented 
hues and background, provided in same order as in Figure 1.2. 

 
Color R G B x y Y 
Red 81 0 0 0.63 0.34 10.03 
Orange 50 12 1 0.54 0.41 10.03 
Yellow 20 23 1 0.42 0.50 10 
Lime 6 28 0 0.34 0.57 9.91 
Green 2 30 0 0.30 0.60 9.89 
Green 2 30 5 0.27 0.50 10.23 
Cyan 1 27 20 0.22 0.33 10.01 
Blue 1 18 76 0.17 0.15 9.96 
Blue 0 0 185 0.15 0.07 10.08 
Purple 26 0 120 0.20 0.10 9.97 
Magenta 57 0 51 0.32 0.16 9.96 
Red 74 0 13 0.50 0.27 9.99 
Background 23 19 15 0.33 0.33 10.01 
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Figure 1.2: Presented Hues and Biases in Strongest Color Response. (A) Twelve presented 
hues depicted on a CIE xy chromaticity diagram. Coordinates of each hue are provided in Table 
1.1. All stimuli presented at the same luminance (10 cd/m2). (B) Presented hues depicted in the 
physiological Macleod-Boynton color space. (C) Histogram of the number of hue-selective cells 
separated by preferred hue. Non-hue selective visually responsive neurons are indicated with a 

gray bar.



Histology 

Following 2-photon recording or electrophysiology, the animal was given a lethal dose of 

pentobarbital and transcardial perfusion was performed using 0.9% saline, followed by 4% 

paraformaldehyd (PFA), 10% sucrose with PFA and 20% sucrose with PFA, and the brain was 

extracted. The imaging or recording area was then blocked and sunk in 30% sucrose and sectioned 

(50 µm) tangentially using a freezing microtome. The most superficial section was thicker 

(approximately 200 µm) in order to recover the blood vessel pattern to align with in vivo images 

(Figure 1.3). Tissue was stained for cytochrome oxidase in order to recover the precise location 

of cytochrome oxidase blobs (Figure 1.4K-O). Sections were imaged using a customized 

Olympus BX63 microscope (Olympus Corporation, Tokyo, Japan). Images of sections were 

aligned with intrinsic imaging and two-photon images using superficial and radial blood vessel 

patterns (Figure 1.3). Image alignment was done using Adobe Photoshop and the Landmark 

Correspondences plugin for Fiji (Schindelin et al., 2012). We were unable to recover CO staining 

of imaging regions from one animal (AE2) due to bleaching from the long imaging periods and 

longer illumination times required when using the slow scanning imaging system (see above; 

Figure 1.4K). Consequently, we do not include data from this animal (3 regions) in analyses 

involving CO intensity. Experiments from all other animals used a resonant scanning system (see 

above) resulting in less illumination and no signs of CO bleaching were observed (Figure 1.4L-

O).  
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Figure 1.3: Alignment of ISI, 2-Photon Imaging, and CO Histology. (A) Surface blood vessel 
pattern for a sample imaging region. Red arrowheads indicate blood vessels used for alignment 
to superficial histology shown in B. Scale bar: 1mm. (B) Aligned superficial histology. A 200µm 
thick superficial section was taken from each hemisphere in order to align blood vessels to the 

ISI map. Red arrowheads are indicated at the same positions as in A to demonstrate accuracy of 
alignment. Yellow arrowheads point to a sample of radial blood vessels to demonstrate 

alignment with deeper sections, as illustrated in C. (C) Deeper CO histology section aligned to B 
using radial blood vessel pattern, as illustrated with yellow arrowheads. (D) Aligned 2-photon 

image of pial surface aligned to boxed region in A-C. Alignment to ISI surface blood vessel 
pattern illustrated with white arrowheads. Scale bar: 200µm. (E) Zoomed-in ISI surface blood 

vessel pattern, depicted with a rectangle in A. Alignment of blood vessels to two-photon imaging 
region indicated with white arrowheads. (F) Zoomed-in CO histology section, depicted with a 
rectangle in C. Blood vessels masked and contrast enhanced in post-processing (see Methods). 
(G) Histogram showing proportions of all pixels and all cells of all imaging regions based on 

their normalized CO intensity. 
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In order to calculate the normalized CO or ISI intensity of each neuron recorded with two-

photon calcium imaging, each region was first aligned with ISI and CO using the methods 

described above and illustrated in Figure 1.3. Next, we used Fiji to enhance the contrast and 

equalize the histogram of the corresponding CO histology (Figure 1.3F). A two-dimensional 

Gaussian filter was applied to smooth the image in order to reduce the effect of blood vessel 

artifacts. Finally, the pixel intensities of each imaging region were normalized to fall between zero 

(corresponding to regions with the least CO density) and one using the following equation: 

 

𝑧"# =
𝑥"# − min	(𝑥)

max(𝑥) − min	(𝑥) 

 

In the equation above, 𝑧"# is the normalized pixel value at coordinates (𝑖, 𝑗) while 𝑥"# is the pixel 

value prior to normalization and 𝑥 is the original matrix of pixel intensities. A contour plot of 

normalized pixel values overlaid on top of an imaging region is illustrated in Figure 1.3A. A 

histogram of all pixel values from all imaging regions combined, as well as all visually responsive 

and/or hue selective neurons, is depicted in Figure 1.3G.  

 

Intrinsic Imaging Data Analysis 

Following imaging acquisition, we computed the percent change of each pixel for each 

trial, which was then filtered using a fourth-order Butterworth bandpass filter (high cutoff 

frequency: 7.8-9.6 cycle/mm, low cutoff frequency: 1.6-2.1 cycle/mm). Next, we computed a t-

map, as previously described (Li et al., 2013), to represent the differential response to two stimulus 

conditions in order to identify the locations of orientation pinwheels and OD columns. Intrinsic 
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imaging functional maps were aligned with CO histology using the superficial blood vessel pattern 

as illustrated in Figure 1.3. 

 

2-photon Segmentation and Analysis 

Regions of interest containing individual neurons were automatically segmented and then 

manually curated using Suite2P (Pachitariu et al., 2016) or manually segmented using Scanbox in 

conjunction with customized Matlab and Python software. The raw fluorescence trace and 

estimated spike times for each neuron were extracted. Spike times were extracted using the Vanilla 

deconvolution algorithm provided by Scanbox (Berens et al., 2018; Jimenez, Tring, Trachtenberg, 

& Ringach, 2018). The intensity of the background was subtracted by subtracting the fluorescence 

value of the deadbands from the entire image.  The change in fluorescence (∆F/F) was computed 

by the following equation, where F is the average fluorescence during stimulus presentation and 

𝐹3 is the average fluorescence during the pre-stimulus period: 

 

∆𝐹
𝐹 =

𝐹 − 𝐹3
𝐹3

 

 

Responses were averaged over 3-5 stimulus presentations, and the average response to each 

color at each neuron’s preferred spatial frequency and orientation were plotted to form a hue tuning 

curve. Similarly, orientation and spatial frequency tuning curves were computed by plotting each 

neuron’s average response to each presented orientation at its preferred color. Neurons were 

considered significantly visually responsive if they had a significant ANOVA (p < 0.01) across all 

orientations and spatial frequencies of an achromatic stimulus compared to a blank stimulus. 

Similarly, cells were considered significantly hue or orientation tuned if they had a p-value of an 
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ANOVA across all hues of <0.01 (hue tuned) or across all orientations of <0.01 (orientation tuned). 

The analysis procedure for Hartley stimuli is detailed below. 

For each neuron, we calculated the orientation selectivity index (OSI) to both achromatic 

and colored drifting grating stimuli, defined as the following: 

 

OSI =
𝑅9:;<;::;= − 𝑅>:?@>A>BCD

𝑅9:;<;::;=
	 

 

In the above equation, 𝑅 represents the response of the neuron (∆F/F) at its preferred or orthogonal 

orientation at the neuron’s preferred spatial frequency and hue (or achromatic). In addition, we 

also calculated the color preference index (CPI), defined as the following: 

 

CPI =
𝑅G>D>: − 𝑅CG@:>HC?IG
𝑅G>D>: + 𝑅CG@:>HC?IG

	 

 

In this case, 𝑅 represents the response of the neuron (∆F/F) to a drifting grating of its 

preferred hue, spatial frequency, and orientation (𝑅G>D>:), or an achromatic drifting grating of its 

preferred orientation and spatial frequency (𝑅CG@:>HC?IG). Neurons with CPI values above zero 

displayed a maximum response to their preferred hue that was greater than their maximal response 

to full-contrast achromatic stimuli. To assess the significance of linear trends of all cells, as seen 

in Figure 1.8A-C, we first performed a linear regression analysis on each individual imaging 

region. Next we compared the r-values of these individual tests using a 1-sample t-test to calculate 

whether the values differed from zero. 

 
GCaMP6f expression and intrinsic signal imaging 
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Methods used in previous studies of color selectivity in primate V1 include intrinsic signal 

imaging (ISI) (Lu & Roe, 2008; Y. Xiao, Casti, Xiao, & Kaplan, 2007), which reveals functional 

organization but lacks spatial and temporal resolution, and single-cell electrophysiology, which 

has high temporal resolution but cannot reveal large scale functional maps and suffers from 

sampling biases. More recently, 2-photon imaging using calcium-sensitive dyes has revealed direct 

links between functional architecture and single neuron functional properties (Nauhaus, Nielsen, 

& Callaway, 2016; Nauhaus, Nielsen, Disney, & Callaway, 2012). However, investigating color 

selectivity in large populations of neurons that are highly selective for several features such as 

orientation, ocular dominance, and spatial frequency necessitates techniques that allow stable long-

term recordings. We utilized a tetracycline-inducible expression system to express GCaMP6f in 

V1 of anesthetized Old World primates (see Methods). We first performed ISI in order to image 

the superficial blood vessel pattern (Figure 1.4A-E) and locate OD columns (Figure 1.4F-J). 

Next, we conducted 2-photon calcium imaging at multiple depths within superficial cortical layers 

(170 to 350 microns from the pial surface). We recorded calcium responses from a total of 4,351 

visually responsive neurons from 14 imaging regions in four animals. Following each experiment, 

we tangentially sectioned post-mortem tissue from each imaging region and stained for CO to 

recover the location of CO blobs (Figure 1.4K-O). We used the blood vessel pattern from 

superficial sections and the location of radial blood vessels at multiple depths to align ISI images 

and in vivo two-photon microscopy with CO histology (Figure 1.3). 
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Figure 1.4: ISI Maps and Aligned Histology of All Imaging Regions. (A to E) Surface blood 
vessel pattern of each recorded hemisphere, taken following ISI mapping. Scale bar: 1mm for all 
regions. (F to J) Ocular dominance map calculated by subtracting the response of one eye from 
the other eye. Darker regions correspond to responses from the left eye. Approximate outlines of 
calcium imaging regions shown in white. Region numbers correspond with Figs. S5 and S11. (K 
to O) Aligned CO histology for all imaging regions displayed in A-O. In p, white regions were 

areas where CO was bleached due to our 2-photon imaging setup and consequently these 
imaging regions were not used in any analysis relating neurons to CO intensity. See Figure 1.3 

for alignment methods. 
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GCaMP6f imaging of color and orientation responses 

During calcium imaging experiments, we presented equiluminant monocular visual stimuli 

of twelve specific hues selected to evenly sample CIE (Commission internationale de l’éclairage) 

color space (Figure 1.2A, Table 1.1). All chromatic stimuli were presented using a calibrated CRT 

monitor (see Methods) as equiluminant square-wave drifting gratings of a single hue on an 

equiluminant gray background (it is not physically possible to generate colored equiluminant sine-

wave gratings of a single hue in CIE space) at eight directions and four spatial frequencies (Figure 

1.5A). We designed our colored stimuli to sample evenly in the CIE space because this approach 

has been used by others to assess functional architecture using ISI in V1 and V2 (Lim, Wang, 

Xiao, Hu, & Felleman, 2009; Y. Xiao et al., 2007; Y. Xiao, Wang, & Felleman, 2003). However, 

as previously described by Mollon (Mollon, 2009), the different colors in these stimulus sets do 

not evenly activate the cone-opponent mechanisms that drive the LGN inputs to V1. This is most 

apparent when the stimuli used are plotted in a physiological color space such as the MacLeod-

Boynton chromaticity diagram (Figure 1.2B).  It is apparent from these plots that the red and blue 

colors in our stimulus set activate cone-opponent mechanisms much more strongly than the other 

colors and might therefore be expected to also most strongly activate many V1 neurons. Along 

with colored stimuli, we also displayed full contrast (100%) achromatic sine-wave drifting gratings 

at the same spatial frequencies and directions.  
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Figure 1.5: In vivo GCaMp6f 2-Photon Calcium Imaging in Primate V1. (A) Schematic of 
general experimental setup (see Methods). (B) Two-photon calcium imaging with GCaMP6f. 

This image represents the average fluorescence following presentation of drifting gratings at 12 
hues, 8 directions and 5 spatial frequencies. Four segmented cells are highlighted and the 
corresponding traces shown in B. Scale bar: 200μm. (C) Sample cell traces in response to 

chromatic drifting gratings. Raw fluorescence traces for four neurons are indicated by the color 
of stimulus to which they responded most strongly. Colored bars near the x-axis display the hue 

of the stimulus that was displayed. 

 
Following segmentation of neurons and extraction of fluorescence traces for each neuron 

(Figure 1.5B-C), we computed the mean change in fluorescence from baseline (∆F/F) in response 

to 3-5 randomized trials of each stimulus condition. Based on our statistical criteria (see Methods), 

we recorded from a total of 3,164 hue selective neurons across all imaging regions and an 

additional 1,187 neurons that were visually responsive, but not hue selective. Our imaging 

windows allowed us to visualize the spatial organization of neurons relative to cytochrome oxidase 

histology (Figure 1.6A-H, S4). We found a diverse set of orientation tuning properties, with 

neurons ranging from being highly orientation-tuned to having no orientation selectivity (Figs. 2C, 

2G). We illustrate the tuning curves of five sample neurons to depict the diversity of tuning 

properties that we observed (Figure 1.6I-R). Notably, we discovered a large population of neurons 

that responded more strongly to colored stimuli than achromatic stimuli (Figure 1.6D, 1H, 2I-L) 

and a variety of orientation tuning properties (Figure 1.6N-R). 

  



 52 

 

Figure 1.6: Orientation, Hue Selective and Color-Preferring Neurons in Primate V1. (A) 
Aligned CO histology for two-photon imaging region in B to D, aligned using superficial and 

radial blood vessel patterns (see Figure 1.3). Contour depicting cytochrome oxidase (CO) 
intensity overlaid on image. Scale bar: 200µm. (B) Hue tuning map. Neurons considered hue 

selective are labeled by their preferred hue, while neurons that were classified as visually 
responsive to full contrast achromatic stimuli but not hue selective are depicted in gray. This 

figure contains two superimposed cortical depths. Color bar (bottom) showing presented hues. 
(C) Same region as a, with the color of individual neurons modulated based on each neuron’s 
orientation selectivity index (OSI) in response to its preferred stimulus. (D) Illustration of the 

color preference index of each neuron (see text). Neurons with positive values responded more 
strongly to equiluminant hues, while neurons with negative values responded more strongly to 

full contrast achromatic stimuli. (E to H) Same as A to D for a second imaging region. Cells 1-5 
depicted in I to R are indicated with arrows.  (I to M) Hue tuning curves. Average change in 

fluorescence to twelve hues at each neuron’s preferred orientation and spatial frequency. The 
response to achromatic gratings at each neuron’s preferred orientation and spatial frequency is 

plotted in black. For all plots, shaded regions represent the standard error of the mean. The 
color preference index (CPI) is indicated for each neuron. Negative numbers indicate a stronger 
response to achromatic stimuli than equiluminant colored stimuli. (N to R) Orientation/direction 
tuning curves. Average change in fluorescence to eight directions at each neuron’s preferred hue 

(or achromatic) and spatial frequency. The orientation selectivity index (OSI) is indicated for 
each neuron. 



 53 

Figure 1.7: All Imaging Regions and Aligned CO and ISI Functional Maps. (A to D) All 
functional maps for animals AE5 (5A), AE6 (5B), AE7 (5C), and AE2 (5D). From left: Column 1: 

all visually responsive and hue selective neurons colored based on their preferred orientation 
(see legend, bottom). For AE2, gray neurons were orientation selective to achromatic stimuli but 
not hue selective. Column 2: All visually responsive and hue selective neurons colored based on 

their preferred hue or gray if not hue selective.  Column 3: All visually responsive and hue 
selective neurons colored based on their color preference index (CPI). Column 4: Aligned CO 
histology for corresponding imaging region, following contrast enhancement (see Methods). 

Scale bars: 200µm. 
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Figure 1.7: All Imaging Regions and Aligned CO and ISI Functional Maps Continued. 
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Figure 1.7: All Imaging Regions and Aligned CO and ISI Functional Maps Continued. 
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Figure 1.7: All Imaging Regions and Aligned CO and ISI Functional Maps Continued. 
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Mutual representation of color and form in V1 
 

The relative color and orientation preferences of individual neurons and their spatial 

organization relative to CO histology remain a subject of great debate (Conway et al., 2018; 

Gegenfurtner, 2003; Shapley & Hawken, 2011). Early studies found a preponderance of 

unoriented, color-selective neurons within CO blobs, forming the basis of the modular model of 

V1 (Landisman & Ts'o, 2002; Livingstone & Hubel, 1984; Ts'o & Gilbert, 1988). Subsequent 

studies by Leventhal et al. (Leventhal et al., 1995) and Friedman et al. (Friedman, Zhou, & Heydt, 

2003) found no correlation between responses to color and orientation, but failed to assess whether 

neurons were unambiguously coding for color by comparing the responses to equiluminant colored 

versus luminance-modulated achromatic stimuli. The limited studies that have compared such 

responses generally concluded that the few neurons that respond more strongly to equiluminant 

colored stimuli (“color preferring”) are weakly tuned, at best, for orientation. For example, studies 

by Lennie et al. and Johnson et al. using single-cell electrophysiology both conclude that the small 

minority of neurons that preferred colored stimuli were typically poorly tuned or untuned for 

orientation (Johnson, Hawken, & Shapley, 2001; 2004; 2008; Lennie, Krauskopf, & Sclar, 1990). 

These neurons, later described as single-opponent cells (Shapley & Hawken, 2011), can code for 

specific colors, but not orientation. Only neurons that responded strongly to achromatic stimuli 

(“luminance cells”) or approximately equally to equiluminant colored stimuli and achromatic 

stimuli (“color-luminance” cells) were described as being orientation selective. Because color-

luminance cells do not unambiguously code for a particular color, these findings are consistent 

with the longstanding segregated model (Livingstone & Hubel, 1988). 

Our analyses reveal a wide range of tuning across color and orientation (Figure 1.8A). In 

order to characterize whether neurons jointly and unambiguously code for orientation and color, 
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we must compare the responses of neurons to equiluminant colored versus achromatic stimuli. We 

therefore assessed the population of all visually responsive neurons based on their color preference 

index (CPI), a measure of each neuron’s response to full-contrast achromatic vs. equiluminant 

colored stimuli. The CPI was defined as the following: (𝑅G>D>: − 𝑅CG@:>HC?IG)/(𝑅G>D>: +

𝑅CG@:>HC?IG), where 𝑅 is the magnitude (∆F/F) of the neuron’s response to an achromatic grating 

(𝑅CG@:>HC?IG) or its preferred hue (𝑅G>D>:) at its preferred orientation and spatial frequency. Neurons 

with positive values respond more strongly to their preferred equiluminant colored stimulus than 

to a full contrast achromatic stimulus, while those with negative values prefer achromatic stimuli. 

Values greater than 0.33 or less than -0.33 correspond to neurons that respond twice as strongly to 

colored or to achromatic stimuli, respectively.  

We were surprised to find that there are nearly as many neurons that prefer color (CPI > 0, 

2,018 of 4,351 cells, 46.4%) as there are that prefer achromatic stimuli (CPI < 0, 2,333 of 4,351, 

53.6%) and also nearly as many that respond at least twice as strongly to their preferred color (CPI 

> 0.33, 828 of 4,351 cells, 19.0%) as those that respond at least twice as strongly to achromatic 

stimuli (CPI < -0.33, 906 of 4,351 cells, 20.8%). Quantitatively, we observe that neurons that pairs 

of neurons that are located more closely together tend to have more similar CPI values (Figure 

1.9), suggestive of micro-organization of color preference. In contrast to the trend for OSI to be 

negatively correlated with CO staining intensity (Figure 1.8B, p < 10-6, 1-sample t-test), CPI was 

positively correlated (Figure 1.8C, p = 0.057, 1-sample t-test) consistent with previous findings 

that color responsiveness is greater in blobs (Livingstone & Hubel, 1984). We do note a significant 

negative correlation between the CPI and OSI of neurons (Figure 1.8A, p < 0.01, 1-sample t-test), 

in contrast with previous studies that reported no relationship between orientation and color tuning, 

but which did not quantify responses to equiluminant colored versus achromatic stimuli (Friedman 
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et al., 2003; Leventhal et al., 1995). In all of these comparisons, it is important to note that despite 

the statistically significant trends, we do not find any evidence of strict segregation between these 

measures. 
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Figure 1.8: Population Statistics Demonstrating Mutual Representation of Color and 
Orientation. (A) Scatter plot of all visually responsive neurons demonstrating relationship 

between CPI and OSI. Individual points colored based upon hue selectivity of neurons. Neurons 
above the horizontal dashed line responded at least twice as strongly to their preferred versus 

orthogonal orientation (OSI > 0.5). Vertical dashed lines represent CPI = -0.33 and 0.33 
(responded twice as strong to achromatic or equiluminant colored stimuli, respective). (B) 

Relationship of CO intensity of each neuron’s location against OSI. Trendline fit using least-
squares linear regression. (C) Relationship of CO intensity of each neuron’s location against 
CPI. Trendline fit using least-squares linear regression. (D) Histograms of neurons in each 
region of A, based on CO intensity. Ranges of CPI and OSI included in each histogram are 

indicated in white. Due to geometric considerations the numbers of cells sampled are not equal 
in each bin. The actual sampling distributions are shown in Figure S2G. 
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Figure 1.9: Relationship Between Cell-Cell Distance and Color Preference Index. Histogram 

of the relationship of the distance between simultaneously recorded cell-cell pairs and the 
absolute value of their difference in color preference index. Large black markers indicate the 

average of all points within 25µm bins. 
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Are there neurons that strongly prefer color and are also strongly tuned for orientation? 

Neurons that respond at least twice as strongly to their preferred versus orthogonal orientation 

have an OSI of 0.5 or greater, indicated by the dashed horizontal line in Figure 2A. Thus, neurons 

that are both strongly orientation tuned (OSI > 0.5) and strongly prefer equiluminant color over 

achromatic stimuli (CPI > 0.33) are found in the upper right sector of Figure 2A. Such cells 

constitute 11.6% (503 of 4,351) of the visually responsive sample. Not only is this a substantial 

proportion of the entire sample, but there are actually more neurons in this sector than there are 

strongly color preferring neurons (CPI > 0.33) that have an OSI less than 0.5 (Figure 1.8A, bottom 

right sector, 7.5%, 325 of 4,351 cells) indicating that a majority of the color-preferring population 

is highly orientation selective, in contrast with previous results observed when only red-green 

equiluminant gratings were presented (Johnson et al., 2001). Further, the overwhelming majority 

(97.2%) of neurons with a CPI > 0.33 are hue selective (805 of 828 cells), demonstrating that they 

responded selectively to one or more hues. Our results demonstrate that, while there is a negative 

correlation between color preference and orientation tuning, individual neurons are capable of 

simultaneously differentiating between colors versus achromatic stimuli, as well as orientation, in 

the absence of any change in luminance. Furthermore, the presence of large numbers of orientation 

and color selective neurons is not consistent with a strict segregation of form and color processing 

in V1. 

Our ability to study the responses of large, contiguous populations of V1 neurons to 

luminance-modulated achromatic and equiluminant colored stimuli while also recording their 

locations relative to CO staining yielded both expected and unexpected relationships between these 

parameters. In Figure 1.8D, we provide histograms of the locations of neurons relative to CO 

intensity for each of the six sectors of Figure 1.6A. In concordance with early studies that found a 
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preponderance of unoriented, color-preferring neurons within cytochrome oxidase blobs, our 

sample of such neurons (CPI > 0.33, OSI < 0.5) was predominantly located in regions of intense 

CO staining (Figure 1.8D bottom, right). However, we also discover a larger neuronal population 

of strongly color-preferring, orientation-tuned neurons (CPI > 0.33, OSI > 0.5), which is located 

in regions with significantly lower CO staining intensity (p < 10-27, two-sample t-test). These 

trends can also be seen in the example imaging regions illustrated in Figure 1. For example, the 

imaging region illustrated in figures 1E-H contains a population of neurons in a weakly CO-stained 

region (at the bottom, right) that is orientation selective and prefers color over achromatic stimuli. 

In contrast, the color-preferring neurons in the more intensely CO-stained region at the middle of 

the imaging region are not orientation selective. Trends within the other 4 sectors (Figure 1.8D) 

are largely as expected based on the overall trends for lower OSI and higher CPI at more intensely 

stained regions (cf. Figs. 3B, C). The anatomical separation of oriented, color-selective neurons 

supports the notion that this is a distinct population of neurons that integrates color and orientation 

responses. 

To illustrate the robust nature and reliability of the responses to visual stimuli and that these 

responses are due to the stimulus itself and not due to random fluctuations unrelated to the 

stimulus, we measured the magnitude of ∆F/F for “blank” stimulus trials (a grey screen) and 

compared those to the ∆F/F responses of the same cells to their preferred stimulus. For all 4,351 

cells, the ∆F/F value for the preferred stimulus exceeds the responses to blanks.  

We ran one additional test do demonstrate the strength of these measurements. There were 

approximately 20 blank “control” stimuli displayed during each trial. We created 12 sets (same 

number of chromatic stimuli run) of the responses to 3 randomly sampled blank stimuli. We then 

computed the statistical significance of a 1-way ANOVA with a significance threshold of alpha = 
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0.01 (same statistical criteria as visual responsiveness and hue selectivity). If our result was due to 

noise, we would anticipate that the same number of neurons that were classified as visually 

responsive would also meet this significant when comparing blank stimuli. On the contrary, of the 

4,351 visually responsive neurons, just 12 (0.2%) neurons were classified as significant (p < 0.01). 

To further reinforce this, and to directly address the difference in numbers of stimuli 

sampled for colored versus achromatic stimuli, we have also conducted an analysis where we 

calculate CPIs using only responses to the red, the blue and the achromatic gratings rather than all 

12 gratings. As expected, due to the presence of some cells that are highly selective for a color 

other than red or blue (e.g. Figure 1.6, cells 2 and 4), there is a modest reduction in the overall 

CPI values. Nevertheless, even under these conditions in which not all of the optimal colors are 

sampled, 40.7% of cells still have a CPI greater than 1, 16.0% >0.33, and the proportion of cells 

with CPI>0.33 and OSI >0.5 remains virtually unchanged (10.0% vs. 11.6%). This final result is 

expected because the there is a higher proportion of orientation selective cells that prefer red and 

blue than those that prefer green (Figure 1.2C). 

 

Spatial organization of hue selectivity 

While previous studies have suggested that hue preferences are organized across the 

surface of V1 (Y. Xiao et al., 2007), the spatial organization of hue selective neurons and their 

relationship to cytochrome oxidase histology has not been analyzed with single cell resolution. Of 

hue selective neurons, the vast majority of neurons (1,463/3,164, 46.2%) responded most strongly 

to red or blue hues (Figure S3C). It is crucial to reiterate (see above) that this is likely a reflection 

of the inherent biases in cone contrast of our stimulus set (Figure S3A-B). Consequently, future 

studies using stimulus sets that more evenly activate LGN cone-opponent mechanisms will be 
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necessary to understand the distributions of the true hue preferences of V1 neurons. Nonetheless, 

valuable insights regarding the spatial organization of color selective neurons can be extracted 

from our data. For example, it is clear from examination of the maps of the strongest color response 

of each neuron (e.g. Figs. 2B, 2F, S3) that, despite the expected preponderance of “red” and blue” 

cells, these two populations are largely separated from each other and surrounded by similarly 

tuned neurons. And the few neurons that prefer green also appear to be grouped together. These 

impressions are supported by quantitative analyses of the entire sample of 4,351 neurons. We 

computed the Pearson correlation coefficient of the color tuning curves of all pairs of color-

selective neurons within the same imaging region (including multiple cortical depths for several 

regions). We found that neurons that are located more closely together (up to about 100 microns 

in the x-y plane) tend to have more strongly correlated color tuning curves (Figure 1.10A), 

suggesting micro-organization within color selective regions. Furthermore, we imaged most 

regions of interest at multiple depths to demonstrate that this micro-organization is columnar 

(Figure 1.11), as the strength of this relationship is independent of neurons being recorded from 

the same depth. 
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Figure 1.10: Spatial Organization of Hue Selectivity and Relationship to CO Histology. (A) 
Relationship between distance between simultaneously recorded cell pairs and the correlation 

coefficient of their hue tuning curves. Plot is colored based on the density of points in each 
location (see colorbar). Large white markers indicate the average of all points within 25µm bins, 
while gray markers indicate the average of all points when shuffled. (B to E) Histograms of the 
number of red, green, blue, and non-hue selective neurons in relationship to their normalized 

CO intensity. Dashed lines display the median of each distribution. (F) Mean (± S.E.M.) OSIs for 
cells that prefer red, green, and blue hues, and neurons that are non-hue selective but visually 
responsive to achromatic stimuli (gray). Populations of red, green, blue, and non-hue selective 

neurons are indicated with an asterisks in Figure 1.2C. 
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Figure 1.11: Columnar Organization of Hue Selectivity. (A to B) Imaging fields from two 
separate depths (depth below cortical surface indicated on each image) demonstrating the 

columnar organization of hue selectivity. All neurons that met criteria for being identified as hue 
selective are indicated and colored by their preferred hue. Colored neurons are overlaid on a 

GCaMP fluorescence image. Scale bar: 200µm. (C) Hue selective neurons from two depths in A-
B overlaid. (D to F) Same as A-C for additional imaging region. Scale bar: 200µm. 

 
We also report a systematic relationship between CO staining intensity and the strongest 

color response of each neuron. Specifically, we note that the cells that responded most strongly to 

green hues tended to be located in the densest regions of CO staining, followed by blue and red 

selective neurons (Figure 1.10B-E). As expected based on this relationship, neurons that 

responded most strongly to green were the least orientation selective group of hue-selective 

neurons, with a mean OSI of 0.465 and just 19/126 (15.1%) neurons being orientation selective (p 

< 0.01, ANOVA). Of blue-selective and red-selective neurons, 675/1464 (46.1%) and 431/824 

(52.3%) were classified as orientation selective and their mean OSIs were 0.557 and 0.617, 

respectively, demonstrating a highly organized relationship between hue preference, orientation 
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selectivity, and CO histology. Of visually responsive but not hue selective neurons, 540/1187 

(45.5%) neurons were classified as orientation selective, with a mean OSI of 0.648. The difference 

in OSI was statistically significant between green vs. blue, blue vs. red, and green vs. red cells (p 

< 10-4, p < 10-7, p < 10-9, two sample t-test). The difference in OSI was also significant between 

each group (green, blue, and red) and visually responsive but not hue selective neurons (p < 10-11, 

p < 10-16, p < 0.05, two sample t-test) (Figure 1.10F). 

 

Discussion 

Here, we reveal that shape and color are mutually and unambiguously extracted and 

represented within a substantial population of V1 neurons that are predominantly located in CO 

“interblobs”. As detailed above, early studies proposed a strict separation of color and orientation 

processing (Livingstone & Hubel, 1988; Zeki, 1978) while later, conflicting studies reported no 

relationship between these features (Friedman et al., 2003; Leventhal et al., 1995). We demonstrate 

that neither extreme is accurate. Rather, color and orientation are represented in spectrums, with 

populations of neurons representing either feature separately or both features simultaneously. Our 

findings conclusively indicate that longstanding textbook models of primate V1 must be updated. 

Robust expression of GCaMP6f in macaque V1 enables us to sample a larger stimulus space than 

previously possible and we demonstrate that information in primate V1 is more sparsely coded 

than indicated by previous results. For example, our finding that nearly 20% of V1 cells strongly 

prefer a particular hue over achromatic stimuli (CPI > 0.33) indicates a more efficient 

representation than had been suspected based on our previous observation that approximately 94% 

of cells respond reliably to achromatic stimuli (Nauhaus et al., 2012). Here, we show that while 

orientation selective neurons such as those illustrated in Figure 2 (e.g. Cell 1 and Cell 3) are 
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responsive to an achromatic stimulus, they respond far more strongly to their preferred 

equiluminant color. Thus, they are not redundant with other neurons (e.g. Figure 1.6, Cell 5) that 

are orientation selective and prefer achromatic stimuli. Furthermore, because the color preferring 

neurons are also selective for a range of hues and have varied orientation tuning properties, they 

also lack redundancy with each other. 

While most studies of color selectivity in the higher visual area V2 have focused on the 

CO thin stripes, the color and orientation selective neurons that we have found in V1 interblobs 

are likely to connect more strongly to V2 pale stripes (Federer et al., 2009; Federer, Williams, 

Ichida, Merlin, & Angelucci, 2013; Livingstone & Hubel, 1984; 1987; Sincich, Jocson, & Horton, 

2010). Our findings therefore suggest that V2 pale stripes might play a unique role in the joint 

processing of shape and color relative to the importance of thin stripes for color processing. Future 

studies should directly examine the functional properties of V1 neurons that project to different 

CO staining regions within V2 and should more carefully examine the visual responses and 

functional micro-architecture of V2 neurons in relation to CO staining using GCaMP imaging and 

large, multi-feature stimulus sets. Conversely, the tuning properties and spatial organization of 

visual responses that we have observed in V1 are likely to reflect the organization of local circuits 

and cone-opponent LGN inputs. Because our imaging methods sample only the most superficial 

neurons within V1, and these represent the most processed output population that is “most distant 

synaptically” from the LGN input (Callaway, 1998), it is also of great interest to identify 

intermediate stages in the transformation of shape and color that might be represented by neurons 

in deeper layers of V1. Systematic studies of these neurons and their relationship to the functional 

micro-architecture revealed by GCaMP imaging would therefore be informative.  
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CHAPTER 2: Spatial organization of cone inputs in primate primary visual cortex 

Abstract 

The beautiful functional and anatomical organization of primate primary visual cortex (V1) 

has allowed key insights into information coding and cortical circuit mechanisms that generate 

selectivity. Considerable knowledge exists about the functional organization and circuits that 

extract spatial information; however, despite the importance of trichromatic color vision, technical 

limitations have prevented similar studies of the extraction of chromatic information from retinal 

photoreceptors. Here, we reveal the spatial micro-organization of cone inputs in V1 by 

simultaneously visualizing the responses of large populations of neurons with intrinsic signal 

imaging and GCaMP6f 2-photon calcium imaging. We report systematic mappings of neurons 

based upon the sign of their dominant cone input across the V1 surface. Further, we characterize 

systematic relationships between cone opponency and CO histology to demonstrate a structured 

arrangement within V1. 

 

Introduction 

In trichromatic primates, including humans, the ability to create an informative visual 

representation of the world is greatly facilitated by the ability to precisely differentiate between 

colors. Visual information travels in a highly organized manner from the retina to the visual cortex 

via several parallel pathways, including the magnocellular, parvocellular, and koniocellular 

pathways (Nassi & Callaway, 2009). Signals from three types of cones as well as rod 

photoreceptors are integrated into the receptive fields of retinal ganglion cells and relayed to the 

lateral geniculate nucleus (LGN), which further relays both achromatic and cone-opponent signals 

to specific layers within the primary visual cortex (V1) (Chatterjee & Callaway, 2003). Previous 
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studies have demonstrated that several functional properties within primate V1 are spatially 

organized, including orientation (Blasdel & Salama, 1986; Hubel & Wiesel, 1968), ocular 

dominance (OD) (Blasdel, 1992; Hubel & Wiesel, 1969), spatial frequency (Nauhaus, Nielsen, & 

Callaway, 2016; Nauhaus, Nielsen, Disney, & Callaway, 2012), and color (Landisman & Ts'o, 

2002; Livingstone & Hubel, 1984; Lu & Roe, 2008; Y. Xiao, Casti, Xiao, & Kaplan, 2007), and 

that these domains are interrelated in a structured manner (Bartfeld & Grinvald, 1992; Nauhaus et 

al., 2016). Cytochrome oxidase (CO) histochemistry reveals a pattern of blobs in V1 (Horton & 

Hubel, 1981) and stripes within V2 (Tootell, Silverman, De Valois, & Jacobs, 1983), which have 

been shown to correlate with the functional spatial organization (Bartfeld & Grinvald, 1992), 

organization of neuronal inputs and outputs, as well as the possible segregation of visual form and 

color responses (Economides, Sincich, Adams, & Horton, 2011; Livingstone & Hubel, 1984). 

Furthermore, previous work has demonstrated spatial organization of color selectivity in higher 

visual areas including V2 thin stripes (Lim, Wang, Xiao, Hu, & Felleman, 2009; Y. Xiao, Wang, 

& Felleman, 2003), V4 (Conway, Moeller, & Tsao, 2007; M. Li, Liu, Juusola, & Tang, 2014; 

Tanigawa, Lu, & Roe, 2010), and inferotemporal cortex (IT) (Chang, Bao, & Tsao, 2017; Conway 

& Tsao, 2009; Komatsu, Ideura, Kaji, & Yamane, 1992).  

Such knowledge about the functional organization of feature representations and their 

relationships to each other and to anatomical substrates has led to important insight into the circuit 

mechanisms that create selective visual responses and the joint coding of visual feature space. 

Despite these studies, the functional organization of color selectivity in V1 remains poorly 

understood. Cone-opponent neurons were first described by Wiesel and Hubel in the LGN (Wiesel 

& Hubel, 1966) and later in V1 (Hubel & Wiesel, 1968). However, technical limitations have 

prevented in-depth studies of the spatial organization of cone-opponent neurons due to an inability 
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to record from large populations of contiguous neurons with single-neuron resolution. Here, we 

demonstrate the existence of highly organized cone input maps in primate primary visual cortex 

using intrinsic signal imaging and GCaMP6f two-photon calcium imaging. 

 

Materials and Methods 

All procedures involving live animals were conducted in accordance with the guidelines of 

the NIH and were approved by the Institutional Animal Care and Use Committee (IACUC) at The 

Salk Institute for Biological Studies. We recorded from five adult macaque monkeys (M. 

fascicularis) for the experiments described in this study. The animals are referred to below as AE7 

(female), AE9 (female), AF2 (male), AF3 (male), and AF4 (male). In addition, we conducted 

GCaMP6f two-photon calcium imaging with AE7 and extracellular electrophysiology with AE9. 

 

Animal preparation and AAV vector injections for GCaMP expression 

GCaMP expression was achieved by pressure injections of a mixture of AAV vectors (see 

below) into the primary visual cortex (V1) (Sadakane et al., 2015). Prior to injection of AAVs, 

animals were anesthetized with ketamine (10 mg/kg) and pretreated with atropine sulfate (0.02 

mg/kg) intramuscularly. The animal was intubated and an IV line inserted.  Anesthesia was 

switched to inhaled isoflurane (2-4% in O2) and the animals was placed in a stereotaxic apparatus 

in which the animal’s head was held in place using ear bars, eye bars, and a palate clamp (David 

Kopf Instruments, Tujunga, CA). Anesthesia was maintained throughout the procedure using 1-

2.5% inhaled isoflurane and the animal was mechanically ventilated using a small animal 

respirator (Ugo Basile, Gemonio, Italy). The EKG, SpO2, end tidal CO2, and body temperature 

were all monitored throughout the surgery to judge the health of the animal and maintain proper 
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anesthesia and respiration rate and volume. Antibiotics and lactated Ringer were supplied (iv). 

Following a scalp incision, craniotomy, and retraction of dura, we pressure injected a mixture of 

AAV5-TRE3-GCaMP6f (titre: 8.04E+12 GC/ml) and AAV5-thy1s-tTa (titre: 2.13E+12 GC/ml) 

by 1:1 volume ratio via glass pipette (tip diameter 20-35 microns) into 1-3 depths at 6-12 locations 

in the opercular surface of primary visual cortex (300-600 nl per injection, 300-700 µm below 

cortical surface). Injections were typically spaced about 1mm apart to obtain uniform coverage of 

GCaMP expression across the injected region. Following injections, a thin piece of silicone 

artificial dura was placed between the cortical surface and the natural dura and these were glued 

in place with Vetbond (3M, Maplewood, MN). The bone was replaced and cemented in place. 

Buprenorphine was administered (slow release, 0.12mg/kg, s.c.) and dexamethasone (1-2mg/kg, 

i.m.) was administered daily to reduce brain swelling. 

 

Animal preparation for recording 

Approximately 10 days after viral vector injection, the animal was anesthetized with 

ketamine (10 mg/kg) and pretreated with atropine sulfate (0.02mg/kg) intramuscularly as 

described above. The animal was then switched to inhaled isoflurane (2-4% in O2) and a 

tracheostomy was performed. The animal was held in the stereotaxic head holder, anesthesia 

continued with isoflurane, and IV lines were inserted into the femoral arteries. Holes were drilled 

through the skull over the frontal cortex and silver wires inserted between the skull and dura to 

monitor electroencephalography (EEG). A small metal post was attached to the skull over the 

frontal cortex using metal screws and dental cement (Grip Cement, Dentsply, York, PA). 

Following attachment of the metal post, we used this post instead of the ear and eye bars to keep 

the animal’s head stable throughout the recording. The skull over the occipital lobe was thinned 
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using a dental drill, and following craniotomy, a custom-made imaging chamber (20mm inner 

diameter) was attached over the primary visual cortex using dental cement (Figure 1.1). We 

utilized a titanium insert that incorporated a glass coverslip, whose depth within the chamber could 

be controlled with a threaded ring. Following durotomy, the coverslip was screwed into position 

to place a small amount of pressure sufficient to reduce brain movement for two-photon imaging. 

Eyes were dilated with 1% atropine eye drops and fitted with contact lenses of appropriate 

curvatures to focus on a screen 57 cm from the eyes. Following implantation of the chamber, we 

gradually transitioned the anesthesia to sufentanil citrate (2.0-8.0 µg/kg/hr, i.v.). The animal was 

mechanically ventilated using a small animal respirator (Ugo Basile, Gemonio, Italy). The EEG, 

EKG, SpO2, end tidal CO2, and body temperature were all monitored throughout the procedure to 

judge the health of the animal and maintain proper anesthesia and respiration rate and volume. 

Anesthesia dosage was maintained at a level that insured slow wave EEG activity. In addition to 

the anesthetic, the animals were paralyzed to prevent eye movement using vecuronium bromide 

(0.05-0.2 mg/kg/hr i.v.). We then collected data using the intrinsic signal imaging setup and either 

the two-photon microscope or extracellular electrophysiology setup described below. The animal 

was humanely euthanized at the end of the procedure (see Histology). 

 

Intrinsic signal imaging setup 

Following placement of the imaging chamber, we conducted intrinsic signal imaging. We 

obtained images of the change in reflectance with 630nm illumination, which correspond to 

cortical activity, in response to various visual stimuli described below. Imaging was performed 

using a Photonfocus camera (MV1-D2080-160-G2-12, Photonfocus, Lachen, Switzerland) and 

custom Matlab software. In order to increase the signal-to-noise ratio, each stimulus condition was 
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repeated between 20 and 40 trials. Stimuli were presented in a randomized order. For each trial, 

the stimulus was displayed for 4 seconds with a 2-second pre-stimulus period and 8-second 

interstimulus interval. Images were acquired during the 6-second pre-stimulus and stimulus period 

at 8Hz. 

 

Two-photon microscope setup 

Two-photon microscopy was performed with a customized setup incorporating a Sutter 

movable objective microscope (Sutter Instruments, Novato, CA) with a Ti:sapphire laser 

(Chameleon Ultra II, Coherent, Santa Clara, CA) at 910nm. The microscope was modified to 

include a resonant scanner (Cambridge Instruments, Bedford, MA) and data acquisition was 

controlled with a customized version of Scanbox (Neurolabware, Los Angeles, CA) and collected 

at 15.49 Hz per imaging plane. We used a 16x, 0.8 NA objective (Nikon Corporation, Tokyo, 

Japan) for imaging. The back aperture of the objective was not overfilled due to the technical 

limitations of the microscope. 

 

Extracellular Electrophysiology 

Extracellular electrophysiology data was recorded utilizing Neuropixels high-density 

silicon electrode arrays (Jun et al., 2017). Briefly, these 384-channel probes were connected to a 

commercially available FPGA board, which streamed two filtered signals (above and below 

300Hz.) to the recording computer. We utilized the “AP” band (>300Hz) for all analysis of spike 

times detailed below. All recordings were completed using SpikeGLX (Janelia Research Campus, 

Ashburn, VA). The surgical procedure and chamber design were identical to the design used for 

intrinsic imaging and two-photon imaging except that the coverslip had a small hole through which 
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the electrode array was inserted. The electrode array was attached to a hydraulic manipulator 

(Narishige International, Tokyo, Japan), and the manipulator was attached to the side of the 

imaging chamber in order to ensure that electrode penetrations were perpendicular to the brain 

surface. Based on the functional maps and surface blood vessel map from intrinsic signal imaging, 

we made perpendicular penetrations at or near the centers of color blotches and lowered the 

electrode approximately 2.5-3.0mm below the surface of the cortex. 

 

Visual Stimuli 

Visual stimuli were generated with the Psychophysics Toolbox for MATLAB (Mathworks 

Inc., Natick, MA) on a CRT monitor (CPD-G520, Sony Corporation, Tokyo, Japan) with a refresh 

rate of 100 Hz. Prior to each experiment, the monitor was gamma corrected, and the phosphor 

spectra were measured with a spectroradiometer (PR-701, Photo Research, Syracuse, NY) in order 

to display the desired colors. Each hue stimulus was calibrated individually before each experiment 

to make sure they had the same luminance (10 cd/m2) and their xy coordinates remained the same 

between different experiments. For all experiments, the monitor was positioned 57 cm in front of 

the animal’s eyes. 

For intrinsic imaging experiments, we presented a series of full-field achromatic square-

wave drifting gratings of 8 or 12 directions (spatial frequency: 1.5 cycles/degree, temporal 

frequency: 5-6.67cycles/sec) to both eyes as well as each eye separately to obtain orientation 

preference maps and ocular dominance (OD) maps. We also presented full-field red/green 

equiluminant square-wave drifting gratings (spatial frequency: 0.2 cycles/deg, temporal 

frequency: 2 cycles/sec) and subtracted the response to mean-luminance-matched achromatic 

square-wave drifting gratings at the same spatial and temporal frequency to obtain color preference 
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maps. In order to ensure that the color preference maps were not due to the effects of square-wave 

gratings, we also conducted experiments and confirmed that the maps were identical to those 

obtained with colored and achromatic sine-wave gratings (data not shown). In addition, we also 

displayed full-field achromatic and cone-isolating stimuli that modulated at 0.08 or 0.1Hz. The 

temporal modulation of these stimuli was conducted as a sine wave at the frequencies above. For 

the achromatic stimulus, the stimuli modulated between a white and black screen (99% luminance 

contrast). For the cone-isolating stimuli, the screen was modulated in cone-isolating directions 

(contrasts indicated below in the description of how cone-isolating stimuli were generated). The 

frequency of the stimulus was selected in order to avoid potential noise from the breathing rate or 

other electronic equipment necessary for monitoring vital signs and recording. Analysis methods 

are described below. 

In two-photon imaging experiments, in order to assess spatial receptive fields and cone 

inputs, we displayed full contrast achromatic and L, M, and S cone-isolating (see below) Hartley 

stimuli (Ringach, Sapiro, & Shapley, 1997), which consisted of flashed gratings of varying 

orientation, spatial frequency (range: 0.2-6.0 cycles/degree), and spatial phase (Figure S6A). For 

GCaMP imaging these stimuli were displayed at 4Hz for a period of 60 minutes each. We 

presented Hartley stimuli while imaging at two depths for all imaging regions in AE6 and at 3-4 

depths for imaging regions in AE7 (Figure S11).  

Following calculation of the spectral power distributions of each monitor phosphor, we 

calculated cone-isolating directions as previously described (Chatterjee & Callaway, 2002). 

Briefly, we calculated a matrix representing the activity of each cone that is attributable to each 

CRT phosphor gun by taking the dot product of the monitor spectral power distribution with 
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previously published 10° cone fundamentals (Stockman & Sharpe, 2000) (available online at 

http://www.cvrl.org/). The power distribution was sampled every 5nm. 

L
𝐿
𝑀
𝑆
P = L

𝑅′ ∙ 𝐿′ 𝐺′ ∙ 𝐿′ 𝐵′ ∙ 𝐿′
𝑅′ ∙ 𝑀′ 𝐺′ ∙ 𝑀′ 𝐵′ ∙ 𝑀′
𝑅′ ∙ 𝑆′ 𝐺′ ∙ 𝑆′ 𝐵′ ∙ 𝑆′

P L
𝑅
𝐺
𝐵
P 

In the equation above, L, M, and S represent the cone activities for any combination of monitor 

phosphor intensities. L’, M’, and S’ are relative cone absorption spectra and R’, G’, and B’ are the 

spectra of the CRT monitor phosphors, with the various combinations of dot products of these 

values being shown in the 3x3 matrix. We utilized this matrix to calculate high-contrast cone-

isolating stimuli. In all experiments, we matched the cone contrast of the L and M cone-isolating 

stimuli and ran the S cone-isolating at the maximum achievable contrast. The monitor was re-

calibrated prior to each imaging or electrophysiology experiment. Consequently, the exact 

contrasts of the cone-isolating stimuli changed slightly between experiments (L: 0.185-0.192; M: 

0.185-0.192; S: 0.902-0.904). 

For extracellular electrophysiology experiments, we displayed the same stimuli as used for 

two-photon imaging experiments. Achromatic and cone-isolating Hartley stimuli (described 

above) were presented for 30 minutes each at 50Hz. 

 

Histology 

Following 2-photon recording or electrophysiology, the animal was given a lethal dose of 

pentobarbital and transcardial perfusion was performed using 0.9% saline, followed by 4% 

paraformaldehyde (PFA), 10% sucrose with PFA and 20% sucrose with PFA, and the brain was 

extracted. The imaging or recording area was then blocked and sunk in 30% sucrose and sectioned 

(50 µm) tangentially using a freezing microtome. The most superficial section was thicker 

(approximately 200 µm) in order to recover the blood vessel pattern to align with in vivo images 
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(Figure 1.3). Tissue was stained for cytochrome oxidase in order to recover the precise location 

of cytochrome oxidase blobs (Figure 1.4P-T). Sections were imaged using a customized Olympus 

BX63 microscope (Olympus Corporation, Tokyo, Japan). Images of sections were aligned with 

intrinsic imaging and two-photon images using superficial and radial blood vessel patterns (Figure 

S1.3). Image alignment was done using Adobe Photoshop and the Landmark Correspondences 

plugin for Fiji (Schindelin et al., 2012). 

In order to calculate the normalized CO or ISI intensity of each neuron recorded with two-

photon calcium imaging, each region was first aligned with ISI and CO using the methods 

described above and illustrated in Figure S1.3. Next, we used Fiji to enhance the contrast and 

equalize the histogram of the corresponding CO histology (Figure S1.3F). A two-dimensional 

Gaussian filter was applied to smooth the image in order to reduce the effect of blood vessel 

artifacts. Finally, the pixel intensities of each imaging region were normalized to fall between zero 

(corresponding to regions with the least CO density) and one using the following equation: 

𝑧"# =
𝑥"# − min	(𝑥)

max(𝑥) − min	(𝑥) 

In the equation above, 𝑧"# is the normalized pixel value at coordinates (𝑖, 𝑗) while 𝑥"# is the pixel 

value prior to normalization and 𝑥 is the original matrix of pixel intensities. A contour plot of 

normalized pixel values overlaid on top of an imaging region is illustrated in Figure 1.6A. A 

histogram of all pixel values from all imaging regions combined, as well as all visually responsive 

and/or hue selective neurons, is depicted in Figure 1.3G.  

 

Intrinsic Imaging Data Analysis 

To generate maps of color blotches, orientation pinwheels, and OD columns: following 

imaging acquisition, we computed the percent change of each pixel for each trial, which was then 
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filtered using a fourth-order Butterworth bandpass filter (high cutoff frequency: 7.8-9.6 cycle/mm, 

low cutoff frequency: 1.6-2.1 cycle/mm). Next, we computed a t-map, as previously described (P. 

Li et al., 2013), to represent the differential response to two stimulus conditions in order to identify 

the locations of orientation pinwheels, OD columns, and color blotches. Intrinsic imaging 

functional maps were aligned with CO histology using the superficial blood vessel pattern as 

illustrated in Figure 1.3. The normalized intensity of ISI color blotches was determined using the 

same methodology as described for CO histology above.  

In order to generate the cone input maps described, we utilized a separate analysis 

technique utilizing Fourier transform. Specifically, we computed the Fourier transform of the 

signal of each pixel over the time period during the presentation of a periodic stimulus (see above). 

We analyzed the power of that signal at the frequency of the stimulus (0.08 or 0.1 Hz.). We then 

plotted the imaging field of view based on the power of each pixel. The normalized intensity was 

determined using the same procedure described above for analysis of CO histology. Due to the 

limited time resolution of intrinsic signal imaging, it was not possible to know from these images 

which phase of the stimulus the ISI response corresponds to. 

 

2-photon Segmentation and Analysis 

Regions of interest containing individual neurons were automatically segmented and then 

manually curated using Suite2P (Pachitariu et al., 2016b) or manually segmented using Scanbox 

in conjunction with customized Matlab and Python software. The raw fluorescence trace and 

estimated spike times for each neuron were extracted. Spike times were extracted using the Vanilla 

deconvolution algorithm provided by Scanbox (Berens et al., 2018; Jimenez, Tring, Trachtenberg, 

& Ringach, 2018). The intensity of the background was subtracted by subtracting the fluorescence 
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value of the deadbands from the entire image.  The change in fluorescence (∆F/F) was computed 

by the following equation, where F is the average fluorescence during stimulus presentation and 

𝐹3 is the average fluorescence during the pre-stimulus period: 

 

∆𝐹
𝐹 =

𝐹 − 𝐹3
𝐹3

 

 

Responses were averaged over 3-5 stimulus presentations, and the average response to each color 

at each neuron’s preferred spatial frequency and orientation were plotted to form a hue tuning 

curve. Similarly, orientation and spatial frequency tuning curves were computed by plotting each 

neuron’s average response to each presented orientation at its preferred color. Neurons were 

considered significantly visually responsive if they had a significant ANOVA (p < 0.01) across all 

orientations and spatial frequencies of an achromatic stimulus compared to a blank stimulus. 

Similarly, cells were considered significantly hue or orientation tuned if they had a p-value of an 

ANOVA across all hues of <0.01 (hue tuned) or across all orientations of <0.01 (orientation tuned). 

The analysis procedure for Hartley stimuli is detailed below. 

For each neuron, we calculated the orientation selectivity index (OSI) to both achromatic 

and colored drifting grating stimuli, defined as the following: 

 

OSI =
𝑅9:;<;::;= − 𝑅>:?@>A>BCD

𝑅9:;<;::;=
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In the above equation, 𝑅 represents the response of the neuron (∆F/F) at its preferred or orthogonal 

orientation at the neuron’s preferred spatial frequency and hue (or achromatic). In addition, we 

also calculated the color preference index (CPI), defined as the following: 

 

CPI =
𝑅G>D>: − 𝑅CG@:>HC?IG
𝑅G>D>: + 𝑅CG@:>HC?IG

	 

 

In this case, 𝑅 represents the response of the neuron (∆F/F) to a drifting grating of its preferred 

hue, spatial frequency, and orientation (𝑅G>D>:), or an achromatic drifting grating of its preferred 

orientation and spatial frequency (𝑅CG@:>HC?IG). Neurons with CPI values above zero displayed a 

maximum response to their preferred hue that was greater than their maximal response to full-

contrast achromatic stimuli. 

 

Extracellular Electrophysiology Data Analysis 

Following electrophysiology recordings, we first conducted common average referencing 

by subtracting the median trace of all recording channels from each channel. Next, we utilized 

Kilosort (Pachitariu, Steinmetz, Kadir, Carandini, & Harris, 2016a) to automatically sort spikes 

from neighboring contacts into putative clusters and manually curated clusters using Phy (Rossant 

et al., 2016). Spike times were synchronized with stimulus acquisition using a photodiode that was 

placed on a region of the screen that showed a single frame of white at the start of each trial. Next, 

the spike rate was calculated during each trial (ignoring the first 50ms of stimulus presentation) 

and averaged across multiple trials of identical stimuli, which allowed for generation of hue, 

orientation, and spatial frequency tuning curves. Analysis of Hartley stimuli was conducted using 

the procedure detailed below. 
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Hartley Spike-Triggered Average Analysis 

In order to create spike-triggered averages, we utilized spike times from electrophysiology 

or estimated spike times from the two-photon signal (see above; Figure S6B). Using these spike 

times, we calculated the average stimulus displayed on the screen prior to each spike. For 

electrophysiology, we calculated the average stimulus in 1ms time bins for the 200ms preceding 

each spike, typically finding that the peak STA occurred 50-70ms prior to spiking. For calcium 

imaging, we calculated the average stimulus for the 20 imaging frames (frame rate for all 

recordings with Hartley stimuli was 15.49Hz) preceding each spike (Figure S6C), finding that the 

majority of neurons with a significant STA had the peak STA occur 6 frames prior to the average 

spike. For calcium imaging, STAs were considered significant if the variance of the imaging frame 

with the peak variance (typically 6-7 frames prior to each spike) was 1.5x greater than the average 

variance for frames 15-20 preceding each spike. For electrophysiology, STAs were considered 

significant if the variance of the time bin with the peak variance (typically 50-70ms prior to spikes) 

was 1.5x greater than the average variance for the time bins 175-200ms preceding each spike. 

For the plots illustrating normalized cone strengths in Figure 4A-B, we included all 

neurons with a significant STA in response to L, M, or S cone-isolated stimuli. The location and 

cone of the peak STA was calculated, and a 3x3 pixel average was taken around this location for 

all three stimulus types. The same pixel locations were used for all three stimuli. The normalized 

cone strength N for each cone C (Nc) was calculated using the following equation: 

 

𝑁V =
𝑅W

|𝑅Y| + |𝑅Z| + |𝑅[|
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In this equation, RC represents the cone strength R of the STA of each cone C. Consequently, in 

the L-M cone strength plots provided (Figs. 4A-B), the strength of the S cone STA is implicit in 

the distance from the provided diagonal lines. For neurons with a significant S cone Hartley STA 

that have very low normalized S cone strength, this is likely due to the fact that the neuron had 

weak S cone centre strength but stronger S cone surround strength. (i.e. The stimulus location that 

generated the strongest cone response did not correspond to the location with the strongest S-cone 

response.) 

 

Results 

Intrinsic signal imaging and GCaMP6f two-photon calcium imaging 

As introduced above, the spatial organization of color selectivity has not been well-

described. Following the discovery of cytochrome oxidase blobs, early studies reported a 

preponderance of color cells within blobs. These studies eventually led to the segregated model of 

V1, in which neurons within cytochrome oxidase (CO) blobs respond selectively to color or 

brightness but not orientation, while neurons in interblobs are selective for orientation but not the 

color of the stimulus. Subsequent studies have demonstrated that there is not strict functional 

segregation of color and form based upon cytochrome oxidase histology. However, functional 

studies using ISI have revealed “blob-like patterns of color response” in primate V1 (Lu & Roe, 

2008). These maps were generated by subtracting the average response to full-field achromatic 

sinusoidal gratings of low spatial frequency from the response to red-green gratings of the same 

spatial frequency. Further, while these regions were described as “blob-like”, the precise locations 

and quantity of these regions differed from cytochrome oxidase blobs. Here, we refer to these 
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imaging regions as “blotches” to avoid confusion with CO blobs, which are sometimes also 

referred to as patches. The mechanisms underlying these color blotches remains unclear. 

For all experiments described below, animals were anesthetized and paralyzed (see 

Methods). For experiments in which GCaMP6f two-photon calcium imaging was conducted, we 

injected an equal combination of viruses as depicted in Figure 1.5 and previously described 

(Sadakane et al., 2015). We obtained ISI maps from a total of five animals and also recorded 

corresponding calcium imaging responses for one of these animals. We displayed a series of 

achromatic, chromatic, and cone-isolating stimuli while recording with intrinsic signal imaging 

(ISI) and two-photon calcium imaging. We first used differential analysis to calculate maps of 

ocular dominance and red-green color blotches. Further, we also displayed periodic full-field cone-

isolating stimuli and used Fourier analysis to calculate cone input maps (see below). Following 

the completion of ISI, we conducted two-photon imaging on a subset of animals. Two-photon 

imaging was performed at multiple depths using imaging windows that were approximately 

750x500um. These imaging windows allowed us to simultaneously visualize the responses of 

neurons both within and outside of CO blobs. 

 

Cone input maps from intrinsic signal imaging Fourier analysis 

We utilized full-field periodic cone-isolating stimuli that modulated at a temporal 

frequency of 0.08-0.1 Hz while recording using ISI. The temporal frequency was selected in order 

to avoid conflicting with the heart rate, respiration rate, and other potential sources of noise. Next, 

we computed the Fourier transform of the response and plotted each pixel based upon the power 

at the frequency of the stimulus. This technique has previously been used to describe generate 

functional maps of orientation selectivity and retinotopy (Juavinett, Nauhaus, Garrett, Zhuang, & 
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Callaway, 2017; Kalatsky & Stryker, 2003). Using this technique, As demonstrated in Figs. 2.1A 

and 2.2 we reveal that there are several neighboring regions of V1 that respond to opposite phases 

of L cone-isolating stimuli. We reveal similar maps for both M cone and S cone isolating stimuli 

(Figure 2.1B-C, 2.2). We demonstrate the relationships of these maps to each other and to CO 

histology below. It is important to note that the poor temporal resolution of ISI does not allow us 

to determine which sign of the stimulus each region is responding to. We utilize GCaMP6f two-

photon calcium imaging to reveal this information (see below).   

 

 

Figure 2.1: ISI Maps of Dominant Cone Input in Primate V1. (A) Fourier analysis of intrinsic 
signal in response to full-field modulation of L cone-isolating stimulus. Light and dark regions 
correspond to regions of high power of opposite phases. Scale bar = 1mm. (B) Same as (A) in 

response to M-cone isolating stimulus. (C) Same as (A) in response to S-cone isolating stimulus. 
 

In order to compare the location of regions that are responsive to cone-isolating stimuli, 

we can plot the locations of these regions using contours based on their pixel intensities. Notably, 

we find that there is a very strong negative correlation between the L and M cone-isolating regions, 

with opposite phases of the two cone responses overlapping. The regions that were responsive to 

S cone modulation did not overlap with either the L or M cone regions or CO blobs. 
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Figure 2.2: ISI Maps of All Imaging Regions. Phase response maps to full-field modulation of 
L, M, and S cone-isolating stimuli for all imaging regions and experiments. Scale bar = 1mm. 
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Identification of cone input signs with GCaMP6f two-photon calcium imaging  

 As noted above, while Fourier analysis of intrinsic signals is an effective method to 

generate functional maps for large regions of primate cortex, intrinsic signals are limited by their 

poor temporal resolution. Consequently, while it is possible to determine that certain regions are 

responsive to particular phases of periodic stimuli, as visualized in Fig 2.1, it is not possible to 

determine which phase of the stimulus each region responds to. Consequently, while the maps in 

Figure 2.1 reveal that neighboring regions of V1 are responsive to opposite phases of a periodic 

cone-isolating stimulus, these maps do not reveal whether each region is responding to the ON or 

OFF portion of the stimulus. In order to reveal the phases that individual regions are responsive to 

and their relationship to ISI color blotches and CO histology, we measure the responses of single 

neurons within these regions to achromatic and cone-isolating stimuli using two-photon calcium 

imaging with GCaMP6f. 

 In early experiments, we noted that there was a large bias in neuronal color preferences 

toward red and blue hues (Figure 1.2), as well as several neurons that responded selectively to two 

hues. As noted in Chapter 1, this bias is most likely due to our usage of hues. While these hues 

evenly represent the CIE color space, they have strongly biased cone contrasts, and therefore the 

selectivities of red and blue likely reflect dominant cone inputs. Previous studies of the LGN, V1, 

and V2 have demonstrated that responses to multiple hues may reflect ON and OFF responses 

(Friedman, Zhou, & Heydt, 2003; Hanazawa, Komatsu, & Murakami, 2000; Wiesel & Hubel, 

1966; Zeki, 1983a; 1983b). While 2-photon imaging lacks the temporal resolution to reveal 

whether cells with two color preferences (red and blue) might have opposing (ON -OFF) responses 

to their 2 preferred colors, electrophysiological recording from similar cells showed that responses 

to the 2 colors were in fact at opposite phases of the equiluminant red and blue colored gratings 
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(Figure 2.3). We measured single unit electrophysiological responses using Neuropixels high-

density extracellular electrode arrays (Jun et al., 2017). The superior time resolution of 

extracellular electrophysiology, which allows for identification of single spikes of putative 

neurons, allowed for analysis of the timing of the neuronal response relative to the phase of the 

presented drifting gratings, which revealed that for neurons with multiple peaks in their hue 

response curves, the spikes for each of the peak colors occurred during opposite phases of the 

square-wave gratings, suggesting that the multiple peaks may represent ON or OFF responses 

(Figure 2.3A-B). Further, we presented achromatic and cone-isolating Hartley stimuli (Figure 

2.4) (Ringach et al., 1997) and computed the spike-triggered average (STA) in response to each 

stimulus to visualize that these neurons had distinct ON and OFF L- and M-cone opponent 

spatiotemporal receptive fields (Figure 2.3C-F). It is important to note that previous studies have 

demonstrated that STA analysis is most useful for studying receptive field characteristics of simple 

cells (Horwitz, Chichilnisky, & Albright, 2007), and that additional nonlinear analysis is necessary 

for analyzing complex cells, which make up a significant population of color selective neurons 

(Horwitz, Chichilnisky, & Albright, 2005). 
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Figure 2.3: Drifting Grating Phase Response and Spike-Triggered Average Stimulus of a 
Two-Peak Hue Selective Cell. (A) Hue tuning curve for sample neuron recorded with 
extracellular electrophysiology. (B) Temporal response relative to phase of stimulus 

presentation for red and blue hue drifting gratings presented at temporal frequency of 5 
cycles/sec. (C to F) Spike-triggered average in response to achromatic, L, M, and S cone-

isolating Hartley stimuli, respectively. Red regions correspond to ON responses, while blue 
regions correspond to OFF responses. All plots display the average stimulus 50ms prior to 

spikes. Scale bar: 2.5 degrees.  
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Figure 2.4: Two-Photon Imaging and Electrophysiology Reverse Correlation Techniques. (A) 
Example Hartley stimuli used to map receptive fields. Stimuli varied in spatial frequency, spatial 
phase, and orientation and achromatic (displayed), L, M, and S cone-isolating stimuli were used. 

Inter-stimulus interval was 250ms. (B) Raw fluorescence trace for neuron 4 in Figure 1.5 in 
response to L cone-isolating Hartley stimuli (bottom). Estimated spiking pattern following 

deconvolution of calcium response (top). (C) Reverse correlation of signal depicted in B. Tau 
represents the number of frames preceding each estimated spike for which the spike-triggered 

average was computed. ON responses are indicated in red and OFF responses indicated in blue. 
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We took advantage of the high spatial resolution of GCaMP6f imaging to further 

investigate the cone inputs to V1 neurons. We utilized achromatic and cone-isolating Hartley 

stimuli while recording using two-photon calcium imaging in a subset of the imaging regions in 

which hue tuning was evaluated (described in Chapter 1), including five imaging regions in two 

animals. Following estimation of spike times from the calcium signal and computation of spike-

triggered averages (STAs) for each stimulus (Berens et al., 2018; Smith & Häusser, 2010) (Figure 

2.4), cells with significant STAs (see Methods) were identified. We also displayed equiluminant 

colored stimuli in the same experiments. We discovered a wide diversity of receptive field 

structures when computing the STA of each neuron, with example neurons displayed in Figure 

2.5.  
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Figure 2.5: STAs for Achromatic and Cone-Isolating Stimuli. (A) Example two-photon 
imaging region. Neurons considered hue selective are labelled by their preferred hue, while 

neurons that were classified as visually responsive to full contrast achromatic stimuli but not hue 
selective are depicted in gray. This figure contains neurons from one cortical depth. Scale bar: 
200µm. Neurons in C to G are indicated using arrows (B) Illustration of the color preference 

index of each neuron in A. (C to G) Left, average change in fluorescence to twelve hues at each 
neuron’s preferred orientation and spatial frequency for neurons indicated in b-c. The response 
to achromatic gratings at each neuron’s preferred orientation and spatial frequency is plotted in 
black. Right, achromatic, L, M and S cone-isolating stimuli STAs. All plotted STAs are shown for 
the frame preceding estimated spikes where the variance of the stimulus peaked. ON subregions 

indicated in red, OFF subregions indicated in blue. 
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Of the five imaging regions where cone-isolating Hartley stimuli were used, we found a 

significant STA for Achromatic, L, M, and S cone-isolating stimuli for 587, 253, 213, and 90 

neurons, respectively. In total, 729/1779 (41.0%) visually responsive neurons displayed a 

significant STA for achromatic, L, M, or S cone-isolating stimuli. Of these 729 cells, 380 displayed 

a significant STA for only achromatic stimuli but not for L, M, or S cone-isolating stimuli leaving 

349 of 1779 neurons (19.6%) with significant L, M, or S cone isolating STAs. This difference 

between achromatic and cone isolating stimuli is likely due to the fact that the achromatic stimulus 

was presented at a higher contrast than can be generated for cone isolating stimuli (see Methods). 

The fact that the receptive fields of a minority of neurons can be detected using STA analysis 

suggests that a large proportion of superficial layer V1 neurons integrate cone inputs in a complex 

non-linear fashion, as previously described (Horwitz et al., 2007; Horwitz & Hass, 2012; Johnson, 

Hawken, & Shapley, 2001). Additional analyses are required to characterize cone contributions to 

the remaining population of neurons. Nevertheless, further analyses of the cells with significant 

STAs leads to important insights.  

We characterized each neuron with a significant STA in response to achromatic or cone-

isolating stimuli (see above) as an ON or OFF neuron based on the sign of the maximal response 

and plotted the spatial organization of ON and OFF neurons for each stimulus type (Figure 2.6). 

Clustering of ON and OFF responses to achromatic stimuli has been previously reported in other 

species (Lee, Huang, & Fitzpatrick, 2016). We find that ON and OFF neurons tend to be clustered 

together in regions that correlate with functional ISI maps (Figs. 2.6, 2.7). Specifically, L ON, M 

OFF cone-opponent neurons tend to be clustered together within equiluminant red-green ISI 

regions and are spatially separated from clusters containing less common L OFF, M ON cone-

opponent neurons. This preponderance of L ON, M OFF neurons was observed for all six red-
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green color regions identified with ISI in five out of five imaging regions where cone-isolating 

Hartley stimuli were utilized (Figs. 2.6, 2.7). A similar correspondence was not observed between 

L ON, M OFF neurons and CO blobs (Figure 2.6), further highlighting the differences between 

these functional and anatomical landmarks. These results indicate that the previous color maps 

observed with ISI are likely a result of underlying spatial organization of cone inputs. 
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Figure 2.6: Spatial Organization of Neurons According to Their Cone Inputs. (A) Aligned CO 

histology for two-photon imaging region in B to F. Solid and dashed contours indicates the 
highest 40% of normalized CO and red-green equiluminant ISI intensity values, respectively. 

Scale bar: 200µm. (B) Red-green ISI response map for imaging region indicated in A. Solid and 
dashed contours as in A. (C to F) Cone input maps displaying all neurons with significant STAs 
to achromatic, L, M, or S cone-isolating Hartley stimuli, respectively. Neurons are indicated as 
ON (red) or OFF (blue) based on the maximum value of their STA. These maps include neurons 
superimposed from two cortical depths. (G to L) Same as A to F for an additional two-photon 

imaging region. 
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Figure 2.7: Achromatic and Cone-Isolating STA Maps for All Imaging Regions. All 
achromatic, L, M, and S cone-isolating Hartley STA maps (columns 1-4, respectively) for all five 

imaging regions where Hartley stimuli were utilized. Neurons are only included if they had a 
significant STA to the stimulus in each plot. Neurons are colored blue if their peak response was 

OFF and red if their peak response was ON. All regions from AE6 contain two superimposed 
cortical depths, and AE7 regions 1 and 2 contain 3 and 4 superimposed cortical depths, 

respectively. Animal labels and imaging regions correspond to imaging regions provided in 
Figure S5B-C. Scale bars: 200µm. 
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Using our reverse correlation analysis, we also sought to answer additional questions 

regarding the strength of cone inputs to individual V1 neurons. First, we sought to understand 

whether there was a systematic relationship between the cone inputs detectable with STAs and hue 

selectivity of individual neurons. To do this, we plotted all neurons that had a significant STA to 

L, M, or S cone isolating stimuli and normalized their cone strength as follows: 𝑁V =
\]

|\^|_|\`|_|\a|
. 

In this equation, RC represents the cone strength R of the STA of each cone C. In Fig, 2.8A, the 

normalized cone strengths of neurons with a significant response to L, M, or S stimuli are 

presented. In this L-M cone strength plot, the peak strength of the S cone STA is implicit in the 

distance from the provided diagonal lines. The great majority of this subset of neurons were hue 

selective (270 of 349, 77.4%) and are indicated in the plots by their preferred hues. The remaining 

cells are indicated by grey symbols. Figure 2.8B further characterizes the subset of neurons with 

significant S-cone STAs and differentiates those with S ON versus S OFF responses. 

As demonstrated in Figure 2.8A, the subpopulation of neurons with significant STAs to 

cone-isolating stimuli was clearly stratified into three groups. The first (seen in the top left of the 

plot) consisted primarily of M ON, L OFF neurons as well as a few L OFF neurons with weak M 

OFF input and a few M ON neurons with weak L ON input. The next population had a strong S 

cone input that dominated the normalized response, and finally, the largest subpopulation of 

neurons was classified into the L ON, M OFF quadrant of the chart. Amongst all 3 groups, it can 

be seen that there is a preponderance of cells preferring either red or blue hues (Figs. 2.8A-B) and 

few cells tuned to greens or violet. As detailed in Chapter 1, this bias is likely to be a reflection of 

the biased cone contrasts of our colored stimuli. However, we did find an unexpected relationship 

between cone weights and preferred color within the population of L ON, M OFF cells. Amongst 

hue selective cells that were L ON, M OFF and had a normalized S cone STA strength of <0.4, 
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neurons with balanced L/M cone input tended to prefer blue hues, whereas neurons with a stronger 

L or M cone STA strength tended to prefer red (Figure 2.9A-B). No such relationship was seen 

amongst the M ON, L OFF population. We speculate that the responses to red stimuli are ON 

responses for those cells with stronger L cone than M cone input and are OFF responses for those 

with stronger M input. It is unclear why neurons with balanced input would usually prefer blue, 

but it would seem likely that these are OFF responses that are stronger than any accompanying red 

ON responses.  

We also evaluated the CPI of neurons with a significant L, M, or S cone Hartley STA and 

find that they tend to have a higher CPI than neurons without a significant STA. Furthermore, non-

hue selective neurons were less likely to have a significant L, M, or S-cone STA (Figure 2.8A, 

2.9C-D). We also note the tendency of neurons with significant L, M, or S-cone STAs to be located 

in regions of less dense CO staining (Figs. 2.9E-F), suggesting that color-preferring cells at more 

dense CO regions may have more non-linear responses. We did not find any particular 

relationships between the 3 groups of neurons illustrated in Figure 2.8A and CO intensity (Figure 

2.10). Again, it is important to note that the majority of cells that we recorded did not have a 

significant STA, including the majority of hue-selective neurons. Further analyses are necessary 

to characterize the complex cone inputs to these neurons. 

  



 106 

 
 

Figure. 2.8: Organization and Cone Input Strengths of Neurons and Relationships to Hue 
Selectivity. (A) Relationship between normalized L cone and M cone input strength for neurons 
with significant L, M, or S cone-isolating Hartley STAs (see text). Neurons are colored based on 
their preferred hue or gray for non-hue selective neurons. S cone input strength is implicit from 

the distance of markers to the diagonal lines. (B) Relationship between normalized L cone and M 
cone input strength for neurons with significant S cone-isolating STAs. Unfilled markers indicate 

S cone OFF responses, while filled markers indicated S cone ON responses. 
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Figure 2.9: Organization of Neurons with Significant Cone Input Measured with Spike-
Triggered Averages of Cone-Isolating Stimuli. (A to B) Histograms of the numbers of red and 
blue hue selective neurons, respectively based on normalized L cone strength. Includes all hue 

selective cells with a significant L, M, or S cone-isolating STA with a normalized S cone strength 
of <0.4 (absolute value). (C to D) Histograms of the numbers of cells without and with 

significant L, M, or S cone-isolating Hartley STAs, respectively, against CPI. For C-F, bars are 
colored based on the preferred hues of neurons, with non-hue selective neurons indicated in 

gray. (E to F) Histograms of the numbers of cells without and with significant L, M, or S cone-
isolating Hartley STAs, respectively, against normalized CO intensity. 
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Figure 2.10: Cytochrome Oxidase Histology of Neurons Grouped Based on Normalized Cone 

Strength. (A) All neurons with significant L, M, or S cone Hartley response plotted based on 
normalized L and M cone strength (same as Figure 2.8A). Groups 1, 2, and 3 plotted in B-D are 

indicated with arrows. Neurons are colored based on their preferred hue or gray for non-hue 
selective neurons. Circular markers indicate orientation-selective cells, and “+” indicates 

neurons with a CPI > 0. S cone input strength is implicit from the distance of markers to the 
diagonal lines. (B to D) Histograms of normalized CO intensity of neurons in groups 1-3 
indicated in A. Histograms are colored based on the preferred hue of neurons or gray for 

neurons that were visually response but not hue selective. 
 
Discussion  

Here, we demonstrate for the first time that individual neurons are mapped across the 

surface of V1 based upon the sign of their dominant cone input. We reveal highly organized maps 

in V1 that contain regions of neurons that respond to opposite phases of full-field cone-isolating 

gratings. Additionally, we utilize two-photon calcium imaging and reverse correlation with cone-

isolating gratings to reveal the signs of these cone inputs. Further, we demonstrate that these cone 
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input maps correspond closely with previous results from ISI studies and provide the basis for 

previous studies demonstrating blob-like patterns of color-preferring neurons. 

In previous studies using 2-photon calcium imaging to study functional organization within 

V1, we have used achromatic stimuli to reveal the relationships between maps for OD, orientation 

preference, and spatial frequency tuning (Nauhaus et al., 2016). Those results support the concept 

behind the original “ice-cube” model of Hubel and Wiesel (Hubel & Wiesel, 1977), in which all 

combinations of OD and orientation are represented by orthogonal mapping of those two features. 

We further reported that spatial frequency also intersects combinatorially with OD and orientation, 

and that this third feature is integrated using a spatial frequency map that is physically parallel to 

the OD map but cycles at a different periodicity. Can additional features related to color selectivity 

also be efficiently mapped in a way that represents all combinations? We reveal that neurons are 

systematically spatially mapped according to their dominant cone input and that there are a wide 

variety of relative cone input strengths. These results suggest that all combinations of cone inputs 

are mapped in a manner consistent with the “ice-cube” model. However, additional work is 

necessary to understand whether hue preferences are similarly mapped. 
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APPENDIX: Interactions between locomotion and visual stimuli influence cell type-specific 

neural circuit dynamics and information encoding in mouse primary visual cortex 

 

Abstract 

Sensory-driven neural activity impacts the behavior of ongoing, endogenously generated 

cortical dynamics. Here, we examine the impact of behavioral state and visual stimuli on 

endogenous circuit and cell-type specific activity throughout the depth of mouse primary visual 

cortex by combining optical tagging with recordings of single unit activity and local field 

potentials from several neurons simultaneously across all cortical layers. Using the behavioral state 

of the animal (i.e., running or stationary) in the absence and presence of visual stimuli to 

characterize endogenous cortical dynamics, we find that locomotion reduces low frequency and 

increases gamma LFP power. However, we find no evidence of improvements in encoding used 

by downstream brain regions due to synchronization of gamma frequencies during locomotion. 

When looking at interactions between signal and noise, we report evidence for both additive and 

multiplicative gain changes and reductions in noise correlations that vary by cell type, laminar 

identity, and behavioral state. 

 

Introduction 

The brain generates neural activity with distinct temporal rhythms even in the absence of 

detectable sensory stimuli. It has long been appreciated that these ongoing endogenous dynamics 

interact with sensory-driven neural activity to modify information processing and influence 

behavior. The precise neural and circuit mechanisms by which this is accomplished, however, are 

unclear. Here, we study interactions between endogenous brain states gated by locomotion and 
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sensory stimuli in the mouse primary visual cortex. Use of transgenic mice allows more detailed 

interrogation and manipulation of identified cell types to facilitate more concrete assessments of 

the information carried by distinct circuit components. 

Several lines of evidence from studies in nonhuman primates performing spatial attention 

tasks suggest that attention improves behavioral performance, not only by increasing sensory 

driven firing rates (gain increases), but also by altering the entrainment of neural activity to 

endogenous brain rhythms. For example, recordings of the local field potential (LFP), a measure 

of the aggregate population activity, in extrastriate visual cortices in the nonhuman primate show 

that attention is associated with increased entrainment of neural firing to the gamma range (30-80 

Hz) and reductions in entrainment at low-frequencies (<10 Hz) and noise correlations (Cohen & 

Maunsell, 2009; Fries, Reynolds, Rorie, & Desimone, 2001; Mitchell, Sundberg, & Reynolds, 

2009). Similar changes are observed in the mouse cortex during locomotion (see below). These 

changes are hypothesized to improve information transfer and information coding. Gamma phase-

locking of spiking output may serve to increase post-synaptic efficacy of responses to attended 

stimuli at downstream neural targets (Singer, 1999; Veit, Hakim, Jadi, Sejnowski, & Adesnik, 

2017).  De-synchronization of spiking output to low-frequency oscillations is predicted to reduce 

slow timescale noise correlations that are associated with low-frequency activity, thus improving 

information coding and subsequent decoding (Averbeck, Latham, & Pouget, 2006).  

These hypotheses rely, however, on the assumption that the cortical neural activity being 

entrained is that of pyramidal cells, which both encode sensory information and are responsible 

for mediating long-distance interactions. Furthermore, neurons located in different cortical layers 

transmit information to different brain regions or might lack projections to distant regions 

altogether. The importance of distinguishing cell types is highlighted by primate studies inferring 
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cell types based on spike shapes and identifying cortical layers with laminar electrode arrays. 

Using action potential waveforms to separate neurons into putative inhibitory interneurons and 

pyramidal cells, Vinck et al., (2013) found that fast-spiking (FS), putative parvalbumin-positive 

(PV+) inhibitory interneurons, defined by narrow action potential waveforms, phase-lock to the 

gamma-band, while broad spiking (BS) units (putative pyramids), showed a more varied phase-

locking response in the gamma range with attention (Vinck, Womelsdorf, Buffalo, Desimone, & 

Fries, 2013). Notably, across the BS population there was no significant increase in phase-locking 

to gamma during attention, casting doubt on the hypothesis that such a mechanism contributes to 

improved information transfer with attention.  

The findings of this study are consistent with other evidence from in vitro studies. Using 

cortical slices from transgenic mice expressing fluorescent proteins in inhibitory interneuron 

subpopulations, Otte et al., (2016) found that the intrinsic membrane properties of a cell uniquely 

influence its ability to entrain to certain oscillatory frequencies. Specifically, the strong 

afterhyperpolarization (AHP) and fast membrane time constants of PV+ interneurons were 

instrumental in allowing these cells to phase-lock to artificially induced 40Hz gamma oscillations 

in vitro (Hasenstaub, Otte, & Callaway, 2016). The slower membrane time constant and reduced 

AHP of pyramidal cells limited their ability to phase-lock to gamma oscillations. We therefore 

sought to test these distinctions between cortical cell types during behavior in the intact mouse, 

where it possible to definitively label cell classes using transgenic mouse lines. 

Recent studies in the mouse have shown that when they are actively engaged in behaviors 

that naturally use visual information, such as locomotion, activity in primary visual cortex exhibits 

similar changes in oscillatory activity and there are similar changes in responses to sensory stimuli 

as those seen in nonhuman primates during attention (Bennett, Arroyo, & Hestrin, 2013; Erisken 
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et al., 2014; Fu et al., 2014; Niell & Stryker, 2010; Polack, Friedman, & Golshani, 2013). For 

example, striking increases in low gamma (30-40Hz) have been reported in persistently running 

mice during presentation of full-field high contrast drifting gratings, despite an absence of such 

oscillations in previous reports (Veit et al., 2017). This includes increases in gamma activity and 

gain and decreases in low frequency oscillations and noise correlations. These changes are also 

associated with changes in the gain of visual responses to sensory stimuli (Niell & Stryker, 2010). 

These gain changes, combined with modulation of pairwise correlations between neurons, likely 

contribute to improving encoding efficiency and information transfer. Recently, it has been 

demonstrated that there are differences in gain changes and locomotion-induced decorrelation 

across cortical layers in primary visual cortex (Dadarlat & Stryker, 2017). However, it remains to 

be seen how individual cell types differ in this regard.  

Here, we perform extracellular recordings of LFPs and single units, including 

optogenetically “tagged” PV interneurons, throughout the depth of primary visual cortex during 

periods when the mouse freely runs or rests. First, we characterize endogenous cortical activity 

associated with behavioral state (running or resting) in the absence of visual stimuli to understand 

the network dynamics and cellular behavior upon which the sensory stimulus will impinge. With 

a clear picture of how motor behavior influences brain state dynamics we introduce a high contrast 

full-field visual stimulus and characterize the interaction of the endogenous brain state and 

sensory-driven excitation and inhibition. Our findings show cell-type and layer specific differences 

in the effect of locomotion on the gain of visual responses and on spiking entrainment to ongoing 

cortical oscillations. Of note, we report multiplicative locomotion-induced gain changes in the 

supragranular and infragranular layers, with primarily additive gain changes in the granular input 

layers. Importantly, these multiplicative changes were limited to the non-PV cell population, with 
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PV units displaying additive gain changes across all layers. In addition, we find significant 

locomotion-induced decreases in noise correlations in the granular and infragranular layers across 

all cell populations. 

We find that PV+ units, as a population, are consistently more entrained with gamma-band 

oscillations compared to other cell types. Both PV+ and pyramidal cells show significant decreases 

in low-frequency entrainment during periods of locomotion alone and during visual stimulation. 

These results suggest that desynchronization to low-frequency oscillations has the potential to 

improve information processing, while synchronization of pyramidal neurons to gamma 

oscillations is relatively weak and unlikely to contribute importantly to synaptic integration in 

downstream targets under these conditions.  

 

Materials and Methods 

Animals 

All procedures were performed in accordance with national and institutional guidelines 

following protocols approved by the Salk Institute IACUC. Ai32 mice (JAX stock #012569) were 

crossed with PV-Cre expressing mice (JAX stock #008069), yielding mice expressing ChR2-YFP 

in PV-expressing inhibitory interneurons throughout the entire brain. Expression of 

Channelrhodopsin-2 (ChR2) in PV neurons was confirmed by genotyping and using double-

labeling immunohistochemistry against YFP and parvalbumin. All animals used in this study were 

aged 2 – 5 months (n = 27 animals; mean age 3.5 months). 
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Animal surgery and training 

At least one day prior to experimentation, animals underwent surgery to affix a custom 

titanium headframe onto the surface of the skull directly above primary visual cortex. Briefly, 

animals were anesthetized with isoflurane (2% isoflurane in oxygen during induction of anesthesia, 

1 - 1.5% isoflurane in oxygen during surgery) and were placed on a heating pad to maintain body 

temperature. A circular frame (8 mm outer diameter, 5 mm inner diameter) was cemented (Caulk 

DENTSPLY) onto the skull above primary visual cortex using dental cement. Carprofen (5mg/kg 

SC) and ibuprofen (30mg/kg) were given as postoperative analgesia.  

 Head-framed animals were habituated on a freely spinning circular platform (Fast-Trac 

#908-996-2155; Bio-Serv) for 20 – 30 minutes per day for 1 – 4 days. The animal’s head was fixed 

in place by clamping the head-frame to a holder positioned above the platform. In seven cases we 

did not habituate the animal to the setup before experimentation to determine the effects of training 

on brain state. We failed to identify systematic differences in brain state dynamics with respect to 

length of habituation. Additionally, we performed habituation both in the presence and absence of 

our visual stimulus to assess whether prior experience with the visual stimulus might influence 

brain state dynamics. We again failed to see a significant change in brain state dynamics across 

habituation conditions. Consequently, data from all habituation conditions were pooled for 

analyses.  

On the day of the experiment, animals were anesthetized with isoflurane and a 2 mm 

craniotomy was made over the center of primary visual cortex (~3.5 mm posterior to bregma, ~2.5 

mm lateral from the midline). The animal was taken off isoflurane and head-fixed above the 

circular platform. A thin layer of warmed agar dissolved in artificial cerebrospinal fluid (3% 

Agarose, type IIIA, Sigma) was spread over the dura and allowed to set for ~2 minutes before 
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insertion of the electrode. Following probe insertion, a second layer of 3% agar was applied for 

stabilization. 

 

Electrophysiology  

Single or dual shank multichannel (16 or 32 contacts) NeuroNexus silicon probes (A1x16-

3mm-50µm-177, A1x16-3mm-50µm-413, or A2x16-10mm-50µm-177) were used to record 

extracellular activity throughout the depth of cortex. Probes settled in the cortex for approximately 

20 minutes before experimentation began. This period of settling, in addition to the second layer 

of agarose, was important for obtaining stable single unit recordings for up to 1.5 hours. Signals 

were acquired on a Tucker-Davis Technology (TDT) RZ2 BioAmp Processor coupled to a PZ2 

preamplifier. Raw signals were acquired from each electrode contact at 25 kHz and either band-

pass filtered at 300 – 8000 Hz for spiking activity or downsampled to 1 kHz and low-pass filtered 

at 100 Hz for LFP recordings. Either a line subtractor or notch filter was applied to the LFP data 

to reduce 60 Hz line noise. Spikes were identified online using a threshold of 6 standard deviations 

(SDs) above the noise. Spike data was processed offline using TDT OpenSorter and/or Plexon 

Offline Sorter. Spiking activity belonging to single units was first identified using the first three 

principle components and a semi-automated K-Means clustering algorithm. Clusters that showed 

refractory periods and typical action potential waveforms were counted as single units.  

   

Optical stimulation 

To identify PV units in visual cortex of PV-Cre x Ai32 animals, we delivered blue light 

(~490 nm) to the cortical surface via an optical fiber coupled to an LED. Light intensity was 

regulated by a custom-made controller which was triggered by the TDT system. Light delivery 
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lasted from 0.5 – 2 seconds and occurred after a 2 second interval allowing single unit activity to 

return to baseline. During light stimulation, animals viewed an isoluminant gray screen and freely 

ran or rested on the platform. An irradiance of 2 – 5 mW/mm2 was sufficient to drive PV units and 

suppress non-PV units throughout the depth of visual cortex. PV units were identified as single 

units that showed rapid (< 10 ms) and sustained increases in firing rate during LED illumination 

(p < 0.05, Signrank test between pre-illumination and illumination). Due to the increase in 

inhibition we often saw single units with significantly suppressed firing rates, but also units with 

no change in firing rate. Units with either of these responses were grouped into the non-PV 

category 

 

Experimental conditions, visual stimuli, and movement acquisition 

Visual stimuli were presented on a Dell 20.5” by 11.5” gamma-corrected monitor 

positioned ~10 cm from the eye contralateral to the recorded hemisphere. All visual stimuli were 

generated using custom software that utilized Psychtoolbox in Matlab. At the beginning and end 

of each experiment, we confirmed the location of all channels across the cortex using Current 

Source Density (CSD) analysis. To perform this test, the screen was flashed from black to gray 

every 2 seconds to elicit event-related potentials in the LFP recordings. For experiments designed 

to characterize brain state in the absence of sensory stimulation (characterized as spontaneous 

activity below), the animal viewed an isoluminant gray screen while freely running or resting on 

the circular platform. These experiments lasted for ~30 minutes to obtain sufficient periods of 

running and resting for analyses. Movement was recorded using an optical mouse positioned below 

the spinning circular platform. Speeds exceeding 0.5 cm/s that were sustained for 1.9 s were used 

to identify running trials. In experiments looking at the influence of sensory stimuli on brain state, 
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animals were shown full-field, square-wave drifting gratings (spatial frequency 0.04 cycles/degree, 

temporal frequency 1 Hz, stimulus duration 2 s, inter-trial duration 3.5 s including an isoluminant 

gray screen) at 8 or 12 different orientations. Due to the fact that animals could start or stop running 

during stimulus trials, we identify running and stationary trials as those where the animal exceeded 

speeds of 0.5 cm/s for at least 30% of the trial or less than 10% of the trial, respectively. In three 

animals, the size of the drifting grating was reduced to a radius of 60o. Results from these animals 

failed to show differences in brain state dynamics and were subsequently included for population 

analyses.  

 

Analysis 

For all animals, CSD analysis was performed at the beginning and end of each experiment 

to locate the laminar position of the electrode array. This analysis was performed by taking the 

second spatial derivative of the average of the low-frequency local field potential across all 

channels on the electrode during all screen transitions from black to gray transitions (CSDPlotter, 

(Pettersen, Devor, Ulbert, Dale, & Einevoll, 2006)). This analysis revealed the location of current 

sources and sinks along the electrode, allowing for the classification of supragranular, granular, 

and infragranular regions. We used this information to determine the location of each recording 

site on the electrode array and characterize the stability of the electrode and brain surface 

throughout the recording. 

Spectral analysis of LFP recordings was done using a multitaper method provided by the 

Chronux open-source software package for Matlab (Chronux, http://chronux.org, (Mitra & Bokil, 

2008)). We analyzed the change in spectral power for frequencies between 1.5 and 80 Hz during 

resting and running conditions both in the presence and absence of visual stimuli. To avoid 
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inclusion of trials with electrical or movement artifacts, we removed trials in which the LFP 

voltage deviated at any time point by more than one SD of the average LFP voltage deviation for 

all trials. Five of the 27 animals recorded, had LFP artifacts that precluded their use in calculation 

of LFP power or other analyses that required LFP measurements. Single units recorded from these 

animals were used exclusively for characterizing firing rates across behavioral states.  

For experiments where we delivered visual stimuli, we excluded the first 100 ms after 

stimulus onset to avoid transient onset responses. Periodograms were constructed for the LFP 

taken from an average of all electrodes and from average LFP recordings across electrodes in the 

supragranular, granular, or infragranular regions. Residual spectral peaks corresponding to 60 Hz 

line noise were removed for visual clarity. Statistics performed on power spectra did not include 

power between 59 and 61 Hz.   

To determine the entrainment of single unit spiking activity to LFP frequencies we used 

the Pairwise Phase Consistency (PPC) metric (Oostenveld, Fries, Maris, & Schoffelen, 2011; 

Vinck, Battaglia, Womelsdorf, & Pennartz, 2012). This measure is ideal for relating spiking 

activity to LFP measures because it is not biased by firing rate or spike count. Spike-LFP locking 

strength for each cell at each LFP frequency was found by determining the consistency with which 

a spike occurred at a particular phase of the oscillation of interest. Spike phases were computed 

for each spike of a given unit and at each LFP frequency using a Fast Fourier Transform with a 

Hanning taper on a 600 ms segment of the LFP centered on the timing of the spike. LFP records 

were taken from a single channel adjacent (50 µm) to the channel on which the single unit was 

recorded. This allowed us to avoid issues of spike contamination of the LFP and to assess 

differences in spike-LFP locking behavior across the cortical depth. For experiments where we 

delivered a visual stimulus, we did not analyze the first 100 ms after stimulus onset. Single units 
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were required to have at least 50 spikes in both the running and resting periods to be included in 

this analysis.  

In experiments incorporating visual stimuli, we assessed visual responsiveness and 

computed an orientation selectivity index. Visual responsiveness was determined by comparing 

the firing rate during the pre-stimulus period (250 – 500 ms), the first 250 - 500 ms of visual 

presentation, and the first 250 - 500 ms after the stimulus turned off (ANOVA, significance at p < 

0.05). Units that showed a significant change in firing rate during stimulus presentation, whether 

it was an increase or decrease in firing rate, were considered visually responsive. We next analyzed 

the orientation selectivity of the visually responsive units. To do this, we computed 1 – circular 

variance (Ringach, Shapley, & Hawken, 2002) using baseline subtracted firing rates and applied 

Hotelling’s T2-test (p < 0.05) to determine statistical significance of selectivity (Mazurek, Kager, 

& Van Hooser, 2014). In some cases, units were suppressed below baseline firing rates during 

certain orientations resulting in 1-circular variance measures greater than 1 (n = 11/122 non-PV 

units; n = 4/35 PV units). For these units, we locked the 1 – circular variance measure to 1. The 

preferred stimulus was defined as the orientation that elicited the largest spiking response and the 

non-preferred stimulus as the orientation ±90o away from the preferred orientation. 

We computed spike count correlations (rcG) between all simultaneously recorded pairs of 

neurons. To calculate pairwise correlations, we separated stationary periods and periods of 

locomotion into bins of variable lengths and computed spike counts for each bin using an 

automated spike sorting and clustering algorithm. The Pearson pairwise correlation coefficient 

(rcG(θ)) for a given stimulus orientation θ was calculated using the following formula: 

 

rcG(θ) =
∑ rfgrhg − rfrhi
jkl

Nσfσf
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where N is the number of trials, rfg is the firing rate of neuron x to in trial z, rf is the mean firing 

rate, and σf is the standard deviation for neuron x. For measurement of pairwise correlations in 

response to visual stimuli, we averaged the pairwise correlations for all orientations. 

We also computed the Fano factor, the ratio of the variance of spike counts across a time 

window to the mean of spike counts to measure the trial-to-trial variability: 

 

F =
σqr

µq
 

 

Where σqr  is the variance and µq is the mean over a time window W. We used 100 ms counting 

windows for computing the Fano factor. When analyzing spontaneous activity, stationary periods 

and periods of locomotion were split into non-overlapping windows over the entirety of each 

experiment and averaged together. For visually evoked activity, each trial of a visual stimulus was 

split into non-overlapping windows and plotted based upon the time relative to the stimulus onset. 

 

Results 

Determining laminar position and cell identity in primary visual cortex  

Single unit activity and local field potentials (LFPs) were recorded simultaneously across 

the depth of primary visual cortex (V1) in head-fixed awake, transgenic mice (n = 27) expressing 

Channelrhodopsin-2 (ChR2) in PV+ neurons. The laminar position of each channel of the multi-

electrode array was determined using current source density analysis (CSD) of the LFP response 

to a black/gray flashing screen (Figure A.1A-D) (Mitzdorf, 1985). The average LFP response to 

the black-to-gray transition showed a large deflection in the LFP ~40 ms after the transition 
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occurred (Figure A.1C). The shape and amplitude of the LFP response varied across recording 

channels. CSD analysis of the evoked LFP response revealed a pattern of current sinks and sources 

across cortical depth and time consistent with synaptic activity originating in the granular layer 

(L4), followed by activity in supragranular regions (L2/3), and subsequently in infragranular layers 

(L5/6) (Figure A.1D). Based on the resulting sink/source pattern, channel position was classified 

as supragranular, granular, or infragranular. We identified the laminar position of electrodes in 

20/27 animals, allowing us to examine layer-specific differences in our experimental conditions. 

To identify PV+ inhibitory interneurons, spiking activity of isolated single units was 

assessed in response to blue light delivered to the surface of the cortex (see Materials and 

Methods). Comparing the firing rate of units before and during light delivery revealed units that 

significantly increased or decreased firing rates, in addition to those that showed no change in 

firing rate (p < 0.05, Wilcoxon signed-rank test) (Figure A.1E). PV+ units were classified as those 

showing a significant increase in firing rate compared to baseline conditions, short latency (≤ 5ms) 

response to light delivery, and sustained elevated firing rates throughout the duration of the light 

(Figure A.1E PV). Units that did not show these characteristics were classified as non-PV units 

(Figure A.1E non-PV). Of the 305 total isolated units recorded from 27 animals, we classified 88 

units as PV+ (28.9%) (Figure A.1F).  

With the use of visual stimuli in a subset of animals, we also identified single units in the 

non-PV group that were orientation-selective (see Materials and Methods). In mice and other 

species lacking orientation columns, it has been shown that GABAergic interneurons display weak 

to moderate selectivity for orientation as compared to excitatory neurons (Kerlin, Andermann, 

Berezovskii, & Reid, 2010; Sohya, Kameyama, Yanagawa, Obata, & Tsumoto, 2007). However, 

out of 147 non-PV units recorded from 18 animals we found 122 (82.9%) to have significant 
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orientation selectivity according to the Hotelling’s T2-test. This allowed us to further subdivide 

our non-PV population into orientation-selective putative pyramidal cells (ORI). 

Because light was delivered to the surface of the cortex, we were concerned that decreases 

in irradiance with depth might fail to activate deep layer PV+ units. To examine this, we 

determined the depths at which PV+ units were identified in the 20 animals for which we 

confirmed laminar position of each electrode. PV+ units were found approximately 250 µm above 

and 500 µm below the middle of the granular layer. This range was similar to that found for non-

PV units (450 µm above and 450 µm below the middle of the granular layer. By layer, we found 

of the 69 PV+ units recorded from animals in which we determined laminar location of electrodes 

13 were in supragranular layers (18.8%), 22 in granular (31.9%), and 34 in infragranular layers 

(49.3%). These results suggest that the light intensity used in our experiments was sufficient to 

drive deep layer PV+ units.       

Previous in vivo studies relied on extracellular action potential waveform characteristics to 

delineate putative pyramidal cells from FS PV+ interneurons. Waveform duration has been 

particularly exploited because intracellular recordings of FS PV+ cells show these units to have 

unusually short duration action potentials (< 0.5 ms in duration at half amplitude) (Kawaguchi & 

Kubota, 1993; McCormick, Connors, Lighthall, & Prince, 1985; Wang, Gupta, Toledo-Rodriguez, 

Wu, & Markram, 2002). In addition, the large amplitude afterhyperpolarization (AHP) of FS PV+ 

units results in trough-to-peak ratios approaching 1 (Niell & Stryker, 2008; Runyan et al., 2010). 

To test whether these extracellular waveform measures were a reliable indicator of PV+ units in 

the mouse primary visual cortex, we characterized waveform duration and trough-to-peak ratios 

for both PV+ and non-PV units.  
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 As a population, PV+ units had significantly shorter duration action potentials and higher 

trough-to-peak ratios than the non-PV units (Figure A.1G, H; PV+ median width: 307.2 µs, non-

PV median width: 409.6 µs, p = 6.7x10-16 Ranksum test; PV+ median ratio: 0.8, non-PV median 

ratio: 0.58, p = 3.7x10-15 Ranksum test). Neither the PV+ nor non-PV populations showed 

significant differences in waveform duration or trough-to-peak ratio across lamina (p > 0.05 

Kruskal Wallis). Of note, this observation lends further support to the ability of the light to activate 

deep layer PV+ units. If this were not the case, we would expect to see a larger portion of short 

duration deep layer non-PV units. Plotting waveform duration and trough-to-peak ratio against 

waveform duration, however, revealed significant overlap between the populations (Figure A.1H). 

These findings are similar to those seen in primary auditory cortex, and warn against the use of 

waveform characteristics for unambiguous classification of cell types (Moore & Wehr, 2013). 
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Figure A.1: Linear Multisite Electrode Arrays and Optogenetics Allow Single Unit Recordings 
to be Linked to Cortical Layers and Cell Types. 

(A) Representation of experimental condition used to identify cortical layers. The mouse viewed 
a computer monitor that periodically flashed from black to isoluminant gray. (B) Schematic of 

extracellular laminar multisite electrode penetration in mouse primary visual cortex. (C) 
Average event-related local field potentials obtained from black-to-gray screen transitions 

across all 16 electrode sites in a single mouse. (D) CSD analysis of event-related potentials in 
the same animal. The current sinks and sources allowed identification of supragranular (Layer 
2/3), granular (Layer 4), and infragranular (Layer 5/6) boundaries. (E) Cartoon illustration of 
LED placement and illumination of the primary visual cortex. Green circles represent ChR2-

YFP expressing PV+ inhibitory neurons and black triangles represent putative pyramidal cells. 
Below are raster plots, peri-stimulus time histograms and spike density functions for three 

example single units in response to blue light stimulation. Insets are the recorded waveform of 
the single unit. (F) Normalized waveforms (normalized to trough) for all recorded single units. 
(G) Histogram showing the distribution of trough-to-peak duration for all recorded units. (H) 

Scatter plot showing the relationship between trough-to-peak duration and trough-to-peak ratio.  
Notice for both G and F the significant amount of overlap of the PV+ and non-PV populations. 
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Behavioral state and sensory stimuli modify power in low and high frequency oscillations  

To characterize changes in V1 local circuit activity we assessed LFP power during 

stationary and running epochs both in the absence and presence of visual stimuli. As has been 

described previously, running bouts in the absence and presence of visual stimuli correlated with 

significant decreases in the low frequency delta band (≤ 5 Hz) power and increases in the high 

frequency gamma band (30 – 80 Hz) power (Figure A.2A-B; p ≤ 0.003 delta and gamma bands 

Wilcoxon Signrank test) (Niell & Stryker, 2010; Polack et al., 2013; Vinck, Batista-Brito, 

Knoblich, & Cardin, 2015). These effects were consistent across cortical layers (Figure A.3).  

The presence of the visual stimulus had marked effects on LFP power structure across 

behavioral states when compared to measures without a stimulus. Firstly, when a visual stimulus 

was presented during stationary trials there was a significant increase in low frequency power 

compared with the no stimulus condition (p < 0.019; Figure A.2C Stationary). In several animals, 

the appearance of a visual stimulus during stationary periods often drove a 5 – 7 Hz oscillation 

that decreased in amplitude during the trial (Supplemental Figure A.2, Right). In the absence of a 

visual stimulus, a similar oscillation was observed exclusively during stationary periods, but it 

occurred rarely and spontaneously (Figure A.3, Left).  

Secondly, gamma band power in the presence of visual stimuli did not display spectral 

peaks, and our results are consistent with a recent study by Saleem et al. reporting a pronounced 

narrowband gamma oscillation close to 60 Hz that decreases in the presence of visual stimuli 

(Saleem et al., 2017)  (Figure A.2B, Figure A.3). Contrary to the recent results of Veit et al. 

(2017), we did not observe any spectral peaks in the low gamma range in the presence of visual 

stimuli, despite using similar stimulus parameters in our study. This observation was consistent 

during both stationary and running periods. In the absence of visual stimuli, spectral peaks near 60 
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Hz were observed in a majority of animals (10/14 mice) and typically appeared during both 

stationary and running trials. Spectral peak power was always enhanced during running periods 

without visual stimuli (Figure A.2A and inset, Figure A.3 and insets). The precise gamma band 

spectral peak varied across animals, but typically manifested between 45 – 58 Hz and was 

consistent across the cortical depth (Figure A.2A insets, Figure A.3 insets). In the presence of 

visual stimuli, we did not observe gamma band spectral peaks regardless of behavioral state. This 

result could often be observed within the same animal (Figure A.2A and B insets, Figure A.3 

insets). However, despite the changes in gamma band power shape, overall gamma band power 

was not significantly different between the two experimental conditions during either behavioral 

state. 
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Figure A.2: Behavioral State and the Presence of Sensory Stimuli Determine LFP Power in 
Low and High Frequency Bands. 

(A) Average LFP power during running (red) and stationary (blue) periods in the absence of 
visual stimulation (n = 14 animals). Thin colored lines represent standard error of the mean 

(sem). Power spectra were normalized to the stationary condition. Inset is the power spectra for 
a single animal. (B) Average LFP power during running and stationary periods in the presence 
of a visual stimulus (n = 17 animals). Thin colored lines represent standard error of the mean 

(sem). Power spectra were normalized to the stationary condition. Inset is the power spectra for 
the same animal as in A. (C) Comparison of average LFP power during stationary conditions in 

the presence and absence of visual stimuli (n = 9 animals). LFP power is normalized to 
stationary power in the absence of visual stimuli. Inset is the power spectra for the same animal 
as in A. (D) Comparison of average LFP power during running conditions in the presence and 

absence of visual stimuli (n = 9 animals). LFP power is normalized to running power in the 
absence of visual stimuli. Inset is the power spectra for the same animal as in A. 
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Figure A.3: Laminar Power Across Behavioral States and Sensory Stimuli. 
Average LFP power during stationary (left) and running (right) periods in the absence (black) 

and presence (green) of visual stimuli. Plots are separated based on laminar identity of electrode 
contacts, measured using current source density analysis. Supragranular (layer 2/3, top), 

granular (layer 4, middle), and infragranular (layer 5/6, bottom) are included. Insets show the 
LFP power spectra for a single animal. 
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Figure A.3: Laminar Power Across Behavioral States and Sensory Stimuli Continued. 

 
 
 
  



 138 

Figure A.3: Laminar Power Across Behavioral States and Sensory Stimuli Continued. 
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Running increases spontaneous and evoked firing rates for a majority of PV and non-PV neurons  

LFPs are believed to reflect synaptic activity in local neural populations (Perrenoud, 

Pennartz, & Gentet, 2016). Recently, it has been shown in awake mouse V1 that LFP dynamics 

correlate strongly with intracellular inhibitory currents, at least in supragranular layers (Haider, 

Schulz, Häusser, & Carandini, 2016). We therefore sought to determine whether our identified cell 

types showed changes in firing rate across behavioral states in the presence and absence of visual 

stimuli. We further addressed laminar differences in firing rates. 

In the absence of visual stimuli, non-PV and PV+ populations had significantly increased 

firing rates during periods of running (Figure A.4A, All Layers).  Broken down by layer, non-PV 

units showed significant increases in firing rate during running in all layers (Figure A.4A, non-

PV). Interestingly, and in line with previous findings in rat auditory cortex, firing rates for non-

PV units were higher in granular and infragranular regions than the supragranular region regardless 

of behavioral state (Figure A.4A, non-PV) (Sakata & Harris, 2009). For PV+ units, firing rates 

during running were significantly increased compared to stationary periods in granular and 

infragranular regions, but not the supragranular region (Figure A.4A, PV). Unlike what was 

observed for non-PV units, PV+ unit firing rates were not significantly different between layers 

during stationary or running periods (Figure A.4A, PV).  

Analysis of the percent change in firing rate between stationary and running conditions 

showed that the PV+ population underwent a greater change in firing rate than the non-PV 

population (Figure A.2B inset, All Layers). There were no significant differences in change of 

firing rate for PV+ units when performing a between layer comparison. This was also true when 

comparing the change of firing rate for non-PV units between layers (Figure A.2B). Comparing 

the change in firing rates of PV+ to non-PV units with respect to layer revealed that PV+ units in 



 140 

infragranular layers had a significantly greater change in firing rate than non-PV cells (Figure 

A.2B, Infragranular).  

 

In the presence of a visual stimulus, we observed an increase in evoked firing rate during running 

in both PV+ and non-PV populations. For non-PV units, the increase in evoked firing rate during 

running was observed across all layers (Figure A.4C). non-PV infragranular evoked firing rates 

were significantly higher than those in supragranular and granular regions regardless of the 

animal’s behavioral state (Figure A.4C). PV+ units showed increases in evoked firing rates across 

all layers, although the statistics were trending in the supragranular regions (Figure A.4C). 

Interestingly, in the presence of the visual stimulus, infragranular PV+ firing rates were found to 

be consistently higher than granular rates regardless of behavioral state (Figure A.4C). 

Comparing evoked firing rates between identified cell populations revealed interesting 

differences when we considered laminar position. Supragranular PV+ units showed a trend for 

higher evoked firing rates than supragranular non-PV units during stationary conditions (Figure 

A.4C; p = 0.056). During running conditions, the firing rate difference in the supragranular layer 

was no longer trending. Granular layers did not show significant differences in firing rates between 

the cell groups regardless of behavioral state. In the infragranular layer, PV+ units had significantly 

higher firing rates than non-PV units during running bouts (Figure A.4C, p = 0.027).  Assessing 

the change in firing rate between cell types across lamina or as a population did not reveal any 

significant differences (Figure A.4D). 
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Figure A.4: Cell-Type and Layer-Specific Firing Rate Changes. 
(A) Box plot showing the firing rates for PV+ (cyan) and Non-PV (black) units during running 
(red outline) and stationary (blue outline) periods across layers. (B) Scatter plot showing the 
percent change in firing rate during running for each cell-type across the extent of the visual 

cortex. Inset shows a box plot of the percent change in firing during running for each cell type 
irrespective of laminar position. (C-D) Same as for A and B but in the presence of a visual 

stimulus. 
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Running evokes multiplicative and additive changes in tuning curves with cell-type and layer 

specificity  

Our previous analyses dealt with the general influence of behavioral state and the presence of a 

sensory stimulus on local circuit and cellular dynamics. We next wanted to assess the impact of 

behavioral state on stimulus-specific measures. To this end, we characterized orientation 

selectivity and orientation tuning curves across behavioral states.   

The strength and significance of orientation tuning for visually responsive single units was 

calculated using the 1 - circular variance method described by Ringach et al., 2002, and the 

Hoteling’s T2-test, respectively (Ringach et al., 2002). Of the 147 non-PV units recorded 

throughout the extent of V1, 131 (89.1%) were found to be visually responsive, which will 

consequently be referred to as ORI. Within this subset, 122 units (93.1%) were significantly 

orientation tuned. In the PV+ population, 41 of 47 units (87.2%) were visually responsive. Of the 

visually responsive PV+ population, 35 units (85.4%) were significantly orientation tuned. Herein, 

we refer to these units as ORI PV+. Calculating orientation tuning strength across all behavioral 

conditions revealed ORI units to have significantly stronger tuning than ORI PV+ cells (ORI 

median strength: 0.26; ORI PV+ tuned median strength: 0.18; p = 0.016 Ranksum test).  

Comparison of ORI unit orientation tuning strength across layers did not reveal significant 

differences (ORI median strength Supragranular: 0.36, Granular: 0.21, Infragranular: 0.25, p = 

0.22 Kruskal Wallis test).  ORI PV+ units also did not show differences in tuning strength across 

layers (PV+ tuned median strength Supragranular: 0.13, Granular: 0.15, Infragranular: 0.22, p = 

0.74 Kruskal Wallis test). Surprisingly, the strength of orientation tuning between ORI PV+ and 

ORI units was not significantly different when comparing the populations within layers (p > 0.1 

Ranksum test).  
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Behavioral state did not uniformly affect tuning strength for ORI units. Individual units 

did, however, show variability in tuning strength across behavioral states, with some units showing 

an increase, a decrease, or no change in strength (Figure A.5A, ORI median strength stationary: 

0.24, running: 0.35, p = 0.19).  Considering laminar positon did not help clarify the observed 

variability seen at the population level (Figure A.5B). ORI PV+ units, on the other hand, showed 

an increase in orientation tuning strength during running periods (Figure A.5A, B; PV+ median 

strength stationary: 0.15, running: 0.24, p = 0.0072). Laminar analysis revealed granular layer PV 

units, but not supragranular or infragranular PV units, underwent a significant increase in 

orientation tuning strength during running periods (Figure A.5B; Granular median stationary: 

0.14, running: 0.29, p = 0.0034 Signrank test).  

Qualitative analysis of orientation tuning curves indicated that behavioral state could 

influence the shape of the tuning curve for both cell populations (Figure A.5C). These changes 

typically manifested as increased firing rates in response to drifting grating of different orientations 

during running, although a small fraction of units showed decreases in firing rates during running. 

These results are similar to those previously described for supragranular units (Niell & Stryker, 

2010). Of the 122 ORI units we recorded, 98 showed a significant increase in firing rate during 

running periods and just 7 units showed a significant decrease in firing rate. Thirty-one of the 35 

ORI PV+ units showed a significant increase in firing rate during running periods while only three 

showed a significant decrease in firing rate.  

Closer examination of the difference between tuning curves across behavioral states for 

units that showed increased firing rates during running revealed heterogeneous effects. 

Specifically, with running, some units appeared to undergo multiplicative changes while others 

had what appeared to be an additive offset. To determine whether multiplicative or additive effects 
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were specific to a cell type or laminar position, we quantified and compared the absolute firing 

rate change between behavioral states at both the preferred and non-preferred orientations for units 

that had significantly increased firing rates during running bouts.   

The ORI unit population, showed a greater change in firing rate for preferred than non-

preferred orientations, suggesting that firing rates underwent a gain change during running periods 

(Figure A.5E, p = 0.042, Signrank test). Breaking the population down by layer revealed 

supragranular units to be trending toward and infragranular ORI units to have a significantly 

greater firing rate change for preferred directions than non-preferred directions, while granular 

ORI units did not (Figure A.5F; Supragranular p = 0.055, Granular p = 0.91; Infragranular p = 

0.031). These results suggest supragranular and infragranular ORI units experience predominantly 

multiplicative changes in firing rate across behavioral states, while granular layers undergo either 

additive or a combination of multiplicative and additive firing rate changes. ORI PV+ tuned units 

showed similar increases in firing to preferred and non-preferred orientations when the animal ran 

(Figure A.5E, p = 0.094).  For ORI PV+ units this was true across layers as well, suggesting that 

across the cortical depth PV+ tuned units experienced an additive or a mixture of multiplicative 

and additive changes in firing rate during running (Figure A.5F; p ≥ 0.17 all layers, Ranksum test). 
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Figure A.5: Cell-Type and Layer-Specific Orientation Tuning Across Behavioral States. 
(A) Scatter plot showing the orientation selectivity index across behavioral states for individual 
single units. (B) The ratio of running to stationary OSI for individual units across the depth of 
visual cortex. (C) Examples of ORI and ORI PV unit tuning curves across behavioral states. 
Horizontal lines represent baseline firing rates. (D) Scatter plot demonstrating the absolute 
change in firing rate for preferred and non-preferred directions across behavioral states for 

orientation tuned single units that showed increases in firing rate during running conditions. (E) 
The ratio of preferred to non-preferred absolute firing rate change across the cortical depth. 
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Cell Type Differences in Pairwise Correlations during Spontaneous Activity and Visually Evoked 

Activity 

While several studies have analyzed changes in noise correlations that occur with changes 

in brain state or stimulus presentation and developed models explaining the correlations (Abbott 

& Dayan, 1999; Averbeck et al., 2006; Hansen, Chelaru, & Dragoi, 2012; Mitchell et al., 2009; 

Pillow et al., 2008), there are relatively few studies that experimentally identify the cell types 

underlying these changes in noise correlations. Recent work using multi-neuron recordings and 

computational modeling suggests that differences in noise correlations across recordings in 

different species, sensory modalities, and behavioral states are primarily due to differences in 

feedback inhibition strength (Stringer et al., 2016). Using our dataset, we sought to definitively 

assess the contribution of inhibitory PV+ interneurons upon changes in noise correlations in 

primary visual cortex. 

The number and timing of spikes a neuron fires in a given time period, and consequently, 

the correlation between multiple neurons is dependent on the counting window used. While the 

size of the counting window is an experimental choice that varies greatly in previous experiments, 

previous work in primates demonstrates that shorter counting windows generally lead to weaker 

pairwise correlations (Cohen & Kohn, 2011; Hansen et al., 2012; Mitchell et al., 2009). We 

generally find that the average correlation in spiking increases with bin size during spontaneous 

activity in the absence of a visual stimulus (Figure A.6A). This increase is seen for all pairs of 

units, as well as pairs of only PV or pairs of non-PV units. In addition, we also found that the 

pairwise correlation coefficient was significantly higher for pairs of PV neurons than pairs of non-

PV or mixed PV and non-PV pairs, regardless of locomotion (independent two-sample t-test) or 

bin size. This significant difference was seen at all counting windows in the absence of visual 
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stimuli (Figure A.6A). However, the relationship between counting window and noise correlations 

is less clear in the presence of visual stimuli, with the correlation coefficients increasing when 

using smaller counting windows (<0.15 s) but staying constant or decreasing with larger counting 

windows, demonstrating that visual stimulus-induced correlations exist only at higher frequencies 

(Figure A.6B). 

As previously reported while measuring neural responses during spontaneous activity, 

locomotion reduces pairwise correlations during spontaneous activity (Erisken et al., 2014). Using 

optogenetic tagging of PV+ interneurons, we examined whether this effect can be attributed to 

PV+ interneurons or non-PV units. Unlike this previous study, when comparing all possible pairs 

of neurons (n = 951), including both PV+ and non-PV neurons, we found that there was a 

significant decrease in correlation coefficient only when using the largest time windows (300 ms). 

In addition, we found a significant reduction when analyzing only pairs of PV neurons (n = 108), 

while there was no significant change among pairs of only non-PV neurons (n = 434) or mixed 

pairs of PV+ and non-PV neurons (n = 409) (Figure A.6C, p < 0.01, Wilcoxon sign-rank test). 

These results imply that the locomotion-induced decorrelation of visual cortex neurons as a 

population during spontaneous activity is primarily a result of changes in noise correlations of PV+ 

neurons.  

Across all cell types, we find the presentation of visual stimuli results in a significant 

increase in correlation coefficient of ORI units during stationary periods. However, the 

locomotion-induced decorrelation that occurs during the presentation of visual stimuli typically 

reduces the correlation coefficient to a similar level of that during spontaneous activity (Figure 

A.6C, D). In addition, especially when using counting windows less than 0.15 seconds, we find 

that the locomotion-induced decorrelation exists across all permutations of cell-type pairs, a 
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contrast from the changes seen during spontaneous activity (Figure A.6D). These results indicate 

that locomotion-induced decreases in noise correlation serve to improve encoding efficiency by 

offsetting the noise introduced with the visual stimulation.  

 

 

Figure A.6: Cell-Type Differences in Pairwise Correlations During Spontaneous and Visually 
Evoked Activity. 

(A-B) Timescale of noise correlations using several sizes of counting windows for spontaneous 
and visually evoked activity, respectively. Solid lines indicate averages of all pairs of single 
units, while dashed lines indicate pairs of PV+ neurons. Shaded regions represent standard 

error of the mean (SEM). (C-D) Spike count correlations for all pairs of units, pairs of PV units, 
pairs of non-PV units, and mixed pairs of PV and non-PV units using a counting window size of 
100 ms. Statistical significance between stationary and locomotion is indicated as: *: p<0.05, 

**: p<0.01, ***: p<0.001, n.s.: not significant (p > 0.05). 
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One variable that may affect the noise correlations of pairs of units is signal correlations. 

To address this, we assessed whether the strength of noise correlations differs for ORI units if they 

have the same preferred orientation. Previous work has shown that signal correlations can affect 

noise correlations. Specifically, recent work has demonstrated that neuronal pairs that share 

receptive field properties (high signal correlation) also have higher noise correlations (Bair, 

Zohary, & Newsome, 2001; Cohen & Kohn, 2011; Gu et al., 2011; Hansen et al., 2012; Kohn & 

Smith, 2005; Minces, Pinto, Dan, & Chiba, 2017). To account for this potentially confounding 

variable, we separated our analysis for pairs of ORI neurons based upon their preferred orientation. 

We note that there is a significant decrease in noise correlations for pairs of neurons with different 

preferred orientations (n = 596, p = 4.70e-38, Wilcoxon sign rank test) or the same preferred 

orientation (n = 108, p = 4.53e-10) (Figure A.7). Furthermore, we also note that the magnitude of 

the decorrelation is similar for both populations. 

We did not observe a significant state-dependent change in Fano factor of individual 

neurons during locomotion as previously reported by Erisken et al. (Erisken et al., 2014) (Figure 

A.7). This was true when analyzing the complete population (Wilcoxon sign rank test, p = 0.139), 

subpopulations based on PV expression (Wilcoxon sign rank test, non-PV units: p = 0.341, PV 

units: p = 0.288) or subpopulations based on cortical depth (Wilcoxon sign rank test, 

supragranular: p = 0.370, granular: p = 0.649, infragranular: p = 0.331).  
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Figure A.7: Fano Factor Analysis and Relationship of Signal and Noise Correlations. 
(A) Comparison of Fano factor between stationary (y-axis) and running (x-axis) periods for 

individual units. Units are separated by cell type (blue = PV, black = non-PV). Unity line (x=y) 
is indicated by a dashed line. (B) Comparison of noise correlations between pairs of 

orientation—selective neurons with different preferred orientations (left) and the same preferred 
orientation (right) during stationary (blue) and running (red) periods. Statistical significance 

between stationary and locomotion is indicated as: *: p<0.05, **: p<0.01, ***: p<0.001, n.s.: 
not significant (p > 0.05). 

 

Laminar Differences in Pairwise Correlations during Spontaneous Activity and Visually Evoked 

Activity 

We next determined the relationship between noise correlation and the laminar identity of 

neurons determined using CSD analysis described above (Figure A.1, Material and Methods). 

When comparing mean spiking rate across layers, we find that there is a significant locomotion-

induced increase in firing rate across all layers during both spontaneous activity as well as 

locomotion. During spontaneous activity in the absence of visual stimulus, we observed that noise 

correlations are similar in supragranular and granular layers, though significantly lower in 

infragranular layers at all counting windows (p < 0.01, Wilcoxon sign-rank test, Figure A.8A, 

left).  At a counting window of 100ms, we find a significant locomotion-induced decrease in 

pairwise correlation coefficient between neurons located in infragranular layers (Wilcoxon sign 
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rank test, p = 4.408e-3). We also noted a decrease, though not statistically significant, in granular 

layers (p = 0.115) and no change in supragranular layers (p = 0.454, Figure A.8C).  

We also find that the addition of visual stimulation leads to an increase in noise correlations 

in the all layers (Figure A.8B, D) at counting windows less than 150ms, though locomotion leads 

to a significant decrease in both the granular (n = 84 pairs, p < 0.01, Wilcoxon sign-rank test) and 

infragranular (n = 184 pairs, p < 0.001, Wilcoxon sign-rank test) layers at a counting window of 

100ms (Figure A.8D). We do not observe any significant change during locomotion in the 

supragranular layers (n = 29 pairs). We also analyzed the noise correlations of pairs of units from 

different layers and did not note any significant differences between layer combinations after 

performing this analysis (Figure A.9). These results suggest that the introduction of a visual 

stimulus leads to an increase in noise correlations in the granular and infragranular layers that is 

offset through locomotion-induced decorrelation. 
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Figure A.8: Laminar Differences in Pairwise Correlations During Spontaneous and Visually 
Evoked Activity. 

Timescale of noise correlations using several sizes of counting windows for spontaneous and 
visually evoked activity, respectively. In each plot, noise correlations during stationary periods 
and locomotion are shown on the left and right, respectively. Laminar identity of cell pairs is 
indicated by color. Shaded regions represent standard error of the mean (SEM). Spike count 

correlations for pairs of supragranular units, pairs of granular units, and pairs of infragranular 
units using a counting window size of 100 ms. Statistical significance between stationary and 

locomotion is indicated as: *: p<0.05, **: p<0.01, ***: p<0.001, n.s.: not significant (p > 0.05). 
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Figure A.9: Noise Correlations Across Cell Pairs from Different Layers. 
(A) Comparison of pairwise correlation coefficient for pairs of units in different layers in the 
absence (left) and presence (right) of visual stimulation during stationary periods. Orange 

indicates supragranular/granular pairs, green indicates supragranular/infragranular pairs, and 
purple indicates granular/infragranular pairs. Shaded regions represent the standard error of 
the mean and are color-coded as above. (B) Comparison of pairwise correlation coefficient for 
pairs of units in different layers in the absence (left) and presence (right) of visual stimulation 

during running periods. Orange indicates supragranular/granular pairs, green indicates 
supragranular/infragranular pairs, and purple indicates granular/infragranular pairs. Shaded 

regions represent the standard error of the mean and are color-coded as above. 
 
Cell identity, behavioral state, and sensory stimulus dictate the strength of spike-locking to LFP 

frequencies 

We next determined how the spiking activity of each cell type was entrained to LFP 

oscillations across behavioral states and in the presence of a visual stimulus. To perform this 

analysis, we used pairwise phase consistency (PPC), a measure that determines how consistently 

the action potentials of a single cell occur at a particular phase of a given frequency in the LFP 

(Vinck et al., 2012). PPC is preferable to the spike-field coherence measure because it is robust to 

changes in spike rate and count. The spiking activity of single units was compared with LFP 

recordings taken from an adjacent electrode contact 50 µm away, allowing us to assess differences 

in PPC across cortical layers. We focused our attention on the frequency bands identified in the 
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LFP power analysis that were most affected by behavioral state, delta (1 – 5 Hz) and gamma (30 

– 80 Hz). 

At the population level, in the absence of visual stimuli Non-PV and PV+ units showed 

strong spiking entrainment to the delta band during both stationary and running conditions. During 

running periods, both cell types decreased their spike-locking to the delta band (Figure A.10A). 

The decrease in entrainment to low frequencies was not significant within layers for either cell 

type (Data not shown). Despite robust and consistent increases in LFP gamma power during 

running periods, neither cell type showed changes in spike-locking to the gamma band across 

behavioral states (Figure A.10A). This result was also consistent within individual layers (Data 

not shown). 

Comparing the spike-locking behavior of the PV+ and non-PV units during stationary 

periods revealed PV+ units to be more locked to both the delta and gamma bands than non-PV 

units (Figure A.10A; p ≤ 0.003 Ranksum test). When taking laminar positon into account, we 

found granular PV+ units to be more spike-locked to the delta and gamma bands than non-PV 

units (Figure A.11; p ≤ 0.021, both frequency bands). Stronger spike-locking of PV+ cells to these 

frequencies was not observed in the supragranular or infragranular layers. During running bouts, 

PV+ units again showed stronger spike-LFP locking to the delta and gamma bands (Figure A.10A, 

p ≤ 0.026, both frequency bands). Interestingly, when considering laminar identity, we found that 

granular layer PV+ units were more entrained to the delta band than non-PV units, but we no 

longer observed a significant difference in gamma band entrainment (Figure A.11; p ≤ 0.012). 

Again, neither the supragranular nor infragranular regions showed significant differences between 

PV+ and Non-PV spike entrainment at delta or gamma frequencies. 
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Addition of a visual stimulus during stationary periods resulted in robust spike-locking of 

PV+ and Non-PV populations to frequencies less than 30 Hz. Spike-locking to these frequencies 

was significantly decreased during periods of running for both cell populations (Figure A.10B, F, 

p < 0.0001, delta, alpha (6 – 14 Hz), and beta (15 – 29 Hz) bands). These results were consistent 

across layers for each cell type (Data not shown). Analysis of gamma band spike-locking revealed 

that PV+ units underwent a decrease in spike-locking strength during periods of running in the 

presence of a visual stimulus (Figure A.10B). This decrease appeared to be driven by a decrease 

in locking to frequencies between 30 and 50 Hz. Non-PV units did not show changes in spike-

locking strength to the gamma band across behavioral states in the presence of a visual stimulus 

(Figure A.10B).  

Comparison of the spike-locking strength of each cell type during stationary periods with 

visual stimulation revealed PV+ units to be significantly more locked to the gamma band than 

Non-PV units (Figure A.10B, p < 0.005). In the delta band, PV+ and Non-PV units showed equally 

strong spike-locking. During running conditions with visual stimuli, PV+ and Non-PV populations 

failed to show significant differences in spike-locking strength in either the delta or gamma bands. 

Comparing PV and Non-PV unit spike-locking within layers across behavioral state revealed 

granular layer PV units to be significantly more spike-locked to the gamma band than the Non-PV 

units during stationary periods (Figure A.12; p = 0.001). Supragranular or infragranular regions 

did not show this difference.  During running bouts, the cell types showed equal spike-locking to 

low and high frequencies across all layers (Figure A.13).    

The most robust effect of visual stimuli on spike-LFP locking was an increase in the 

strength of spike-locking to frequencies less than 30 Hz when the animal was stationary. 

Comparing stationary spike-locking strength in the absence of a visual stimulus to stationary 
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periods with a visuals stimulus showed Non-PV units had significantly stronger spike-locking to 

the delta, alpha (6 – 14 Hz), and beta (15 – 29 Hz) bands, but no significant difference in the 

gamma band (Figure A.13; p < 0.0006, delta, alpha, beta bands). PV+ units showed a similar result 

with respect to frequencies less than 30 Hz, although only the alpha band showed a significant 

difference in spike-locking strength (p = 0.002). Comparing running periods with visual 

stimulation against running periods without a stimulus did not reveal any differences in spike-

locking strength for either cell type (Figure A.13). 
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Figure A.10: Cell Identity, Behavioral State, and Sensory Stimulus Dictate the Strength of 
Spike-Locking to LFP Frequencies. 

(A) Average pairwise phase correlation (PPC) spectrum during spontaneous activity (no visual 
stimulation, n = 14 animals), separated by cell type (top) and behavioral state (bottom). Shaded 
regions represent standard error of the mean. (B) Average PPC during visual stimulation (n = 

17 animals). Shaded region represents standard error of the mean. 
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Figure A.11: Laminar Differences in Pairwise Phase Correlation by Laminar Identity and 
Cell Type During Spontaneous Activity. 

Average pairwise phase correlation (PPC) spectra during stationary (left) and running (right) 
periods in the absence of visual stimulation (n = 14 animals), separated by cell type (blue = PV, 

black = non-PV). Plots are separated by laminar identity of electrode contacts as measured 
using CSD analysis. Supragranular (layer 2/3, top), granular (layer 4, middle), and 

infragranular (layer 5/6, bottom) are included. Shaded regions represent the standard error of 
the mean. 
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Figure A.12: Laminar Differences in Pairwise Phase Correlation by Laminar Identity and 
Cell Type During Visually Evoked Activity. 

Average pairwise phase correlation (PPC) spectra during stationary (left) and running (right) 
periods in the presence of visual stimulation (n = 17 animals), separated by cell type (blue = PV, 

black = non-PV). Plots are separated by laminar identity of electrode contacts as measured 
using CSD analysis. Supragranular (layer 2/3, top), granular (layer 4, middle), and 

infragranular (layer 5/6, bottom) are included. Shaded regions represent the standard error of 
the mean. 
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Figure A.13: Pairwise Phase Correlation in the Presence and Absence of Visual Stimuli. 
Average pairwise phase correlation (PPC) spectra during stationary (top) and running (bottom) 

periods comparing PPC in the absence (black) and presence (green) of visual stimulation. 
Shaded regions represent the standard error of the mean. 

 

Stimulus orientation does not influence ORI spike-locking to LFP frequencies  

So far, we have addressed the behavior of the Non-PV population in response to the 

presence or absence of a visual stimulus. It is possible that spike-locking behavior is modulated 

not simply by the presence of a stimulus, but also by how well the stimulus drives the cell. Using 

drifting gratings at multiple orientations allowed us to identify preferred and non-preferred 

orientations for each ORI unit based on the firing rate response to each orientation (Figure A.5). 
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We hypothesized that preferred stimuli might improve spike-locking to the gamma band by 

increasing synaptic conductance and thus decrease the membrane time constant. As has been 

shown previously, membrane time constant plays an important role in determining the ability of 

neurons to spike-lock to the gamma band (Hasenstaub et al., 2016).  

During running trials, we found, as has been reported previously and also demonstrated 

above, a gain change in tuning curve for a majority of ORI units, suggesting an increase in synaptic 

drive and potential concomitant decrease in membrane time constant. Based on these observations, 

we predicted we might see an enhancement in spike-locking to the gamma band during running 

periods when the preferred stimulus was presented.  

Assessing spike-locking across behavioral states when neurons encountered their preferred 

stimulus revealed that ORI units were strongly locked to frequencies below the gamma band (< 30 

Hz) during stationary periods. Low frequency spike-locking was significantly decreased when the 

animal ran (Figure A.14). We found no significant differences in spike-locking behavior in the 

gamma band across behavioral conditions (Figure A.14). These results were also observed when 

neurons encountered a non-preferred orientation (Figure A.14). Both results were consistent 

across lamina (Data not shown). Comparing preferred with non-preferred stimuli showed no 

significant difference in spike-locking behavior to any frequency band regardless of behavioral 

state (Figure A.14). These results suggest that preferred stimuli do not modify the entrainment of 

orientation selective cells to the temporal oscillations regardless of the animal’s states. 
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Figure A.14: Pairwise Phase Correlation in Response to Preferred and Non-Preferred 
Stimulus Orientation. 

Average pairwise phase correlation (PPC) spectra comparison between significantly 
orientation-selective units during presentation of their preferred (purple) and non-preferred 

(blue) stimulus orientation (top). Preferred and non-preferred orientation PPC spectra are also 
compared between behavioral state (bottom). Shaded regions represent standard error of the 

mean. 
 

Discussion 

This study demonstrates that visual stimuli and behavioral state interact to influence 

cortical dynamics and that these changes differ between neuron types and cortical layers. Using 

locomotion as a model for measuring changes in behavioral state, we looked closely at different 

cell types using optogenetic tagging of cell types in different cortical layers to see how they encode 

information. High-density laminar electrode arrays allowed us to examine both single cell neuron 
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firing patterns as well as LFP power changes across layers and behavioral states in the presence 

and absence of visual stimulation. We report that both PV+ and non-PV+ cell types display a 

significant decrease in low-frequency activity during locomotion. Furthermore, PV+ neurons, but 

not non-PV+ neurons display an increase in LFP power at gamma frequencies during locomotion. 

When analyzing pairs of simultaneously recorded neurons, we note a significant locomotion-

induced decrease in noise correlations in the granular and infragranular layers across all cell types. 

This locomotion-induced decorrelation, which we hypothesize to be a factor that increases 

encoding efficiency, is accompanied by predominantly multiplicative gain changes in non-PV+ 

neurons in the supragranular and infragranular, but not granular, layers. 

Identification of parvalbumin neurons using optogenetic tagging reveals that solely using 

spike shape for identification of PV+ neurons is not entirely reliable, as we report a significant 

overlap when visualizing waveform characteristics between PV and non-PV neurons. This finding 

is in agreement with previous literature demonstrating that while most PV+ neurons are fast 

spiking, there are subtypes of PV neurons that with different firing patterns (Blatow et al., 2003; 

Markram et al., 2004). Using genetically-encoded optogenetic tagging while sampling a broad 

population, we can definitively demonstrate the overlap in firing properties between PV and non-

PV cell populations.  

When analyzing the LFP power spectrum, we find that locomotion reduces low frequency 

LFP power and increases power in the gamma band. By conducting these experiments, we sought 

to better understand the cellular mechanisms underlying these changes. However, similar to the 

findings of Vinck et al. (2013) measuring the changes in phase-locking during an attentional task 

in primates, we find that increases in gamma are not accompanied by an increasing in time-locking 

at gamma frequencies for non-PV neurons. We report that only PV neurons, which are unable to 
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communicate outside of a local cortical region, demonstrate an increase in time-locking to gamma 

frequencies. Consequently, our findings cast further doubt on the hypothesis that these changes in 

gamma frequency time-locking contribute to downstream effects of modulation in behavior. 

Further work is necessary in order to determine the underlying mechanism contributing to the 

increases in LFP power at gamma frequencies. 

Instead, we find significant changes in the gain of responses and decreases in noise 

correlations, both of which likely contribute to increased encoding efficiency during locomotion. 

As previously reported by several studies (Ayaz, Saleem, Schölvinck, & Carandini, 2013; Dadarlat 

& Stryker, 2017; Erisken et al., 2014; Fu et al., 2014; Niell & Stryker, 2010), we find a significant 

increase in neuron firing rate across all layers during locomotion. However, our methods allow for 

closer examination of how these changes vary and increase information encoding across different 

cell types and cortical layers, which reveals that the nature of this gain change differs across 

cortical layers. Orientation-selective non-PV neurons in the output (supragranular and 

infragranular) layers tend to demonstrate a multiplicative gain change, while granular non-PV 

neurons, which are less likely to be providing information transfer outside of cortex, display a 

mixture of multiplicative and additive changes. Inhibitory PV+ neurons displayed a mixture of 

additive and multiplicative changes across all layers. It remains unclear how these additive 

differences in the granular layers translate into the multiplicative changes seen in the output layers. 

Previous studies have also demonstrated that reductions in noise correlations lead to 

improvements in encoding during locomotion (Dadarlat & Stryker, 2017; Erisken et al., 2014). 

Specifically, a recent study from Dadarlat and Stryker (2017) reports significant decreases in noise 

correlations, primarily in the deeper layers. Our analysis allows us to characterize both the cell 

type and laminar specificities of these changes. Further our experimental design demonstrates 
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differences in noise correlations caused by the result of addition of a visual stimulus. Analyzing 

noise correlations between pairs of simultaneously recorded neurons reveals a significant 

locomotion-induced decorrelation among pairs of PV+ neurons in the absence of visual 

stimulation. In addition, pairs of PV interneurons also have significantly higher noise correlations 

than all other pairs of neurons across all counting windows. Visual stimulation induces an increase 

in all pairs of neurons, and locomotion in the presence of visual stimulation results in a significant 

decorrelation across all cell populations in both the infragranular and granular layers. There is no 

change in noise correlation coefficients in the supragranular layer both in the absence and presence 

of visual stimulation. In combination with the results of the gain changes above, we conclude that 

locomotion-induced multiplicative gain changes and decreases in noise correlations contribute to 

increased encoding efficiency during locomotion in infragranular layers. In contrast, in superficial 

layers, only gain changes are likely to contribute to improvements in signal to noise.  
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