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Abstract 
 

 This dissertation highlights unique aspects of the LGN for visual processing in 

the hopes to reframe the traditional view that the LGN is simply a relay center between 

the retina and primary visual cortex. It begins with a general introduction outlining the 

early visual system in the domestic cat and non-human primate, and sets up the rest of 

the dissertation to include an examination of unique LGN visual processing. Within the 

second chapter of this dissertation is an investigation of the unique biophysical 

membrane properties of the LGN to understand how the phenomena of bursting 

changes as a function of contrast in the anesthetized cat. In the third chapter of this 

dissertation, there is an investigation of corticogeniculate feedback’s effects on LGN 

processing as a function of stimulus size in the awake-behaving non-human primate. In 

the general discussion chapter, there is an exploration of how bursting and 

corticogeniculate feedback could interact with one another to facilitate (and modulate) 

LGN visual processing. Lastly, there is an appendix chapter, consisting of a review of 

the early visual processing system in rodents, felines, and non-human primates. As the 

LGN is a ubiquitous part of the thalamus and an extremely important brain region for the 

visual system, understanding the LGN’s interactions with other parts of the early visual 

system is integral to understanding how the LGN contributes to visual processing and 

the LGN’s contribution to higher-level aspects of vision. 
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Chapter 1: General Introduction 
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 This dissertation examines the cellular and circuit mechanisms underlying visual 

response dynamics in the lateral geniculate nucleus of the thalamus (LGN). The 

pathway from eye to cortex involves projections from retinal ganglion cells that make 

synapses in the lateral geniculate nucleus (LGN) and projections from the LGN that 

synapse in primary visual cortex (V1). Traditionally, the LGN is thought of as a “relay 

center” between the retina and cortex, simply consolidating retinal inputs to be sent to 

cortex; however, there are important and unique response dynamics in the LGN that 

arguably make it more than a “relay” of retinal information. Of note within this 

dissertation, geniculate cells have unique membrane properties that allows them to 

respond to visual stimuli with burst or tonic activity patterns. Although bursts are 

particularly effective in driving cortical responses, there are many open and unresolved 

questions about their role in visual processing.  Chapter 2 is focused on experiments in 

the anesthetized cat to determine the relationship between burst and tonic activity in 

encoding information about stimulus contrast. Geniculate cells also receive many 

extraretinal inputs, which can modulate geniculate responses to retinal input. A 

particularly prominent source of extraretinal input is feedback directly from visual cortex, 

but the function(s) of corticogeniculate feedback remains to be determined. Chapter 3 is 

focused on corticogeniculate feedback and explores it function using optogenetics to 

manipulate feedback in behaving macaque monkeys. The overall goal of this 

dissertation is to explore and characterize the unique aspects of geniculate visual 

processing that go beyond the view that the LGN is a simple “relay” for retinal activity in 

route to cortex. Within this dissertation two animal models are utilized, domestic cats 
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(Felis catus) and rhesus macaques (Macaca mulatta), taking advantage of the unique 

features that each offer. 

The retinogeniculocortical pathway of the visual system is well-studied across 

animal models both anatomically and physiologically (Livingstone and Hubel, 1984; 

Merigan and Maunsell, 1994; Sincich and Horton, 2005). Irrespective of animal species, 

the pathway begins in the retina and includes projections to and synapses in the LGN 

before continuing on to V1. This pathway is denoted as the retinogeniculocortical 

pathway. After V1, visual information is further sent to downstream cortical areas for 

additional visual processing. Importantly, research focusing on the retinogeniculocortical 

pathway is critical for understanding how visual information is encoded, consolidated, 

and processed within the visual system to allow animals to successfully interact with the 

world. At the level of the retina, visual information leaves the eye via retinal ganglion 

cells (RGCs). The classification of RGCs in the retina depends on characterizing their 

preferences to various aspects of visual information, including:  1. center/surround 

organization of their receptive field (Kuffler, 1952, 1953; Barlow et al., 1954); 2. their cell 

size/receptive field size (Boycott and Wassle, 1991; Brown and Masland, 2001); 3. 

linear/nonlinear spatial summation (Enroth-Cugell and Robson, 1966; Enroth-Cugell, 

Robson, Schweitzer-Tong, and Watson, 1983); 4. response to standing contrast over 

time (Cleland, Dubin, and Levick, 1971a); 5. sustained/transient axonal velocity 

(Cleland, Dubin, and Levick, 1971b); 6. response to stimulus contrast (Kaplan and 

Shapley, 1986); 7. response to stimulus speed (Hamasaki and Cohen, 1977; Cohen, 

Winters, and Hamasaki, 1980; Cleland and Harding, 1983); and 8. chromatic 

organization of their receptive field (Dacey, 2000). In both carnivores and primates, 
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RGCs can be comparatively grouped, although they have different names for the 

classifications. In carnivores, RGCs are classified into Y, X, or W cells. These same cell 

types are also known as a, b, or g cells (Boycott and Wassle, 1991). In general, X cells 

respond more linearly to sinusoidal stimuli and have more sustained responses, 

whereas Y cells have non-linear and transient responses (Enroth-Cugell and Robsen, 

1966). In the primate, RGCs are classified as either parasol or midget cells. Despite this 

difference in their names, carnivore and primate RGCs have similar distinctions for their 

visual responses. For comparison of carnivore RGCs to primate RGCs, Y cells, a cells, 

and parasol cells respond similarly to visual stimuli while X cells, b cells, and midget 

cells respond similarly to visual stimuli. Overall, previous literature has demonstrated 

that for these groupings of RGCs, the following distinctions can be made between the 

two groups of RGCs: 

 X cells/b cells; midget cells Y cells/a cells; parasol 
cells 

Center/Surround 
Organization On/Off; Off/On On/Off; Off/On 

Cell Size/Receptive Field 
Size small large 

Spatial Summation linear nonlinear 
Response to Standing 

Contrast sustained transient 

Axonal Velocity slow fast 
Response to Stimulus 

Contrast poor very good 

Response to Stimulus 
Speed poor very good 

Receptive Field 
Chromaticity color component* broadband 

*For trichromatic primates 
 

This knowledge has important implications for understanding the feedforward 

visual pathway, as these RGCs set up parallel streams of visual information flow to 
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cortex. Anatomically, the two groups of RGCs selectively project onto unique LGN cell 

classes. In carnivores, RGC populations of Y cells/a cells project onto Y cells in the 

LGN (either in layer A or A1) while X cells/b cells project onto X cells in the LGN (either 

in layer A or A1). In comparison, parasol cells project onto the magnocellular layers of 

the LGN (layers 1-2) while midget cells project onto the parvocellular layers of the LGN 

(layers 3-6) in the primate. This distinction between the two animal models in which their 

RGC cell types project to different LGN layers is due to differences in  the anatomical 

structure of the LGN between the two species. In carnivores, the LGN has two 

predominant layers, which receive separate input from the contralateral eye (layer A) 

and ipsilateral eye (layer A1) to be relayed to V1. Thus, RGCs from both cell-type 

groupings need to project to each LGN layer. In comparison, for the primate, the LGN 

has six layers, moving dorsally to ventrally the LGN layers receive contralateral (layer 

6), ipsilateral (layer 5), contralateral (layer 4), ipsilateral (layer 3 and layer 2), and 

contralateral (layer 1) inputs to be relayed to V1. Additionally, both species have an 

additional group of retinal and LGN neurons known as the W cells (cats) and 

koniocellular neurons (monkeys). Less is known about these cell types and they will not 

be a focus of this dissertation; however, they are included in the Appendix for additional 

information. Despite the difference in the number of LGN layers for these two animal 

models, the LGN and its general structure is highly conserved across animals (Figure 1, 

see also Appendix Figure 1). Additionally, despite differences in the number of LGN 

layers, carnivores and primates are well-selected animal models for studying the LGN, 

as both animal models have binocular vision and rely heavily on their vision for 
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navigating the world around them, making them ideal species to study visual 

processing.  

 As mentioned above, the LGN has historically been thought of as a simple relay 

for visual information leaving the eye to reach the cortex. At the level of the LGN, it is 

largely argued that the LGN cells serve to simply consolidate the multiple of retinal RGC 

inputs it receives for further processing upstream (Reid and Alonso, 1995; Alonso et al., 

2001; Reid and Usrey, 2004). Each relay cell receives ~1-5 RGC inputs from the retina 

to consolidate and send to cortex (for review, see Cleland, 1986; Reid and Usrey, 2004). 

As a result, LGN cells that receive RGC input are referred to as geniculate relay cells. 

This belief is, in large part, due to previous literature which has demonstrated that a 

majority of an LGN relay cell’s response to visual information is inherited from the retina 

directly, making retinal inputs the primary driving input for LGN relay cell activity (Kaplan 

and Shapley, 1984; Usrey et al., 1999; Sincich et al., 2007; Sherman and Guillery, 2009; 

Rathbun et al., 2010). Looking at the previous table of visual processing by RGC type, 

LGN relay cells have the following preferences for visual processing: 

 X cells; Parvo-cells Y cells; Magno-cells 
Center/Surround 

Organization On/Off; Off/On On/Off; Off/On 

Cell Size/Receptive Field 
Size small large 

Spatial Summation linear nonlinear 
Response to Standing 

Contrast sustained transient 

Axonal Velocity slow fast 
Response to Stimulus 

Contrast poor very good 

Response to Stimulus 
Speed poor very good 

Receptive Field 
Chromaticity color-component broadband 
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In the primate, parvocellular cells have small receptive fields with color-opponency and 

have slow, sustained responses, responding poorly to lower contrast stimuli, while 

magnocellular cells have larger receptive fields, broadband responses for color, and 

faster, transient responses, responding well to lower contrast stimuli (Dreher et al., 

1976; Sherman et al., 1976; Shapley et al., 1981; Schiller et al., 1990). Additionally, 

parvocellular cells are associated with color vision and high acuity vision while 

magnocellular cells are better suited for perception of motion (DeYoe and Van Essen, 

1988; Livingston and Hubel, 1988; Merigan and Maunsell, 1993). This parallel 

processing of visual information from retina is encoded and relayed to V1 through 

geniculate relay cell spiking activity.  

Geniculate relay cells can communicate information to V1 under two different 

spiking modes. Relay cells can (and typically) send information to cortex in tonic mode, 

or burst mode. In order to produce bursts, geniculate relay cells require unique channels 

in their cell membranes that allow for Ca2+ influx via T-type Ca2+ channels, which in turn 

leads to activation of voltage-gated Na+ channels and rapid trains of spike within very 

short timeframes (Jahnsen and Llinás, 1984). Although bursts are often associated with 

states of drowsiness (Weyand et al., 2001; Bezdudnaya et al., 2006; Bereshpolova et 

al., 2011), they are also known to convey visual information to cortex and are 

particularly effective in evoking cortical responses in V1 (Dan et al., 1996; Usrey et al., 

1998; Wang et al., 2007; Martinez et al., 2014; Butts et al., 2016; Fisher et al., 2017; 

Alitto et al., 2019b; reviewed in Sherman and Guillery, 2009; Usrey and Alitto, 2015; 

Usrey and Sherman, 2022). Previous work has demonstrated that the occurrence of 

thalamic bursts depends on (1) de-inactivating the inactivation gate of T-type Ca2+ 
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channels and (2) opening the activation gate in of T-type Ca2+ channels. Notably, the 

number of spikes in a burst, and thus its ability to drive cortex, also depends on (1) the 

ratio of T-type Ca2+channels in the de-inactivated vs. inactivated state and (2) the 

subsequent rate of depolarizing voltage change (δv/δt) (Deschênes et al., 1984; 

Destexhe and Sejnowski, 2002; Hong et al., 2014). This phenomenon of bursting and its 

function in visual processing is further discussed in Chapter 2, where LGN relay cell 

bursting is studied as a function of changes in stimulus contrast. As burst spikes 

increase the timing precision and spatial focus of cortical responses (Borden et al., 

2022) understanding how bursting changes as a function of stimulus contrast is an 

important step in understanding the mechanism for why bursting is effective in evoking 

cortical responses and why the LGN would have this unique cell membrane to do so 

(Shapley, 1978; Swadlow and Gusev, 2001; Alitto, Weyand and Usrey, 2005; Rathbun et 

al., 2016;see also Usrey et al., 1998).  

The ubiquitous preservation of the LGN’s structure, its relay cell bursting, and 

continued anatomical separation of parallel visual characteristics across animals 

facilitates efficient encoding and processing in the visual pathway. From the LGN, the 

parallel pathway continues to V1, where inputs from the parvocellular layers project to 

layer 4A and layer 4Cb of V1 while inputs from the magnocellular layers project to layer 

4Ca of V1. Finally, once visual information reaches V1, aspects of visual processing 

begin to mix from the parallel pathways. For example, the beginning of binocular 

processing of visual information is found in V1 in addition to V1 ocular dominance 

columns (Hubel and Wiesel, 1969). At the level of V1, new aspects of visual processing 

can occur including the ability for cells to have preferences for the orientation of visual 
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stimuli. This is due to the convergence of LGN relay cell activity onto V1. From V1, 

visual information is sent further upstream in the visual pathway, either directly to V2 or 

via the pulvinar in the thalamus where it is sent to higher levels for visual processing 

(reviewed in Sherman and Guillery, 2009).  

While the general features of LGN receptive fields are inherited from the retina 

(Kaplan and Shapley, 1984; Usrey et al., 1999; Sincich et al., 2007; Sherman and 

Guillery, 2009; Rathbun et al., 2010), it is important to note that nonretinal inputs onto 

geniculate relay cells largely outnumber those coming from the retina. For an LGN relay 

cell, only ~5-10% of synapses made onto LGN neurons come from retinal inputs 

(Hamos et al., 1987). Thus, a majority of inputs to the LGN relay cell come from 

extraretinal inputs, and a substantial amount of those come from corticogeniculate 

feedback from layer 6 of V1, sometimes outnumbering RGC inputs by almost 10:1 

(Erisir et al., 1997a, b; Guillery, 1969). Importantly, in carnivores and primates, 

corticogeniculate feedback from V1 is also anatomically separated and thus processed 

in parallel. In old world primates, feedback inputs from V1 from the upper tier of layer 6 

project to the parvocellular layers and feedback inputs from the lower tier of layer 6 

project to the magnocellular layers of the LGN (Fitzpatrick et al., 1994; Usrey, 1994, 

Figure 2). Additionally, the upper and lower tiers of layer 6 are anatomically separated, 

with a layer between that does not project to the LGN (Fitzpatrick et al., 1994). In cat, 

LGN-projecting cortical feedback neurons are also separated from other layer 6 neurons 

(Carey et al., 1980; LeVay and Sherk, 1981; Katz, 1987). Comparing the percentage of 

corticogeniculate feedback cells in V1, feedback cells are ~20% of layer 6 cells in 

macaque (Usrey, 1994) and ~50% of layer 6 cells in cat (Gilbert and Kelly, 1975; Katz, 
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1987). These feedback projections are known to monosynaptically excite geniculate 

relay cells or disynaptically inhibit geniculate relay cells via local inhibitory neurons in 

the LGN or the thalamic reticular nucleus (TRN) (Sherman and Guillery, 2006). The 

TRN’s role in feedback is not currently well-understood. 

As relay cells inherit most of their receptive field properties from retina, what 

function could these nonretinal inputs have on geniculate relay cell visual processing? 

One possibility is  to modulate the gain of relay cell activity to visual inputs (McClurkin et 

al., 1994; Alitto and Usrey, 2015). Although the retina is the source of driving input to the 

LGN, not all retinal spikes are transmitted to V1 from the LGN. Thus, the opportunity 

exists to increase or decrease the responsiveness of LGN cells to retinal input. This 

filtering of retinal spiking can affect the timing of geniculate relay cell responses to the 

presentation of visual stimuli (Silitto et al., 1994). This selective filtering of retinal spikes 

is due to several reasons, including, but not limited to, prior retinal activity, prior LGN 

spiking, visual environment statistics, and behavioral state (Livingstone and Hubel, 

1981; Mastronarde, 1987; Usrey et al., 1998; Lesica and Stanley, 2004; Alitto et al., 

2005; Denning and Reinagel, 2005; Rathbun et al., 2007, 2010; Weyand, 2007; Chen et 

al., 2008; Uglesich et al., 2009; Bereshpolova et al., 2011; Moore et al., 2014; Stoelzel 

et al., 2015). In Chapter 3, we will explore the function of corticogeniculate feedback 

further, particularly investigating the idea that feedback could selectively modulate 

geniculate relay cell activity based on relay cell type. In this study, corticogeniculate 

feedback is viewed as having the potential to selectively amplify visual features, 

enhancing specific aspects of relay cell activity of retinal visual information to cortex. 

Lastly, as different geniculate relay cell types process different aspects of visual 
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information, corticogeniculate feedback could assist in selectively modulating cell types. 

In the general discussion chapter (Chapter 4), we explore how the unique aspects of 

LGN relay cells could interact during visual processing, along with the benefits for LGN 

relay cells to be able to modulate their activity to appropriately filter retinal inputs to 

cortex.  
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Figures 
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Figure 1. Overview of the LGN and visual pathway in feline and primate animal models. 

Top: Nissl-stained LGN in feline and primate. Bottom: overview of the visual pathway’s 

feedforward inputs in feline and primate.  

  

V1 

LGN 

re)na 
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Figure 2. Overview of the cor8cogeniculate feedback visual pathway. Overview of the anatomy 

of the re8nogeniculocor8cal visual pathway. This demonstrates the parallel feedforward 

pathway of the parvocellular pathway (purple) and the magnocellular pathway (gray) to primary 

visual cortex (V1). These pathways synapse to unique target layers in V1 and, in addi8on, 

receive unique feedback projec8ons form layer 6 feedback cells.  

 
 

 
  
  



 15 
 

Chapter 2: Stimulus contrast modulates burst activity in the lateral geniculate 
nucleus 

 
For citations of this chapter, please refer to its published citation: Sanchez, A.N., Alitto, H.J., 
Rathbun, D.L., Fisher, T.G., Usrey, W.M. Stimulus contrast modulates burst activity in the 
lateral geniculate nucleus. Curr. Res. Neurobiol. 2023 Jun 10;4:100096. doi: 
10.1016/j.crneur.2023.10009.6 PMID: 37397805; PMCID: PMC10313900.  
 
Copyright © 2024 Elsevier B.V., its licensors, and contributors. 
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Abstract 
 
Burst activity is a ubiquitous feature of thalamic neurons and is well documented for 

visual neurons in the lateral geniculate nucleus (LGN). Although bursts are often 

associated with states of drowsiness, they are also known to convey visual information 

to cortex and are particularly effective in evoking cortical responses. The occurrence of 

thalamic bursts depends on (1) the inactivation gate of T-type Ca2+ channels (T-

channels), which become de-inactivated following periods of increased membrane 

hyperpolarization, and (2) the opening of the T-channel activation gate, which has 

voltage-threshold and rate-of-change (δv/δt) requirements. Given the time/voltage 

relationship for the generation of Ca2+ potentials that underlie burst events, it is 

reasonable to predict that geniculate bursts are influenced by the luminance contrast of 

drifting grating stimuli, with the null phase of higher contrast stimuli evoking greater 

hyperpolarization followed by a larger dv/dt than the null phase of lower contrast stimuli. 

To determine the relationship between stimulus contrast and burst activity, we recorded 

the spiking activity of cat LGN neurons while presenting drifting sine-wave gratings that 

varied in luminance contrast. Results show that burst rate, reliability, and timing 

precision are significantly greater with higher contrast stimuli compared with lower 

contrast stimuli. Additional analysis from simultaneous recordings of synaptically 

connected retinal ganglion cells and LGN neurons further reveals the time/voltage 

dynamics underlying burst activity. Together, these results support the hypothesis that 

stimulus contrast and the biophysical properties underlying the state of T-type Ca2+ 

channels interact to influence burst activity, presumably to facilitate thalamocortical 

communication and stimulus detection (see Graphical Abstract).  
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Introduction 

Visual information reaches the cerebral cortex primarily via the retino-geniculo-cortical 

pathway. Neurons in the lateral geniculate nucleus (LGN) of the thalamus receive direct 

input from retinal ganglion cells and convey this information to target neurons in primary 

visual cortex (V1). Although LGN projection neurons are often viewed as passive relay 

cells, they are known to transform retinal signals in several dynamic ways, including 

transformations in the temporal domain (Dan et al., 1996; Usrey et al., 1998, Wang et 

al., 2007; Martinez et al., 2014; Butts et al., 2016; Fisher et al., 2017; Alitto et al., 

2019b). A prominent example of such a transformation is the shift in LGN firing between 

tonic spiking and burst spiking (reviewed in Sherman and Guillery, 2009; Usrey and 

Alitto, 2015; Usrey and Sherman, 2022). Importantly, LGN neurons switch between 

these two forms of spiking based on the time/voltage history of their membrane potential 

(Jahnsen and Llinás, 1984). Thus, these two types of activity, tonic activity and burst 

activity, could be differentially engaged by distinct patterns of visual stimulation and, 

consequently, be used to differentially encode information about stimuli being provided 

to cortex. This view is supported by past work showing bursts can transmit visual 

information and occur reliably to specific patterns of visual stimuli (Guido et al., 1995; 

Reinagel et al., 1999; Rivadulla et al., 2003; Lesica and Stanley, 2004; Alitto et al., 

2005). 

LGN projection neurons in tonic mode respond to excitatory inputs with regularly 

spaced action potentials, generally in proportion to the strength of the stimulus (Llinás 

and Jahnsen, 1982; Huguenard and McCormick, 1992). In comparison, LGN projection 

neurons in burst mode generate tight clusters of spikes, referred to as “bursts”. Whether 
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or not LGN neurons produce tonic or burst spikes depends on the state of their voltage-

gated, T-type Ca2+ channels (or T-channels). T-channels have two gates, an inactivation 

gate and an activation gate (Tsien et al., 1988; Crunelli et al., 2005). Once T-channels 

are de-inactivated following a sufficient period of hyperpolarization, an appropriate 

depolarizing stimulus can open the activation gate, thereby generating a depolarizing 

Ca2+ potential (or T-potential; McCormick and Huguenard, 1992 Huguenard and 

McCormick, 1992; Huguenard, 1996; Perez-Reyes, 2003). If the T-potential crosses the 

threshold to open voltage-gated Na+ channels, then a short train of high-frequency, Na+-

based action potentials, referred to as a burst, will result (Suzuki and Rogawski, 1989; 

McCormick and Huguenard, 1992; Huguenard and McCormick, 1992; Huguenard, 

1996; Perez-Reyes, 2003). Notably, the magnitude of the T-potential and the number of 

spikes in a burst depend on (1) the ratio of T-channels in the de-inactivated vs. 

inactivated state, which depends, in turn, on the depth and duration of hyperpolarization 

in the cell, and (2) the subsequent rate of depolarizing voltage change (δv/δt) 

(Deschênes et al., 1984; Destexhe and Sejnowski, 2002; Hong et al., 2014). If the T-

channels are primarily in the inactivated state or the depolarization is too slow, then 

tonic spiking occurs. Although visually evoked bursts are more common in anesthetized 

and drowsy animals than in alert animals, visually evoked bursts occur across brain 

states (Weyand et al., 2001; Bezdudnaya et al., 2006; Bereshpolova et al., 2011) and, 

when they occur, burst spikes are particularly effective in evoking cortical responses 

(Swadlow and Gusev, 2001; see also Usrey et al., 1998) and increase the timing 

precision and spatial focus of cortical responses (Borden et al., 2022).  
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Across mammals, the majority of LGN neurons have either On-center or Off-

center receptive fields (Kuffler, 1953; Hubel and Wiesel, 1961), the former being (i) 

depolarized by light increments over the center of their receptive fields and (ii) 

hyperpolarized by light decrements over the same region, and the latter showing the 

reverse pattern. With these receptive-field properties in mind, a drifting grating stimulus 

should evoke alternating periods of depolarization and hyperpolarization in both types of 

cells, with the magnitude of hyperpolarization and depolarization and the rate of voltage 

change, being dictated by the contrast and phase of the time varying stimulus (Wang et 

al., 2007). Based on these properties and assumptions, we made single-unit recordings 

from LGN neurons in the anesthetized cat to test the hypothesis that bursts are affected 

by stimulus contrast, with burst activity being more frequent and temporally precise with 

higher contrast stimuli compared with lower contrast stimuli. We also performed 

simultaneous intraocular and LGN recordings to examine the spiking patterns of 

synaptically connected retinal ganglion cells and LGN neurons to compare the influence 

of contrast on the relationship between interspike interval and retinogeniculate 

communication and high-frequency responses in the LGN. Results show that bursts 

occur more frequently with higher contrast stimuli and more consistently with respect to 

the phase of the stimulus cycle when compared to tonic spikes. These results support 

the view that burst and tonic firing modes can differentially encode information about 

visual stimuli and the external world. 
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Materials and methods 

Animal preparation.  

Ten adult cats, both sexes, were used for this study. All experimental procedures were 

conducted with the consent of the Animal Care and Use Committee at the University of 

California, Davis and followed National Institutes of Health guidelines. The analyses 

performed on spikes trains for this study come from a combination of new unpublished 

data and data that contributed to previous, but unrelated, studies on the retinogeniculate 

pathway (Alitto et al., 2019b; Rathbun et al., 2010, 2016). 

All surgical procedures were performed while animals were anesthetized. 

Surgical anesthesia was induced with ketamine (10 mg/kg, i.m.) and 

xylazine/dexmedetomidine (1mg/kg, i.m.) and maintained with either thiopental sodium 

(20 mg/kg, i.v., supplemented as needed) or propofol (4-6mg/kg/h, i.v., supplemented as 

needed) and sufentanil citrate (0.1-25ug/kg/h, i.v., supplemented as needed) along with 

isoflurane (0.5-1.5%) in a 2:1 mix of oxygen and nitrous oxide. Tracheotomies were 

performed, and animals were placed in a stereotaxic apparatus where they were 

mechanically ventilated and given atropine (0.04mg/kg, i.m.), dexamethasone 

(0.2mg/kg, i.m.), and baytril (5mg/kg, i.m.). Animals’ vitals were monitored throughout 

the experiment, including the EEG, ECG, CO2, and temperature. If physiological 

monitoring indicated a decreased level of anesthesia (increased heart rate, CO2, and/or 

high-frequency activity in the EEG), additional thiopental sodium or propofol and 

sufentanil citrate was given, and the rate of continuous infusion was increased. For 

each animal, a scalp incision was made, and skin edges were infused with lidocaine 

(2%). A single craniotomy was made over the LGN, the dura was removed, and the 
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craniotomy was filled with agarose to protect the underlying brain. Eyes were fixed and 

adhered to metal posts, fitted with contact lenses, and focused on a tangent screen 

located 172 cm in front of the animal. Flurbiprofen sodium drops were administered 

(0.3%) to prevent miosis, atropine drops were administered (1%) for pupil dilation, and 

phenylephrine drops (2.5%) were administered to retract the nictitating membranes. 

Once all surgical procedures were complete, animals remained anesthetized with 

maintenance doses of anesthetic agents (either thiopental sodium, 2–3 mg/kg/h, i.v. or 

propofol, 4-6mg/kg/h, i.v., and sufentanil citrate, 0.1-25ug/kg/h, i.v., and isoflurane, 0.1-

0.5% in a 2:1 mix of oxygen and nitrous oxide). Before administering paralytic, animals 

were monitored for one hour to ensure a stable plane of anesthesia. Once a steady 

plane of maintenance anesthesia was established, animals were paralyzed with 

vecuronium bromide (0.2 mg/kg/h, i.v.). At the end of data collection, animals were 

euthanized with Euthasol (100 mg/kg, i.v.).  

Electrophysiological recording and visual stimuli.  

Single-unit extracellular recordings were made from LGN cells in layers A and A1 using 

parylene-coated tungsten electrodes (AM systems, Sequim, WA). In a subset of 

experiments, a second electrode was inserted into the retina to provide simultaneous 

recordings from synaptically connected retinal ganglion cells and LGN neurons 

(procedures described in Alitto et al., 2019b; Rathbun et al., 2010, 2016). Neural 

responses were amplified, filtered, and recorded to a computer equipped with a Power 

1401 data acquisition interface and Spike 2 software package (Cambridge Electronic 

Design, Cambridge, UK). Spike isolation was based upon waveform analysis and the 

presence of a refractory period, assessed from the autocorrelogram.  
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Visual stimuli were generated using a VSG2/5 visual stimulus generator 

(Cambridge Research Systems, Rochester, UK) and presented on a gamma-calibrated 

Sony monitor running at 140 Hz. Mean luminance of the monitor was 38 cd/m2. The 

visual responses of individual LGN neurons were mapped and assessed using white-

noise stimuli and drifting sine-wave gratings. White-noise stimuli consisted of a 16 by 16 

grid of black and white squares. Each square was temporally modulated according to a 

215-1 length m-sequence (Sutter, 1987; Reid and Shapley, 1992; Reid et al., 1997). 

Individual squares in the stimulus were updated with each monitor frame (~4 min for a 

complete sequence). Between 4 and 16 squares of the stimulus overlapped receptive 

field centers of each individual neuron. White-noise stimuli were used to quantify the 

spatiotemporal receptive field properties of each cell for purposes of cell classification 

(Usrey et al., 1999). We also determined each cell’s preferred size and spatial 

frequency using drifting sine-wave gratings (4 Hz) centered over the cell’s receptive 

field. Once the preferred location, size, and spatial frequency were determined, cells 

were presented with multiple repeats of a drifting grating stimulus that varied in contrast 

(2.5%, 5%, 10%, 20%, 40%, 60%, 80%, and 100%; random order). With each repeat of 

the stimulus, gratings were shown for 4 seconds and were interleaved with 4 seconds of 

mean gray. 

Identification of LGN burst and tonic spikes.  

We used two well-established criteria to identify bursts in the spike trains of LGN 

neurons, (Lu et al., 1992; Swadlow and Gusev, 2001; Weyand et al., 2001; Lesica and 

Stanley, 2004; Alitto et al., 2005, 2011; Denning and Reinagel, 2005; Bezdudnaya et al., 

2006; Bereshpolova et al., 2011; Alitto et al., 2019b). These criteria were: (1) a 



 23 
 

preceding interspike interval (ISI) of >100 ms, and (2) one or more subsequent spikes 

that followed with ISIs of <4 ms (Figure 1). Spikes that met these criteria were labeled 

burst spikes, and all other spikes were labeled tonic spikes. The first spike of a burst is 

referred to as the cardinal spike. Some of the analyses used the cardinal spike of each 

burst to represent a burst “event”, whereas others used all spikes within a burst 

(described below). Throughout the paper, we use the terms long-ISI and high-frequency 

events to refer to the first and second criteria for a burst, respectively. 

Tonic vs. burst analysis: firing rate.  

Burst and tonic responses that occurred during low- and high-contrast stimulation were 

compared. The cutoff for low- and high-contrast stimuli was based each cell’s contrast 

response function, where the low-contrast condition was any contrast value that elicited 

≤ 30% of maximum firing rate and the high-contrast condition was any contrast value 

that elicited ≥ 75% of maximum firing rate of the cell. For the high- and low-contrast 

conditions, we calculated the firing rate of burst and tonic spikes as well as the average 

number of spikes within each burst event. To quantify the contrast-dependent changes 

in tonic and burst activity, we calculated a modulation index at each contrast level. The 

modulation index for each cell was calculated as follows:      

𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛	𝑖𝑛𝑑𝑒𝑥(𝑥) = 	
𝑓𝑖𝑟𝑖𝑛𝑔	𝑟𝑎𝑡𝑒(𝑥) − 𝑓𝑖𝑟𝑖𝑛𝑔	𝑟𝑎𝑡𝑒!"#$%&$'#(!
𝑓𝑖𝑟𝑖𝑛𝑔	𝑟𝑎𝑡𝑒(𝑥) + 𝑓𝑖𝑟𝑖𝑛𝑔	𝑟𝑎𝑡𝑒!"#$%&$'#(!

 

Here, x = stimulus contrast. Tonic f1 was used for tonic firing rate, while bursts/cycle 

was used for the burst firing rate (i.e., bursts per cycle of the drifting grating). To 

compare the modulation indices across cells, we computed the effective contrast: 

𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒	𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡	(𝑥) = 	
𝑓𝑖𝑟𝑖𝑛𝑔	𝑟𝑎𝑡𝑒(𝑥)

max	(𝑓𝑖𝑟𝑖𝑛𝑔	𝑟𝑎𝑡𝑒) 
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For example, if the cell’s response was 20 spikes/s at 30% contrast, with a maximum 

firing rate of 40 spikes/s, then the effective contrast was 0.5. 

Tonic vs. burst analysis: pairwise phase consistency.  

To assess response timing across the stimulus cycle, we calculated Pairwise Phase 

Consistency (PPC) for tonic and burst spikes across different contrast conditions (Vinck 

et al., 2010). The phase for each spike (burst or tonic, spike time relative to stimulus 

onset) at the drift rate of the visual stimulus (4 Hz) was calculated as: 

𝛷) = 2𝜋 ∗
𝑚𝑜𝑑𝑢𝑙𝑢𝑠(𝑠𝑝𝑖𝑘𝑒	𝑡𝑖𝑚𝑒) , 𝑐𝑦𝑐𝑙𝑒	𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛)

𝑐𝑦𝑐𝑙𝑒	𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛  

PPC was then calculated for each spiking category (burst vs tonic) and each stimulus 

condition (low vs high contrast): 

𝑝𝑝𝑐 = 	CC
cos𝛷) ∗ 	cos𝛷* + 	sin𝛷) ∗ sin𝛷*

. 5𝑛(𝑛 − 1) 	
*+))

 

Here, n is the number of spikes in each category/condition. Low PPC values near zero 

indicate no consistent relationship between the spike timing and phase of the visual 

stimulus, whereas PPC values near 1.0 indicate that the spikes always occur at the 

same phase of the visual stimulus. 

Retinal spike efficacy. 

To quantify the influence of contrast-dependent bursting on retinogeniculate 

communication, we measured the retinal efficacy (percentage of retinal spikes that 

evoked a postsynaptic spike or burst event) for a subpopulation of the LGN cells (n=14) 

in which simultaneous recordings were made from one of their retinal inputs (via 

intraocular recordings) as a function of ongoing LGN ISI during high- and low-contrast 
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conditions. Synaptic connectivity was assessed using cross-correlation analysis, as 

described in Fisher et al. (2017). Changes in retinal spike efficacy were assessed as a 

function of ongoing LGN ISI, which is defined as the time since the previous LGN spike 

at the time of a given retinal spike. For example, if a retinal spike occurred at 3.753 s 

and the last LGN spike occurred at 3.750s, then the retinal spike is said to occur during 

a 0.003 ongoing LGN ISI. We have previously shown that ongoing LGN ISI can be used 

as a reliable proxy for burst probability (Alitto et al, 2019b). In particular, (1) the 

probability of a high-frequency LGN event increases as the LGN ISI increases beyond 

50 ms, in a manner that cannot be explained by passive mechanisms, indicating the 

likely involvement of T-Type Ca2+ channels, and (2) coincident with the increase of high-

frequency probability at long LGN ISIs, there is an increase in retinal spike efficacy that 

is also difficult to explain by passive mechanisms. To quantify the relationship between 

contrast-dependent changes in retinal spike efficacy and contrast-dependent changes in 

LGN burst rate at long LGN ISIs, we modeled changes in retinal spike efficacy using 

generalized linear mixed-effects model (fitglme, Matlab version R2021a, MathWorks) 

with predictors of tonic f1, burst rate, and stimulus contrast.  Cell identity was used as a 

random variable. 

Poisson expectation of thalamic burst rate. 

To address the possibility that changes in contrast-dependent burst rates were simply a 

statistical consequence of overall changes in firing rate, we estimated the frequency of 

burst events from a nonhomogeneous Poisson spiking model. Spike times were 

simulated based on a time-varying sinusoidal function where firing rates were set by the 

cell’s f1 and f0: 
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mean spike count (t) = f1*sin(2*pi*t*f) + f0. 

Here, t = time, f = the drift frequency of the visual stimulus, f1 = response at the 

frequency of the visual stimulus, and f0 = mean response. The sinusoidal model was 

then rectified such that negative spike counts were set to zero.  For each LGN neuron, 

100 trials were simulated: 4s stimulus on, 4s stimulus off, to match how the 

experimental data were collected. Simulated spike trains were analyzed similar to the 

experimental data to quantify the amount of burst activity that would be predicted to 

occur simply as a result of the cell’s firing rate. For each neuron, the mean and standard 

deviation of the simulated data were estimated through bootstrap to determine if the 

neuron’s experimental burst rate was significantly greater than that found in the 

simulated data. 

Statistical testing 

All analyses were done in Matlab version 2021a. For significance testing, t-tests were 

used for normally distributed variables (verified with a Kolmogorov–Smirnov test); sign 

tests were used for non-normally distributed variables (e.g., bounded indices).  
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Results 

We recorded a total of 511,002 spikes (including 39,107 burst events comprised of 

90,068 burst spikes) from 21 LGN neurons (11 on-center cells, 10 off-center cells; 6 X 

cells, 15 Y cells) in the anesthetized cat during visual stimulation with drifting sinusoidal 

gratings that varied in luminance contrast to determine the relationship between 

stimulus contrast and burst versus tonic spiking. For the analyses described below, 

there were not any statistically significant differences between subtypes of LGN cells 

(on vs. off, X vs. Y). For a subset of the LGN cells (n=14; 373,325 spikes, total) we also 

simultaneously recorded the spiking activity of one of their retinal ganglion cell inputs 

(999,044 retinal spikes, total) via a second electrode inserted into the eye. We were 

particularly interested in determining whether high-contrast stimuli, with presumably 

greater null phase hyperpolarization for priming T-type Ca2+ channels and a greater rate 

of depolarization (δv/δt) during the transition from the null phase to the preferred phase, 

evoked more geniculate bursts than low-contrast stimuli. Recordings were divided into 

low- and high-contrast trials based on each cell’s contrast response function (see 

Materials and Methods). Geniculate spikes were classified as burst or tonic using 

previously established criteria (Lu et al., 1992), whereby a burst has a sequence of two 

or more spikes, with the initial spike having a preceding interspike interval (ISI) >100 ms 

and subsequent spikes having ISIs < 4ms (Figure 1). All non-burst spikes were 

classified as tonic spikes. 

Thalamic bursting is modulated by stimulus contrast. 

 On average, bursting events were more common (>2x more frequent) with high-

contrast stimuli than they were with low-contrast stimuli. This contrast-dependent 
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increase in LGN bursting was clearly observed in single-cell raster plots (Figure 2A-B), 

PSTHs (Figure 2C-D), and cycle histograms (Figure 2E-F) and was robust across our 

sample of LGN neurons (Figure 3A; mean burst events per cycle: high contrast = 0.27 

±0.01, low contrast = 0.12 ±0.01, p<10-3, t-test). There was also a small, but significant, 

increase in the number of spikes within a burst with high-contrast stimuli compared to 

low-contrast stimuli (Figure 3B; mean spikes/burst: high contrast = 2.25 ±0.03, low 

contrast = 2.15 ±0.03; p = 0.03, t-test). Across cells, the contrast response function for 

burst spikes was similar in shape to the contrast response function for tonic spikes 

(Figure 3C); however, the influence of contrast on bursting activity was weaker than the 

influence of contrast on tonic spikes, particularly at high contrasts where tonic spikes 

have a higher ceiling (limited by the action potential refractory periods) than burst spikes 

(limited by the 100 ms ISI lockout period). This can be seen by plotting the contrast 

modulation index as a function of effective contrast (see Materials and Methods) for 

both tonic and burst spikes across the sample of LGN neurons (Figure 3C). Comparing 

the modulation index for burst spikes and tonic spikes, the modulation index covaries for 

both burst and tonic firing, and it is higher for tonic spikes compared to bursts. This 

reflects the upper bound on the two categories of spikes; bursts can only happen once 

per cycle (due to the 100ms lockout), whereas tonic spikes can occur more than once. 

Overall, there was a tight correlation between the modulation of tonic spiking and burst 

spiking across all contrasts (Figure 3D, r = 0.7, p < 10-4). 

Having found a positive relationship between stimulus contrast and burst 

probability, we next asked whether stimulus contrast affected the consistency of burst 

activity within the temporal domain. To address this question, we performed a Pairwise 
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Phase Consistency (PPC) analysis to quantify the consistency of the stimulus phase 

when bursts occurred (see Materials and Methods). With this analysis, higher PPC 

values indicate greater consistency of responses with respect to stimulus phase and 

lower values indicate less consistency. On average, PPC values for burst activity were 

significantly greater for high-contrast stimuli than for low-contrast stimuli (Figure 4A; 

high-contrast mean PPC = 0.67 ±0.06, low-contrast mean PPC = 0.44 ±0.06; p = 

7.29x10-4, sign test. A similar relationship was also found for tonic spikes (Figure 4B; 

high contrast mean PPC = 0.47 ±0.05, low contrast mean PPC = 0.35 ±0.05; p = 0.002, 

sign test); however, across cells and contrast values, PPC values were typically greater 

for bursts than for tonic spikes (Figure 4C and D; low-contrast: burst PPC vs. tonic PPC, 

p = 0.019, sign test; high contrast: burst PPC vs. tonic PPC, p = 0.007, sign test). Thus, 

high-contrast stimuli are more likely to evoke bursts than low-contrast stimuli, and bursts 

under high-contrast conditions have greater phase consistency. Both features are 

consistent with the notion that bursts can carry contrast information to the cortex. 

Changes in retinal spike efficacy can be partially explained by contrast-dependent 

changes in bursting. 

Previous work has shown that the ability of retinal spikes to drive spiking in the LGN 

(retinal spike efficacy) is modulated by bursting in the LGN (Alitto et al, 2019b). Although 

this work did not directly measure LGN Ca2+ potentials, the relative arrival of retinal 

spikes to the time since a previous LGN spike (ongoing LGN ISI, ISIongoing; see Materials 

and Methods) influenced several aspects of visual processing in the LGN, including 

retinal spike efficacy, in a manner consistent with the biophysics of T-type Ca2+ 
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channels. In this way, ISIongoing can be used to infer the relative probability of thalamic 

burst mode in a manner that is complementary to the traditional criteria. 

To examine the relationship between retinal spike efficacy and burst probability 

under low- and high-contrast conditions, we analyzed the spike trains of synaptically 

connected retinal ganglion cells and LGN neurons (see Materials and Methods). Figures 

5A1, 5B1, and 5C1 show the relationship between ongoing ISI and retinal efficacy for 3 

representative pairs of synaptically connected neurons. Also depicted in these figures 

(gray shading) are 3 ranges of ongoing ISI that were used to compare the probability of 

retinal evoked geniculate spikes under low- and high-contrast conditions (Figure 5A2-

A4, B2-B4, C2-C4). Results from these 3 examples and the entire sample of 

simultaneously recorded neurons (Figure 5D1) show that the relationship between 

retinal spike efficacy and burst probability, as assessed by ISIongoing, is highly nonlinear. 

Specifically, when the ISIongoing is short (< 30ms; indicated with black arrow in A1-D1) 

and Ca2+ potentials are unlikely to occur, there is a negative relationship between retinal 

efficacy and ISIongoing. Interestingly, in this region of the ISI-efficacy curve, low-contrast 

spikes are more effective than high-contrast spikes in driving LGN activity, particularly at 

the shortest ISIongoing (< 30ms, zone 2 in panels A1, B1, and C1). This finding is 

consistent with LGN contrast gain control mechanisms, similar to what has been 

previously reported (Alitto et al, 2019a).  

More importantly for the current study, our results reveal a contrast-dependent 

increase in retinal spike efficacy as the ISIongoing increases beyond 50ms and the 

probability of burst mode increases. To quantify this contrast-dependent effect, we 

compared retinal spike efficacy found during mid-duration ISIongoing (30-60ms, zone 3 in 
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panels A1, B1, and C1) to long-duration ISIongoing (>100ms, zone 4 in panels A1, B1, and 

C1) (Figure 5D2). These specific ranges were selected to exclude the short-duration 

ISIongoing range where temporal summation dominates ISI-efficacy curves. Results show 

a significant increase in retinal spike efficacy during long-duration ISIongoing relative to 

mid-duration ISIongoing with both high- and low-contrast stimuli (high-contrast stimuli: 

retinal efficacy with mid-duration ISIongoing = 0.053 +/- 0.012 SE, with long-duration 

ISIongoing = 0.161 +/- 0.024 SE,  p =  9.76x10-4; low-contrast stimuli: retinal efficacy with 

mid-duration ISIongoing = 0.053 +/- 0.015 SE, with long-duration ISIongoing = 0.092 +/- 

0.023 SE, p = 0.007, sign test); however, the effect was significantly greater with high-

contrast stimuli (p = 0.007, sign test), and may include a component involving 

convergent input from other, non-recorded, retinal ganglion cells. 

 To establish a more direct link between contrast-dependent changes in ISI-

efficacy curves and burst rate, we next created a generalized linear mixed-effects model 

of the change in spike efficacy (Δeff) using contrast, burst rate, and the fundamental 

frequency (f1) of the spiking response.  This simple linear model did a good job at 

predicting Δeff observed between mid-duration and long-duration ISIongoing (Figure 5D3, 

explained variance = 0.4). Both burst rate and f1 were significantly positive predictors of 

Δeff (ßburst= 0.024, tstat = 2.24, p = 0.01; ßf1 = 0.026, tstat = 2.59, p = 0.02), while 

contrast was not predictive of Δeff (ßcon = -0.007, tstat = 0.24, p = 0.81). This indicates an 

indirect relationship between contrast and Δeff. One parsimonious explanation of these 

results is that changing contrast drives changes in burst rate, which is a reliable proxy 

for an underlying neural mechanism, (e.g., state of the T-Type Ca2+ channels), that then 

drives the Δeff. Mathematically, this indirect relationship between stimulus contrast and 
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Δeff is supported by the finding that contrast is a significant predictor when it is the only 

variable in the model (ßcon = 0.048, tstat = 3.43, p = 0.01). 

Measures of contrast-dependent changes in LGN burst rate are not a trivial 

consequence of changes in firing rate. 

While the increase in burst rate with stimulus contrast is consistent with the 

biophysical properties of T-type Ca2+ channels, it is also possible that the increase in 

burst rate is not related to the involvement of T-type Ca2+ channels, but rather is a trivial 

consequence of the contrast-dependent changes in firing rate. As described above, 

when the contrast of a drifting grating is increased, there is increased excitation during 

the neuron’s preferred phase and increased inhibition during the neuron’s null phase. 

Consequently, there is an increase in the absolute number of high-frequency spikes (ISI 

< 0.004s, Figure 6A and C) and the number of long-ISI spikes (ISI > 0.1s, Figure 6B and 

C), as well as the probability of high-frequency spikes (Figure 6D and 6F) and the 

probability of long ISI spikes (Figure 6E and 6F). This raises the possibility that the 

increase in burst rate is a trivial consequence of the increased number of high-

frequency spikes and long-ISI spikes. This explanation for the contrast-dependent 

increase in burst frequency assumes a Poisson distribution of LGN spike times; 

consequently, it can be accepted or ruled out by an analysis of the interdependence of 

high-frequency events and long-ISI spikes. 

Under Poisson expectations, the probability of a high-frequency event, the 

second component of a burst, does not depend on the preceding ISI. However, 

consistent with the involvement of T-type Ca2+ channels, results show that the 

probability of a high-frequency spike is highly modulated by the preceding ISI for both 
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low-contrast and high-contrast conditions (Figure 7A-D). As predicted by the 

time/voltage relationship for de-inactivating T-Type Ca2+ channels (i.e., the greater the 

hyperpolarization, the less time required) the modulation of high-frequency probability 

was steeper and evident at shorter preceding ISIs with high-contrast stimuli compared 

with low-contrast stimuli. Importantly, this relationship was absent in the spike trains of 

retinal ganglion cells, which also experience increased preferred phase excitation and 

null-phase suppression, but do not exhibit bursting activity (Figure 7E).  

The modulation of high-frequency event probability by the preceding ISI clearly 

violates the assumption of Poisson distributions. However, it is possible that these non-

Poisson spike interactions, including contrast-dependent increases in thalamic burst 

rate, can be accounted for by a time-varying Poisson spiking model that accounts for 

the sinusoidal nature of LGN firing rates in response to drifting sine-wave gratings.  To 

examine this possibility, we simulated LGN spike rates using a time-varying Poisson 

model where the spike rates were set by a sinusoidal function and the neurons’ firing 

rates (see Materials and Methods).  In this way we quantified how the experimentally 

measured burst rates compared to burst rates seen in the simulated spike trains. If the 

contrast-dependent burst rate could be explained simply by the increase in firing rate, 

then we should observe similar burst rates in the experimental and simulated data. 

Consistent with the involvement of T-type Ca2+ channels, the observed burst rate 

far exceeded the Poisson expectation during both low-contrast (Figure 8A, experimental 

= 0.125 +/- 0.025 SE, simulated = 0.009 +/- 0.0013 SE, p < 0.0015, t-test) and high-

contrast (Figure 8B, experimental = 0.273 +/- 0.048 SE, simulated = 0.0412 +/- 0.004 

SE, p < 0.0015, t-test) stimulation, indicating the involvement of nonlinear processes 
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such as the voltage dependence of T-Type Ca2+ channels. Lastly, after removing the 

small, but present, “statistical” bursts (i.e., those occurring with Poisson expectation) 

from the observed measure of bursts, there remained a robust contrast-dependent 

increase in burst rate (Figure 8C, low-contrast adjusted burst rate = 0.116+/- 0.025 SE, 

high-contrast adjusted burst rate = 0.232+/- 0.048 SE, p = 0.009, t-test).   

Discussion 
 
The goal of this study was to test the hypothesis that luminance contrast can influence 

the response mode (burst vs. tonic spiking) of LGN neurons. To explore the relationship 

between stimulus contrast and response mode, we recorded the activity of LGN 

neurons in the anesthetized cat during visual stimulation with low-contrast and high-

contrast drifting sine-wave gratings. Fundamental to the reasoning behind these 

experiments was knowledge about the biophysical properties of the T-type Ca2+ 

channels that underlie bursts, assumptions about the membrane potential dynamics of 

LGN cells during stimulation with high- and low-contrast stimuli, and past work 

demonstrating bursts are unique events in the LGN and largely absent in the retina 

(Weyand, 2007; Alitto et al., 2019b; but see Sincich et al., 2007).  

T-type channels have two gates, an inactivation gate and an activation gate 

(Tsien et al., 1988; Crunelli et al., 2005). For calcium entry to occur, the inactivation gate 

must be in the de-inactivated state, a state that requires a sufficient period and depth of 

hyperpolarization (generally > 100 ms and below a cell’s typical resting potential), and 

the activation gate must be opened, a process that requires depolarization with 

voltage/time (δv/δt) constraints (Jahnsen and Llinás, 1984; Suzuki and Rogawski, 

1989). Drifting gratings, with greater luminance modulation (higher contrast) and 
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presumably greater membrane potential dynamics, would therefore seem better suited 

for opening T-type channels compared with gratings with less luminance modulation 

(lower contrast).  

With opening of the T-type channels, Ca2+ influx evokes a T-potential that brings 

the membrane potential of a cell toward the threshold for activating voltage-gated Na+ 

channels (Jahnsen and Llinás, 1984; Suzuki and Rogawski, 1989). Because T-

potentials last longer than the duration of an individual Na+ spike, a burst of Na+ spikes 

can ride on the T-potential (Wang et al., 1991; McCormick and Huguenard, 1992 

Huguenard and McCormick, 1992; Huguenard, 1996; Perez-Reyes, 2003). However, if 

the T-type channels are inactivated and/or the δv/δt of depolarization is insufficient to 

open their activation gate, then depolarizing inputs to a cell will evoke tonic spikes 

without bursts, generally in proportion to the strength of their excitatory inputs. 

Consistent with these assumptions and predictions, we found the burst frequency, the 

number of spikes in a burst, and the timing precision of bursts were all significantly 

greater with higher contrast stimuli compared with lower contrast stimuli. 

Stimulus contrast affects the interspike interval (ISI) dynamics of bursts.  

Based on results from intracellular recordings from which sub-threshold T-potentials and 

suprathreshold bursts could be more clearly ascertained, two criteria were established 

for identifying burst events in extracellular recordings: (1) a preceding interspike interval 

(ISI) of >100 ms and (2) subsequent ISIs <4 ms (Figure 1; Lu et al., 1992). The first 

criterion is believed to reflect the de-inactivation requirements of T-type Ca2+ channels; 

however, it is also known that the time/voltage relationship for de-inactivation is 

dynamic, with less time required for greater hyperpolarization and more time required 
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for less hyperpolarization (McCormick and Huguenard, 1992; Huguenard and 

McCormick, 1992; Huguenard, 1996; Perez-Reyes, 2003). Consistent with this 

understanding, we found that high-frequency responses (ISIs < 4ms; the second 

criterion for a burst) were associated with shorter preceding ISIs (the first criterion for a 

burst) with higher contrast stimuli compared with lower contrast stimuli. This indicates 

that at higher contrast values (and presumably greater depth of hyperpolarization), the 

period of hyperpolarization (or ISI interval) needed to elicit a high-frequency burst is 

shortened from the generally accepted value of 100 ms. With lower contrast stimuli and 

in the absence of visual stimulation (i.e., spontaneous activity), the 100 ms criterion that 

is typically applied for identifying bursts was evident and seemed appropriate (Lu et al., 

1992). These findings suggest that greater hyperpolarization not only increases the 

likelihood of a burst, but also shortens the time required to elicit a burst event. 

Contrast levels modulate the reliability of bursts.  

An analysis of the timing of bursts with respect to the phase of the drifting grating 

revealed bursts occur more reliably and temporally precise with higher contrast stimuli 

compared with lower contrast stimuli. Moreover, at each contrast level (high or low) the 

timing of burst spikes was more consistent compared with the timing of tonic spikes. 

These findings likely also reflect the time-voltage relationship of T-type Ca2+channels, 

with higher contrast stimuli having a greater δv/δt that results in a more reliable crossing 

of the T-channel threshold in a noisy background. Consistent with this view, results from 

a study using white-noise stimuli reported the suppressive phase of the spike-triggered 

average was significantly greater in magnitude and duration for burst spikes compared 

with tonic spikes (Alitto et al., 2005; see also Reinagel et al., 1999; Kepecs et al., 2002; 
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Lesica and Stanley, 2004; Lesica et al., 2006; Zeldenrust et al., 2018, Mease et al., 

2017). Similarly, previous work examining the temporal-frequency tuning properties of 

LGN neurons as a function of burstiness, reports LGN neurons shifting from low-pass to 

band-pass filtering with increased burstiness. 

Indirect inference of T-Type Ca2+ potentials  

Unlike studies using intracellular or whole-cell recording methods where the 

involvement of T-type Ca2+ channels in thalamic bursts can be directly assessed, 

studies using extracellular recording methods have relied on the criteria (preceding ISI 

>100 ms, subsequent ISIs < 4 ms) established by Lu et al. (1992) to distinguish bursts. 

While these criteria have been shown to do an extremely good job at identifying bursts 

that rely on T-type Ca2+ channels, it must be acknowledged that misclassification can 

occur and that a single set of criteria may not apply equally well to different stimulus 

conditions and/or behavioral states. For instance, because the time required to de-

inactivate (prime) T-type Ca2+ channels decreases as cells are more deeply 

hyperpolarized, it is likely that some thalamic bursts under these conditions with 

preceding ISIs <100 ms will be incorrectly excluded. Consistent with this view, there was 

an increase in high-frequency probability with high-contrast stimuli (and presumably 

greater null-phase hyperpolarization) with preceding ISIs <100 ms that was not seen 

with low-contrast stimuli (and presumably less null-phase hyperpolarization) (Figure 7, 

panel D2; see also Alitto et al., 2019b).  

 Perhaps a larger concern is the occurrence of “statistical bursts”, events 

identified as bursts that are simply the result of the temporal coincidence of a long 

preceding ISI followed by high-frequency spikes, without the involvement of T-type Ca2+ 
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channels. This was a particular concern for the current study, as the possibility that the 

contrast-dependent increase in thalamic bursts might be a trivial consequence of the 

increase in firing rate (i.e., more statistical bursts at higher contrast). To address the 

possibility, we modeled LGN spiking using Poisson spiking statistics. A defining feature 

of Poisson processes is that each event occurs independent of every other event. 

Neuronal refractory periods, both absolute and relative, are a clear violation of Poisson 

assumptions; however, for the sake of simplicity, this biological inaccuracy was 

tolerated. A second violation of Poisson spiking relevant to this study is the phase-

dependent, sinusoidal nature of LGN responses to drifting sine-wave gratings. This 

violation could not be ignored as it clearly affects the distribution of both long ISIs and 

high-frequency events. We therefore model LGN spiking as a sine function, with a firing 

rate set by the observed mean and f1, as the best approximation of LGN spiking that did 

not explicitly contain the non-Poisson characteristics associated with the biophysical 

properties of T-type Ca2+ channels. For most cells in this study (15/21), but not for cells 

with very low burst rates, results from this modeling effort indicate contrast-dependent 

bursting cannot be explained by the statistics of having higher firing rates. This finding, 

along with the small increase in the simulated burst rate under high-contrast conditions, 

emphasizes the importance of quantifying the possibility of statistical bursts in data 

collected in different conditions. 

Bursts and thalamocortical processing.  

Our results show that LGN bursts can be driven by specific patterns of visual stimulation 

and that stimulus contrast affects burst frequency and timing. Similar findings have been 

reported for higher order thalamic neurons in the mouse whisker system (Mease et al 
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2017), emphasizing the generality and importance of thalamic bursts across sensory 

systems. Moreover, all thalamic nuclei receive corticothalamic feedback from pyramidal 

neurons in layer 6 (reviewed in Usrey and Sherman, 2019). As this source of input can 

influence the membrane of thalamic neurons via monosynaptic excitation and disynaptic 

inhibition, layer 6 neurons have the opportunity to shift thalamic neurons between burst 

and tonic activity modes (Hirai et al., 2018; Mease et al., 2014). Provided there exists a 

cortical readout for bursts, bursts appear well suited for conveying contrast information 

to the cortex.  Like other feedforward synapses, it is generally believed that 

thalamocortical synapses experience synaptic depression (Stratford et al., 1996; Gil et 

al., 1999; Chung et al., 2002).  If so, then the long ISI that precedes a burst should 

reduce the amount of depression and thereby increase thalamocortical burst efficacy. In 

addition, the rapid train of spikes within a burst should evoke postsynaptic temporal 

summation (see Usrey et al., 2000; Usrey 2002) and thereby lead to a similar increase 

in burst efficacy. Although direct measures of burst effectiveness in driving responses in 

visual cortex have yet to be performed, related studies have been performed in the 

somatosensory pathway of rabbits and mice where burst spikes are more effective than 

tonic spikes in driving cortical responses (Swadlow and Gusev, 2001) and increase the 

timing precision and spatial focus of cortical responses (Borden et al, 2022), 

respectively.  If LGN bursts are similarly more effective at driving cortical responses, 

then visually evoked bursts would seem to have the properties needed to represent a 

distinct mode for processing and conveying visual information to the cortex.  
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Figure 1.  Identification of burst spikes using criteria established by Lu et al. (1992). In 

this diagram, time is moving left to right and the vertical lines indicate spikes. Bursts are 

defined as (i) a cardinal spike (indicated with red *) that follows an ISI >100 ms, and (ii) 

subsequent spikes that occur with ISIs <4 ms. In this example, the burst spikes are 

shown in blue and the tonic spikes are shown in gray. 
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Figure 2. Burst and tonic responses from a representative LGN neuron during high- and 

low-contrast visual stimulation. A and B. Raster plots showing the neuron’s spiking 

activity across 80 4-second trials of a 4 Hz drifting sinusoidal grating stimulus at low 

contrast (A) and high contrast (B; see Materials and Methods). Burst spikes indicated in 

dark green; tonic spikes indicated in shades of gray. Note: at the time scale shown, the 

multiple spikes that occur during a single burst appear as a single marker. C and D. 

PSTHs showing the firing rate of burst spikes (dark green) and tonic spikes (shades of 
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gray) during stimulation with (C) low-contrast drifting gratings and (D) high-contrast 

drifting gratings. E and F. Cycle histograms showing the relative timing and duration of 

burst spikes (E) and tonic spikes (F) with low-contrast drifting gratings (dashed lines) 

and high-contrast drifting gratings (solid lines). 
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Figure 3. Burst activity during high- and low-contrast visual stimulation. A. Scatter plot 

showing the average burst rate (burst events per cycle of the drifting grating stimulus) 

for 21 LGN neurons stimulated with high- and low-contrast gratings. Burst rate is 

significantly greater for high-contrast stimuli compared to low-contrast stimuli (p<10-3, t-

test). B. Scatterplot showing the average number of spikes per burst for 21 neurons 

stimulated with high- and low-contrast gratings. There was a small, but significant, 

increase in the number of spikes per burst with high-contrast stimuli compared to low-

contrast stimuli (p=0.03, t-test). C. Modulation index as a function of effective contrast 

(see Materials and Methods). At each effective contrast level, gray circles represent the 

modulation index of tonic spikes for each neuron examined at that contrast, and black 

dots represent the modulation index of burst spikes for each neuron examined at that 
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contrast (tonic spikes (gray circles and gray line): mean +/- SE = 0.27 +/-0.05, 0.70 +/-

0.04, 0.77 +/-0.04, 0.82 +/-0.03 for 25%, 50%, 75%, and 100% contrast, respectively; 

burst spikes (black dot and black line): mean +/- SE = 0.19 +/-0.08, 0.56 +/-0.08, 0.56 

+/- 0.10, 0.60 +/-  0.09 for 25%, 50%, 75%, and 100% contrast, respectively). D. 

Scatterplot showing the burst modulation index versus the tonic modulation index. The 

modulation index was significantly greater for tonic spikes than for burst spikes (tonic: 

mean 0.638 +/-0.032 SE; burst: mean 0,483 +/-0.047 SE, p = 0.0198 sign test). 
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Figure 4. Scatterplots showing pairwise phase consistency (PPC) values for burst and 

tonic spikes when stimulated with low- and high-contrast gratings. A and B. Comparison 

of PPC values from recordings with high-contrast and low-contrast stimulation for burst 

spikes (A) and tonic spikes (B). PPC values for burst spikes and tonic spikes were 

significantly greater, on average, when cells were stimulated with high-contrast stimuli 

compared with low-contrast stimuli (p = 7.29x10-4 and p = 0.002, respectively; sign test). 

C and D. On average, PPC values were greater for burst spikes than for tonic spikes 
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when cells were excited with low-contrast stimuli (C, p = 0.019, sign test) and when 

excited with high-contrast stimuli (D; p = 0.007, sign test). 
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Figure 5. The relationship between contrast-dependent retinal spike efficacy and 

contrast-dependent burst rate. A1. Example ongoing ISI-efficacy curves for low-contrast 

(blue) and high-contrast (red) trials. The three gray boxes indicate three regions of 

interest: (2) short-ongoing LGN ISIs (<30ms) where retinal spike efficacy is dominated 

by temporal summation, (3) mid-duration ongoing LGN ISIs (30-60ms) where retinal 
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spike efficacy is at a minimum, and (4) long-duration ongoing LGN ISIs (>100ms) where 

the inferred activation of T-Type Ca2+ channels enhances retinal spike efficacy. The data 

are binned logarithmically. Arrow indicates where the ongoing ISI is 30ms. A2. LGN 

spike probability as a function of time since a retinal spike for short-ongoing ISIs, as 

defined above. The peak near 3.0 ms indicates a monosynaptic connection between the 

RGC-LGN pair. The area under the curve is used to calculate spike efficacy. A3. Similar 

to A1, but for mid-duration ongoing LGN ISIs. A4. Similar to A1, but for long-ongoing 

LGN ISIs. B-C. Similar to A for two additional example RGC-LGN pairs. D1. Similar to 

A1, but for the entire sample of RGC-LGN pairs. D2. Scatter plot of retinal efficacy 

during mid-duration ongoing LGN ISIs vs. retinal efficacy during long-duration ongoing 

LGN ISIs (low contrast: p = 9.76x10-4; high contrast: p = 0.007, sign test). D3. A scatter 

plot of observed change in retinal spike efficacy plotted as a function of the output of a 

generalized linear model with significant predictors of burst rate and spike f1 (ßburst= 

0.024, tstat = 2.24, p = 0.01; ßf1 = 0.026, tstat = 2.59, p = 0.02).  
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Figure 6. Increasing stimulus contrast results in an increase in the total number of long-

ISIs and high-frequency events. A. The number of high-frequency LGN events (ISI < 4 

ms, includes bursts) during low-contrast trials versus the number of high-frequency LGN 

events during high-contrast trials. B. The number of long-ISI LGN spikes (ISI > 100 ms, 

includes bursts) during low-contrast trials versus the number of long-ISI LGN spikes 

during high-contrast trials C. Average distribution of LGN ISIs across the entire sample. 

D-F. Similar to A-C, but count has been converted to probability. 
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Figure 7. The interdependence of long-ISIs and high-frequency events in the LGN. A1. 

Distribution of high-frequency events as a function of the preceding ISI for an example 

LGN neuron (blue = low-contrast trials, red = high-contrast trials). A2. The probability of 

high-frequency events as a function of preceding ISI. B-C. Similar to A, but for two 

additional, example LGN neurons. D. Similar to A, but for the entire sample of LGN 

neurons (green = spontaneous activity). E. Similar to A, but for the entire sample of 

retinal ganglion cells (green = spontaneous activity).  
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Figure 8. Contrast-dependent changes in LGN bursting activity cannot be explained by 

changes in firing rate. A. Observed LGN burst rate as a function of the Poisson 

expectation during low-contrast visual stimulation (p < 0.0015, t-test; grey circles 

indicate no significant difference between observed and simulated burst rate, black 

circles indicate significant difference between observed and simulated burst rate). B. 

Similar to A, but for high-contrast stimulation (p < 0.0015, t-test). C. Scatterplot showing 

the adjusted burst rate (observed minus Poisson expectation) for LGN cells during high-

contrast and low-contrast stimulation (p = 0.009, t-test). 
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Chapter 3: Corticogeniculate feedback modulation of LGN cell size tuning 
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Abstract 
 
 Within the LGN, primary driving inputs are inherited from retinal ganglion cells. 

However, the largest number of inputs for the LGN come from corticogeniculate 

feedback. These inputs are proposed to be modulatory, but their full effects on LGN cell 

activity remains unclear. As extraclassical surround responses seen in the LGN cannot 

be accounted for solely by retinal extraclassical surround responses, it is probable that 

the additional surround response comes from corticogeniculate feedback. Within this 

study, we explored the effects of feedback on LGN cell type, including parvocellular vs. 

magnocellular; on-cell vs. off-cell; and whether LGN cells experienced extraclassical 

surround facilitation vs. suppression. Utilizing optogenetic silencing of feedback, we 

compared geniculate cell responses under control and optogenetic conditions as a 

function of changing stimulus size. Interestingly, we found that feedback’s effects on 

geniculate cells depended largely on what type of LGN cell it was projecting to.  

Generally, we found two distinctions for how feedback modulates classical 

receptive field responses:  for facilitation cells, LGN cells receive center suppression 

from V1; for suppression cells, LGN cells receive center excitation from V1 . Within the 

extraclassical surround, feedback’s effects were as follows: for facilitation cells, LGN 

cells receive surround excitation from V1; for suppression cells, LGN cells receive 

surround suppression from V1. This suggests that for facilitation cells, feedback assists 

in extending receptive field boundaries, improving stimulus detection. For suppression 

cells, feedback effects help to sharpen receptive boundaries, improving stimulus 

discrimination.  
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Introduction 
 

The visual pathway involves a feedforward retinogeniculocortical route, where 

visual information leaves the retina and travels to the lateral geniculate nucleus (LGN) 

of the thalamus before reaching primary visual cortex (V1). The visual information 

leaving the eye is communicated to V1 via geniculate relay cells in the LGN. In the 

thalamus, LGN relay cells inherit a majority of their receptive field preferences from the 

retina (Kaplan and Shapley, 1984; Usrey et al., 1999; Sincich et al., 2007; Sherman and 

Guillery, 2009; Rathbun et al., 2010), and consolidate information from multiple retinal 

inputs before it sends the visual information to V1 for further processing (Reid and 

Alonso, 1995; Alonso et al., 2001; Reid and Usrey, 2004). Previous literature has 

likened this step in visual processing to a simple relaying of information form the retina 

to V1. Despite this, work in our lab and others have focused on understanding the 

functional role of LGN relay cells beyond a simple relay center (for review, see Sherman 

and Guillery, 2002; Sherman, 2005; Sherman and Guillery, 2011; Sherman, 2012; Usrey 

and Alitto, 2015; Sherman, 2016; Sherman, 2017). Just as it is found in the retina, in the 

LGN each relay cell has a classical center/surround organization in which cells can 

either have either an on-center/off-surround or an off-center/on-surround structure 

(Kuffler 1952; 1953). The polarity of the classical center/surround receptive field 

determines the relay cell’s response to light, with light exciting the center of on-center 

cells and dark exciting the surround, and vice versa for off-center cells. In addition to the 

classical receptive field, geniculate cells also have an additional extraclassical (EC) 

receptive field that extends over the classical receptive field and beyond into the 

surrounding space. This extraclassical receptive field plays an important role in size 
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tuning and adjusting the gain of visual responses (Jones et al., 2000; Solomon et al., 

2002; Bonin et al., 2005; Alitto and Usrey, 2008; Mante et al., 2008; Alitto and Usrey, 

2015a). Overall, the extraclassical receptive field functions to produce extraclassical 

surround suppression for a geniculate relay cell, such that a stimulus that covers both 

the classical receptive field and the extraclassical surround will result in a suppressed 

response from the cell. This is an inherent feature of the visual system, as extraclassical 

receptive fields exist in both the retina as well as in V1. This phenomenon has an 

important function for visual processing, as previous research conducted in the LGN 

indicates that extraclassical receptive fields likely contribute to various visual aspects 

including contrast gain control and perceptual “pop-out” (Sillito and Jones, 2002; Bonin 

et al., 2005). In addition, research has suggested that there may be both retinal and 

nonretinal contributions to the extraclassical receptive field in the LGN (Fisher, Alitto, 

and Usrey, 2017; Archer, Alitto, and Usrey, 2021), although the extent of each and their 

underlying mechanisms are sometimes contradictory in the literature; thus, clarity on 

this issue is needed.  

Previous work from our laboratory has focused on determining both the retinal 

and nonretinal contributions to extraclassical surround suppression in the LGN (see 

Fisher, Alitto, and Usrey, 2017). Thus far, the data indicate that LGN extraclassical 

suppression is larger than can be accounted for solely by retinal mechanisms (Fisher et 

al., 2017). This suggests that additional extraclassical suppression is provided from 

nonretinal sources. The focus of this chapter is on elucidating the role of 

corticogeniculate feedback in generating extraclassical suppression in the LGN. Overall, 

understanding how extraclassical surround suppression arises within a geniculate cell is 
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inherently important for understanding visual processing, as this is the source of visual 

information reaching the primary visual cortex (V1), where extraclassical suppression is 

reported throughout all layers (Kapadia et al., 1999; Sceniak et al., 1999, 2001; Jones et 

al., 2000; Walker et al., 2000; Cavanaugh et al., 2002a; Levitt and Lund, 2002; Webb et 

al., 2005; Angelucci and Sainsbury, 2006; Smith et al., 2006). 

Corticogeniculate feedback is a strong candidate for non-retinal contributions for 

extraclassical effects in the LGN. Anatomically, corticogeniculate neurons which are 

located in layer 6 of V1 provide dense feedback projections onto geniculate relay cells, 

either via monosynaptic excitatory synapses or disynaptic inhibitory synapses (Sherman 

and Guillery, 2006). The synapses made by corticogeniculate feedback neurons greatly 

outnumber those of the retina by approximately 10:1 despite the fact that geniculate 

receptive field properties (i.e., “classical” receptive field properties) are inherited from 

the retina (Erisir et al., 1997a, b; Guillery, 1969). Additionally, the feedback projections 

from layer 6 in V1 onto either magnocellular or parvocellular layers of the LGN arise 

from distinct populations of layer 6 neurons, with neurons in the upper portion of layer 6 

projecting to the parvocellular layers of the LGN and neurons in the lower portion of 

layer 6 projecting to the magnocellular layers of the LGN (Fitzpatrick et al., 1994; Usrey, 

1994). This suggests that feedback could have differential and stream-specific effects 

on both LGN neurons in the magnocellular and parvocellular layers. Along these lines, 

previous research in our lab has demonstrated that magnocellular neurons have more 

extraclassical surround suppression than parvocellular neurons (Alitto and Usrey, 2007). 

Additionally, evidence from our lab suggests that LGN on- and off-cells are differentially 

modulated by stimuli with increasing sizes, that extend into the extraclassical surround, 
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with magnocellular off-cells experiencing more extraclassical suppression compared to 

on-cells (Archer et al., 2021). With these results in mind, the role of feedback in 

establishing these cell-type specific effects remains to be determined, with some results 

from previous literature partially supporting the possibility (Murphy and Sillito, 1987; 

Sillito and Jones, 2002; Webb et al., 2002; Nolt et al., 2007) and results from other 

studies arguing against it (Sceniak et al., 2006). The inconsistency of these results is 

likely due, at least in part, the previous work using non-reversible methods to silence 

neurons in anesthetized animals where activity in the feedback pathway is already 

suppressed by anesthesia. Experiments are therefore needed that utilize reversible and 

conclusive methods in alert animals, as has been done with the experiments described 

in this chapter. 

Utilizing optogenetics to silence corticogeniculate feedback cells in awake-

behaving animals, this chapter examines and discusses the extent of extraclassical 

surround suppression in relay cells by making comparisons across magnocellular and 

parvocellular cells and further comparing on-cells and off-cells within the LGN. Overall, 

results show that feedback plays a major role in extraclassical effects among the 

different classes of LGN cells with extraclassical effects. This has important implications 

on understanding the role of feedback in visual processing and further elucidating the 

unique properties of geniculate cell responses beyond those inherited from the retina, 

supporting the idea that the LGN is more than just a relay station between retina and 

cortex. 
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Methods 

 

General Animal Information  

 A total of five rhesus macaques were utilized for this chapter, 2 male and 3 females. 

The majority of data that contributed to this study came from one female animal, 

however data from the other four additional animals were included to demonstrate that 

the data are an appropriate representation to understanding feedback’s role on visual 

processing in primates. The animals performed passive fixation for awake-behaving 

recordings. All of the experimental design and protocols were approved by the 

Institutional Animal Care and Use Committee at the University of California, Davis and 

complied with the National Institutes of Health and USDA guidelines.   

Animal Surgical Preparation: Cranial Implantation  

 Prior to awake-behaving recording for fixation training, animals received headposts 

and cranial implants. An initial weight-dependent dosage of ketamine was 

intramuscularly injected to induce an anesthetic state. Appropriate animal preparation 

for aseptic surgery was performed by the vet staff. Anesthetic state was maintained via 

isoflurane anesthesia (1.5-2.0%) for the duration of the surgical procedure. Animals 

were placed in a stereotax while an implant was placed utilizing bone cement and 

titanium screws, including a centrally placed headpost, along with a hemispheric 

craniotomy cylinder over the LGN stereotaxic coordinates and an additional craniotomy 

cylinder over V1 over the same hemisphere. Each craniotomy cylinder was 2cm wide, 

with the center of the cylinder determined by MRI and DTI stereotaxic coordinates. The 

recording cylinder was placed over each craniotomy via bone cement to facilitate 
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access to the LGN or V1 for recording. Cranial implants were maintained a minimum of 

3 times a week, but cleaned before every recording. Additionally, the granulation tissue 

within each cylinder was maintained 3 times a week via 5FU administration. Lastly, the 

implant edge was additionally maintained via a haircut once a week.   

Animal Surgical Preparation: Optogenetic Expression 

Following the same general anesthesia listed above, animals were injected with 

optogenetic virus into their primary visual cortex, either before or after cranial 

implantations were made. Each animal was injected via 50µl Hamilton syringes 

(Hamilton) with construct transfected via AAV5 with optogenetic tags of either Jaws 

(AAV5-hSyn-Jaws-KGC-GFP-ER2-Jaws, Addgene # 65014-AAVrg), or mDlx (AAV5-

hSyn-mDlx-KGC-mCherry, Addgene #83898-AAVrg) into V1 in a spatially controlled 

manner.  

Surgical injections involved stereotaxic lowering our Hamilton syringe 2.5mm below 

dura, injecting 1 µls (rate 300 nls/min), raising the syringe 750 µms and injecting 

another 1 µls (rate 300 nls/min), and raising the syringe another 750 µms and injecting 

a final 1 µls (rate 300 nls/min). Each injection location had a total of ~3000 µls of AAV 

injected, with each injection spaced ~1.5mm-2mm apart. A total of ~45 µls of AAV5 was 

injected into V1 over ~20-25 injections for each animal. After three months, optogenetic 

manipulation of corticogeniculate cells was tested in an awake-behaving animal before 

data collection. Our lab has elected to use AAV5 virus (a human synapsin promotor with 

either Jaws or mCherry and either a GFP or mDlx fluorescent tag, respectively). Both 

these were able to successfully transfect corticogeniculate feedback cells for rapidly 

reversible manipulations of neural activity.  
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Behavioral Training: Passive Fixation & Eye Tracking  

 In this chapter, animals were trained to passively fixate during recording for fluid 

reward. The cranial implant of a headpost prior to training allowed a stabilization of both 

head and eye position and a minimization of movement while the animal sat in a 

standard primate chair with their gaze centered on a display monitor. During passive 

fixation, animals were trained to look at a red fixation point on a mean luminance gray 

screen. The fixation point occurred on either left or right side of the screen depending 

on which hemisphere was being recorded from, and was always placed in the center of 

the screen such that it was equidistant from the top and bottom of the screen. 

Achievement of passive fixation required the animal to maintain fixation within a 

computer-controlled window centered around the fixation point. Over training, the 

passive fixation duration was increased as the window size of fixation decreased 

simultaneously until an animal was able to maintain passive fixation for at least 1.5 

second within a 0.5° radius fixation window. Eye position and eye movements were 

measured utilizing an infrared video eye tracker (Applied Science Laboratory, Bedford), 

operating at 240 Hz, and horizontal/vertical eye position was converted to a voltage 

signal sampled at 1 kHz to be compatible with our Spike2 data acquisition system. 

Additionally, animals were trained to calibrate their eyes utilizing the Applied Science 

Laboratory calibration system prior to every training and recording session. This 

involved the animal looking at target points displayed at known eccentricities for the 

system. This guaranteed appropriate and accurate eye position for each session.  

Single-cell Extracellular Recordings 
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 Single-unit extracellular recordings were made from LGN cells using parylene-

coated tungsten electrodes (AM systems, Sequim, WA). Electrodes were inserted into 

the LGN for recording geniculate cell relay activity. Guide-tubes were inserted ~10mm 

into the brain via the thalamus craniotomy and electrodes were lowered to the LGN for 

active recordings (Thomas Microdrive). Guide tubes were placed ~2mm into the V1 

craniotomy and in-house optrodes were inserted into V1 (single-cell tungsten electrode 

glued to optic fiber) via Thomas Microdrives. Neural responses were amplified, filtered, 

and recorded to a computer equipped with a Power 1401 data acquisition interface and 

Spike 2 software package (Cambridge Electronic Design, Cambridge, UK). Spike 

isolation was based upon waveform analysis and the presence of a refractory period, 

assessed from their autocorrelograms. 

Optogenetic Laser Information 

 Lasers were utilized during optogenetic trials (Shanghai Laser & Optics Century). 

Depending on whether animals expressed Jaws or mDLX, during optogenetic trials, a 

pulse of either red light (632 nm, RLM635T3-300FC) for Jaws or blue light (495 nm, 

BL473T3-300FC) for mDLX was temporarily presented in V1 via an inhouse optrode 

(single-unit parylene-coated tungsten electrodes glued to an optic fiber). Optogenetic 

lasers came on ~50 ms before visual stimuli appeared on the screen, and turned off ~50 

ms after the trial ended. Laser activation was controlled via signals sent by Spike 2 

software package and executed via a Power 1401 data acquisition interface for each 

trial.  

General Visual Stimuli Presentation 
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 Visual stimuli for the experiment were created with a VSG Visage visual 

stimulus generator (Cambridge Research Systems, Cambridge, England) and 

presented on a gamma-calibrated Mitsubishi FP4121SB monitor with a refresh rate of 

120 Hz and a mean luminance of 38 cd/m2. The monitor was viewed at a distance of 80 

cm from the animal chair. Stimuli were presented under binocular vision and the 

stimulus monitor provided the only source of illumination in a painted black dark room. 

Optogenetic laser activation of V1 provided minimal illumination during optogenetic 

(opto) recording trials. During recording sessions, LGN receptive field location was 

determined for each neuron found by manually moving a circular drifting sine-wave 

patch grating on the monitor. Centering visual stimuli over the receptive field was 

actively maintained throughout the entire data collection recording period. At the 

beginning of each trial, the animal was given a period of time to acquire initial fixation of 

a fixation target, a small red spot (0.5° radius) presented on a mean luminance gray 

background on either the left or right side of the screen depending on which hemisphere 

was being recorded from. After an initial fixation of 500ms, for control trials, the stimulus 

appeared over the receptive field location for approximately 800ms in which animals 

were required to remain fixation. For optogenetic trials, after the initial fixation of 500ms, 

the optogenetic laser was activated 50 ms before the visual stimulus appeared over the 

LGN receptive field. Visual stimulus presentation parameters remained the same for the 

optogenetic trials, with the laser turning off 50ms before the trial ended. In total, each 

trial lasted for ~1.5s during which each animal maintained fixation to receive a small 

fluid reward. Between each trial within a block and between blocks, the animal was 

given a mean luminance gray screen in which they were able to freely move their eyes. 
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Trials were sorted into control and optogenetic blocks, having ~10 repeats of 

stimulus presentations within each block and a total of 7-10 repetitions of each block 

type. To minimize eye movement complications, trials were aborted if eye position 

deviated outside of the fixation window of 0.5°. A mean luminance gray screen was 

presented during the intertrial interval of ~150ms was interleaved between each 

stimulus presentation within a block. During the intertrial, animals were allowed to move 

their eyes freely. Additionally, between optogenetic and control block trials, animals had 

approximately 5s to freely move their eyes. Each experiment block had approximately 

90 trials total, with a total of ~9000 trials collected each recording day. Each trial 

included a minimum of three aperture sizes (0.1°, 0.5°, and 5°) and three contrast 

values depending on whether the cell was magnocellular or parvocellular (i.e., 

magnocellular contrast values: 15%, 45%, and 100%; parvocellular contrast values: 

50%, 80%, and 100%). Aperture sizes were labelled as center stimuli at 0.5° as they 

covered the LGN receptive field isolated and aperture sizes were labelled as surround 

stimuli at 5° as they covered the LGN receptive field isolated and its surround. As 

contrast values did not demonstrate an influence on processing of aperture sizes, 

analyses collapsed across contrast values. Additionally, the sine-wave gratings had a 

consistent spatial frequency of 1, temporal frequencies at either 4Hz or 5 Hz to optimally 

excite LGN cells for drifting stimuli, orientations typically at 90°, and initial phases that 

optimized LGN cell activity (0 for On and 180 for Off).   

Cell Type Classification 

Before data collection, LGN cells were isolated and classified. Drifting sine-wave 

patch gratings were centered over the LGN receptive field to characterize response 
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properties to luminance, contrast, orientation, temporal frequency and spatial frequency. 

To classify whether neurons were on- or off-cells, the initial phase of the drifting sine-

wave gratings was changed from either 0 to 180. Excited by bright luminance were 

classified as on-center cells and neurons excited by dark luminance were classified as 

off-center cells. Visual stimuli were given initial drifting sine-wave phases that reflected 

maximal excitation for the LGN cell class. Cells were classified as magnocellular or 

parvocellular by looking at their general responses to contrast values and 

supplementally their responses to temporal frequencies. Cells that consistently 

responded to contrast values between 5%-50% and faster temporal frequencies were 

classified as magnocellular; cells that responded consistently to contrast values 

between 50%-100% were classified as parvocellular. These classifications were utilized 

to determine the contrast values of the drifting sine-wave gratings presented during data 

collection.  

Post-data collection cells were classified as either being facilitation or 

suppression cells. This involved presenting drifting sine-wave gratings of varied 

aperture sizes to generate an area tuning curve. Aperture sizes were stepped between 

0.1° and 5° in 10 steps and with at least 5 repeats to generate individual area tuning 

curves. To classify whether cells were facilitated or suppressed by surround stimuli of 

5°, their F1 spiking activity to this size was compared to their spiking activity for center 

stimuli (0.5°): 

 

𝐿𝐺𝑁	𝐶𝑒𝑙𝑙	𝑇𝑦𝑝𝑒,&-//("" = 𝑆𝑝𝑖𝑘𝑖𝑛𝑔	𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦!(00#($1 − 𝑆𝑝𝑖𝑘𝑖𝑛𝑔	𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦-'$%'0 	 
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For a cell to be classified as a Facilitation cell, the value above has to be > 0; for a cell 

to be classified as a Suppression cell, the value has to be < 0. For neurons that had a 

value of 0 they were not classified as either cell type and were excluded from these 

analyses. For a total breakdown of LGN cell type and the number of LGN cells that were 

found for each category, see Table 1. 

Center Index Modulation 

 For our study, we wanted to understand feedback’s influence on aperture size 

processing in the LGN. This involves a characterization of center index modulation, 

defined in our study as the difference of LGN spiking activity to center stimuli sine-wave 

gratings that covered the classical receptive field under control conditions and under 

optogenetic conditions: 

 Δ Center Index = 	 (-#$%0#3	-'$%'0	0'!"#$!'	5#"%#	-'$%'0	0'!"#$!')
-#$%0#3	-'$%'0	0'!"#$!'

 

Here a value of 0 would indicate no difference between control and optogenetic 

conditions. 

Surround Index Modulation 

 To characterize the modulation experienced for each LGN cell under surround 

stimuli presentations, a suppression index was calculated by comparing the difference 

of spiking activity under control and optogenetic conditions: 

Δ Surround Index = (-#$%0#3	!(00#($1	0'!"#$!'	5#"%#	!(00#($1	0'!"#$!')
-#$%0#3	!(00#($1	0'!"#$!'

 

 

Here, a value of 0 would indicate no difference between control and optogenetic 

conditions. This calculation did not remove the spiking activity of the center index from 

the surround index. 
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Total Surround Index Modulation 

 To calculate a total surround index, we took the change found in the surround 

index and removed the change found in the center index as follows: 

 Δ Total Surround Index = Δ Surround Index - Δ Center Index 

This provided an isolated surround index modulation that removed the center influence 

in the value, as the surround aperture size covered both the classical receptive field and 

extended into the surround.  

Suppression Index 

 A final suppression index was calculated for each cell type, comparing the overall 

suppression experienced for each LGN cell under both control and optogenetic 

conditions. The strength of extraclassical suppression was quantified using a 

suppression index calculated as follows: 

𝑆𝑢𝑝𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛	𝐼𝑛𝑑𝑒𝑥 =
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒	𝑡𝑜	𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑	𝑔𝑟𝑎𝑡𝑖𝑛𝑔
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒	𝑡𝑜	𝑐𝑒𝑛𝑡𝑒𝑟	𝑔𝑟𝑎𝑡𝑖𝑛𝑔	  

For each cell, their calculated suppression index under control and optogenetic 

conditions were compared to one another. 

 

Results 

 

 To understand the effects of feedback on area summation, also called stimulus 

size tuning, of different geniculate cell types, we first wanted to demonstrate that relay 

cells experience effects from the extraclassical surround. Although past efforts have 

focused on suppressive effects from the extraclassical surround, we wished to also 

determine whether facilitatory effects might also occur. Across the geniculate cells 
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included in this study (n = 142), a majority had either extraclassical surround 

suppression or extraclassical surround facilitation, regardless of whether a cell was 

classified as a parvocellular (n = 91 of 104 cells), magnocellular (n = 37 of 38 cells), on-

center (n = 47 of 61 cells), off-center (n = 81 of 81 cells) cell (see Table 1, Figure 5). To 

determine whether a geniculate cell had extraclassical facilitation (facilitation cell) or 

extraclassical suppression (suppression cell), we varied the size of an aperture covering 

an underlying sine wave grating stimulus and examined each cell’s area summation 

response function, comparing its spiking activity to a stimulus size corresponding to the 

classical receptive field to a stimulus that extended into the extraclassical surround. 

(Figure 3). By applying an index (𝐿𝐺𝑁	𝐶𝑒𝑙𝑙	𝑇𝑦𝑝𝑒,&-//("" = 𝑆𝑝𝑖𝑘𝑖𝑛𝑔	𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦!(00#($1 −

𝑆𝑝𝑖𝑘𝑖𝑛𝑔	𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦-'$%'0) to quantify the direction and magnitude of extraclassical effects, 

we sorted cells into categories with extraclassical facilitation (indices >0; n=44) and with 

extraclassical suppression (indices <0; n=84).   Figure 6 shows area summation 

response functions from representative cells. It is important to note that ~90% of 

geniculate relay cells fell into one of these categories; however, ~10% of geniculate 

relay cells (n = 14) did not experience either extraclassical facilitation nor extraclassical 

suppression. These cells were excluded from further analyses focusing on comparisons 

made between extraclassical facilitation and extraclassical suppression. Although this 

classification of cell types was conducted independently of whether the cells were 

magnocellular vs. parvocellular or on vs. off, it is useful to note that cells with 

extraclassical facilitation were primarily (82%) classified as on cells and cells with 

extraclassical suppression were primarily (82%) classified as off cells, (see Table 1 for 

additional cell count breakdown) in our data.  
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Before further data analysis, it is important to depict examples of both LGN 

facilitation cells and suppression cells under control conditions (four sample cells, 

Figure 6). Previous work in our lab has demonstrated that while a majority of the relay 

cell’s visual processing is inherited from its retinal inputs, retinal input alone is not 

sufficient to account for the total amount of extraclassical suppression seen in 

geniculate relay cells (Fisher et al., 2017). Instead, polysynaptic circuits involving 

corticogeniculate feedback to LGN have been proposed to influence extraclassical 

surround responses in the LGN (for review, see Sillito and Jones, 2002; Usrey and 

Alitto, 2015). To investigate whether feedback from V1 contributes to the additional 

extraclassical facilitation or extraclassical suppression found in geniculate relay cells, 

we optogenetically silenced corticogeniculate feedback neurons in V1using JAWS (a 

light-activated chloride pump; see Figure 2 for an example  of expression) or mDLX (a 

light activated channelrhodopsin selectively expressed in inhibitory neurons. While the 

mechanism for silencing V1 feedback differed between these two opsins:  JAWS 

transfects V1 feedback cells to directly inhibit activity and mDLX transfects GABA cells 

in V1 which indirectly inhibits V1 feedback cells upon laser activation, both opsins were 

found to successfully transfect V1 and reversibly silence V1 activity via laser activation 

(for sample V1 cells, see Figure 4). Because feedforward and feedback connections 

between the LGN and cortex are retinotopically aligned, all of the recordings and 

manipulations examined in this study were between cortical and geniculate neurons 

with receptive fields separated by no more than 3° of visual space. Despite this 

constraint of 3°, ~40% of cell pairs were within 1° of retinotopic overlap and ~60% were 

within 2° of retinotopic overlap; see Supplemental Figure 1). 
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Regardless of whether a cell was labelled as a facilitation or suppression cell, we 

found that silencing feedback during optogenetic trials affected  geniculate cell activity. 

This included cells that were either magnocellular or parvocellular and cells that were 

either on-cells or off-cells (for example cells of each cell type, see Figure 5). Importantly, 

under control conditions for all geniculate cell types (Parvo-Off, Parvo-On, Magno-Off, 

and Magno-On), cells were able to experience either extraclassical surround facilitation 

or extraclassical surround suppression (Figure 5). Interestingly, effects from silencing 

feedback were not absolute in predicting whether a cell was magnocellular vs 

parvocellular or on vs. off (individual cells in Figure 5I, population average Figure 5J).  

Focusing on understanding feedback’s contributions to extraclassical surround 

receptive fields, we wanted to first characterize optogenetic effects on sample 

facilitation and suppression cells. Looking at four sample cells, two example facilitation 

cells and two example suppression cells, comparing control to optogenetic conditions, 

optogenetic inactivation changed the activity of each of these individual geniculate cells 

(Figure 6). For the sample cells that fell under either facilitation or suppression cell type 

categorization, the effects seen under optogenetic silencing of feedback were largely 

consistent. For the sample cells with extraclassical facilitation, responses to stimuli that 

extended into the extraclassical surround decreased when feedback neurons were 

silenced (Figure 6B1-B5) indicating the removal of net excitation. Interestingly, during 

optogenetic inactivation, these same cells increased their activity for stimuli restricted 

within the classical receptive field  (Figure 6A1-A5) indicating the removal of net 

inhibition (presumably by mechanisms involving polysynaptic inhibition). For the sample 

cells with extraclassical suppression, optogenetic effects were essentially the opposite, 
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with responses to stimuli extending into the extraclassical surround increasing when 

feedback was silenced (Figure 6D1-D5) and responses to stimuli with the classical 

receptive field decreasing when feedback was silenced (Figure 6C1-C5) indicating the 

removal of net excitation. For both categories of cells, those with extraclassical 

suppression and those with extraclassical facilitation, this is the first report of a 

center/surround organization of feedback effects, with the center corresponding to the 

classical receptive field and the surround corresponding to the extraclassical surround. 

To understand the full extent of the interactions between stimulus size and 

feedback effects on geniculate responses, we needed to methodically compare the 

geniculate relay cell’s activity when the stimuli covered the classical receptive field 

(center) to when the stimuli covered both the classical receptive field and the 

extraclassical surround (surround). This required both a comparison of control activity to 

optogenetic inactivation of feedback, but also a breakdown of each individual relay cell’s 

activity to both the center stimuli that was contained within its classical receptive field 

(typically ~0.5°) and to the surround stimuli that covered the classical receptive field and 

extended into the extraclassical surround receptive field. To first determine feedback’s 

effects on geniculate cell processing of center stimuli, we analyzed control and 

optogenetic relay cell activity to visual stimuli that covered only the classical receptive 

field of the LGN cell. For each geniculate relay cell, center stimuli were tailored to the 

LGN relay cell preferences for contrast, spatial frequency, and luminance phase polarity, 

while the orientation of the grating was either at 90°, or tailored to the paired V1 cell’s 

orientation preference (temporal frequency was either at 4 or 5 Hz for LGN processing). 

Under center stimuli presentation, each geniculate relay cell had a center index 
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modulation calculated by identifying the change in center activity for each individual cell 

with and without feedback’s inputs (Δ Center Index 

= 	 (-#$%0#3	-'$%'0	0'!"#$!'	5#"%#	-'$%'0	0'!"#$!')
-#$%0#3	-'$%'0	0'!"#$!'

). Here, a center index value of 0 would 

indicate that the relay cell’s response remained the same regardless of whether 

feedback to the cell was active or silenced. This would indicate that feedback does not 

have a role in modulating the relay cell’s activity when processing information within the 

classical receptive field. Additionally, a value closer to 1 would indicate that the relay 

cell’s overall activity in optogenetic trials was much lower than in control conditions. 

Conversely, a value closer to -1 would indicate that compared to control conditions, the 

geniculate relay cell’s activity was much greater when feedback was silenced.  

Looking at the distributions of geniculate relay cells, the center modulation index 

values were evenly distributed across both parvocellular geniculate cells (parvocellular 

mean center index = 0.03 +/- 0.01 SE, p = 0.0650, t-test), and magnocellular geniculate 

cells (magnocellular mean center index = 0.03 +/- 0.03 SE, p = 0.38, t-test) (Table 3, 

Figure 7). However, when the data were analyzed under all cells there was a significant 

center index modulation comparing center index distributions for facilitation vs. 

suppression cells (mean = 0.03 +/- 0.01 SE, p = 0.0446, t-test). In addition, the influence 

of feedback on center stimulus modulation was more consistent for each geniculate 

relay cell type, further indicating a distinction between the two (see Table 2). For 

facilitation cells, feedback contributes to the suppressed activity for center stimuli (e.g., 

a negative center index value, mean = -0.08 +/- 0.02 SE, p = 3.68e-04, t-test), and for 

suppression cells, feedback contributes to an enhanced activity for center stimuli (e.g., a 

positive center index value, mean = 0.08 +/- 0.02 SE, p = 1.64e-05, t-test). In 
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comparison, if we analyze the data by on-cell and off-cells, only off-cells were 

significantly different during feedback inactivation (on-cell mean = -0.03 +/- 0.02 SE, p = 

0.055; off-cell mean = 0.07 +/- 0.02 SE, p = 2.21e-04). For a full list of cell type statistics 

of center index modulation, see Table 2 and Table 3. 

We next assessed the influence of feedback on how geniculate cells processed 

stimuli that extended into the extraclassical surround. For each geniculate cells, we  

quantified surround modulation using an index  (Δ Surround Index = 

(-#$%0#3	!(00#($1	0'!"#$!'	5#"%#	!(00#($1	0'!"#$!')
-#$%0#3	!(00#($1	0'!"#$!'

, see Table 4). Comparing all cells, the 

change in surround index was significant when comparing facilitation and suppression 

cells (mean = -0.03 +/- 0.01 SE, p = 0.0473, t-test). However, as surround stimuli not 

only covers the extraclassical receptive field but also the classical receptive field, this 

calculated value is not sufficient for characterizing the extraclassical surround response. 

Instead, we also performed a total surround index calculation, which is calculated as Δ 

total surround index = Δ surround index - Δ center index. This newly calculated total 

surround index now accounts for any antagonistic effects from stimuli covering the 

classical receptive field as well, by subtracting the center response from the equation 

(see Table 5). Just as with the center index, a surround index of 0 would indicate that 

the relay cell’s response remained the same regardless of feedback’s ability to provide 

input to the cell. This would indicate that feedback does not have a role in modulating 

the relay cell’s activity when processing information beyond the classical receptive field 

into the surround. Additionally, a value closer to 1 would indicate that the relay cell’s 

overall activity in optogenetic trials was much lower. Again, when looking at the 

distributions of surround index for parvocellular geniculate cells and magnocellular 
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geniculate cells the distribution of values was varied (Figure 8). Feedback effects on the 

change in surround index were as follows: facilitation cells responses decrease when 

feedback’s input is removed and suppression cell responses increase when feedback is 

removed (facilitation total surround index mean = 0.02 +/- 0.02 SE, p = 3.20e-04, t-test; 

suppression total surround index mean = -0.049 +/- 0.018 SE, p = 1.44e-06, t-test; 

facilitation vs. suppression total surround index mean = -0.03 +/- 0.01 SE, p = 0.01, t-

test, Figure 8). This suggests that feedback has approximately equal but opposing 

effects on individual geniculate relay cells when a stimulus covers the classical 

receptive field vs. when a stimulus extends beyond the classical receptive field into the 

surround. Again, a total surround index was calculated for on-cells and off-cells, and 

again off-cells were significant (on-cells mean = -0.01 +/- 0.02 SE, p = 0.27, t-test; off-

cells mean =-0.04 +/- 0.02 SE, p = 8.19e-05, t-test). 

To further compare how geniculate relay cell’s processed center stimuli and 

surround stimuli, we compared effects (facilitation vs suppression) on the responses to 

center and surround stimuli. Plotting the comparison as a scatter plot, we see that  

facilitation cells had a larger and opposite-sign surround index compared to their center 

index (facilitation surround index mean = 0.02 +/- 0.02 SE, facilitation surround index 

mean = -0.049 +/- 0.02 SE; Table 6, Figure 9). Likewise, suppression cells  had a larger 

and opposite-sign center index compared to the surround index (suppression center 

index mean = -0.08 +/- 0.02 SE; suppression center index mean = 0.08 +/- 0.02 SE; 

Table 2, Figure 9). Lastly, calculating a final suppression index for control and 

optogenetic silencing of feedback’s inputs to geniculate relay cells demonstrated that 

the two geniculate cell classifications have a distributed separation of suppression 
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indices in their cell classifications (all cells control vs. optogenetic, p = 0.0601, t-test; 

Table 7, Figure 10). While this result may be expected as the criteria for whether a 

geniculate relay cell is classified as a facilitation or suppression cell was largely 

determined by similar analyses for initial cell classification, what was unexpected and 

very evident from the data, when you silence feedback, the separate distributions from 

these two cell populations now overlap, indicating that feedback is necessary for 

geniculate relay cells to properly process and encode stimuli of different aperture sizes 

(facilitation cells control vs. optogenetic, p = 0.01, t-test; suppression cells control vs. 

optogenetic, p = 1.29e-05, t-test; Table 6, Figure 10). This indicates that feedback is 

necessary for geniculate relay cells to either experience extraclassical surround 

facilitation or extraclassical surround suppression. For on-cell and off-cell comparisons, 

the off-cell suppression index was significantly different under control and optogenetic 

conditions (off-cell control mean = 0.23 +/- 0.02 SE; off-center optogenetic mean = 0.12 

+/- 0.03 SE, p = 7.18e-04, t-test, Table 6). For a full comparison of suppression index 

values across cell classification, refer to Table 7. Under our analyses, corticogeniculate 

feedback modulation was not limited to the extraclassical receptive field response. Our 

breakdown of geniculate relay cell receptive field responses further demonstrates that 

responses to stimuli  that extend over the classical receptive field also include effects of 

feedback onto geniculate relay cells. 

In total, feedback effects on geniculate responses to stimulus size entirely 

depends on the type of LGN cell involved. Our work demonstrates that when you look at 

inactivation of V1 feedback when stimuli are restricted to the geniculate cell’s classical 

receptive field, V1 feedback provides center suppression to LGN cells with 
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extraclassical facilitation, whereas feedback provides center excitation to LGN cells with 

extraclassical suppression (Figure 11). Furthermore, when determining the effect of 

feedback on how geniculate cell’ process stimuli that extends into their extraclassical 

surround, LGN facilitation cells receive surround excitation from feedback and LGN 

suppression cells receive surround suppression from feedback (Figure 11). Thus, 

corticogeniculate feedback is accounting for additional refinement of how geniculate 

cells process stimulus size. As inactivation of feedback input affects a cell’s ability to 

respond to stimuli that are either constrained to the classical receptive field or extend 

into the extraclassical surround, feedback an important role in the processing of visual 

information in the LGN. 

 

Discussion 

 

Overall, this study demonstrates that the processing of stimulus size in the LGN 

depends on corticogeniculate feedback input from V1. Feedback inputs not only 

determine the geniculate cell’s responses to stimuli within the extraclassical surround, 

but also modulate the geniculate cell’s responses to stimuli restricted to the classical 

receptive field. This suggests that while classical receptive field responses are largely 

inherited by the retina, V1 feedback is providing modulatory input to adjust the gain of 

geniculate relay cell center responses. Previous literature has demonstrated that 

extraclassical surround suppression is greater in magnocellular cells compared to 

parvocellular cells and in off-cells compared to on-cells (Archer et al., 2021). Our results 
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are consistent with these findings and goes on to demonstrate a role for feedback in the 

effects.  

Interestingly, our data indicates that the strength of extraclassical suppression in 

some parvocellular neurons can be as great as that in magnocellular neurons, a finding 

not previously noted in the literature. This could be for several reasons, one being our 

data has a larger sample of parvocellular cells compared to magnocellular cells. With a 

larger sample of magnocellular cells, our data might show even greater levels of 

extraclassical surround suppression in magnocellular cells. In our dataset, regardless of 

whether a cell was magnocellular or parvocellular, a slight majority of cells were off-cells 

(n = 81; 57%), which are known to exhibit more extraclassical surround suppression 

compared to on-cells. Again, with additional data, it is possible that further distinctions in 

geniculate cell processing of extraclassical surround stimuli may be seen. Despite this, 

our collected cells had a comparable distribution of on-: off-cells under both 

parvocellular (45 on:59 off) and magnocellular (16 on: 22 off) cell types. However, it is 

important to note that for comparisons between facilitation and suppression cells, cells 

excluded from that analysis were entirely on-cells (n = 14) and majority of those 

excluded cells were also classified as parvocellular (n = 13 of 14 excluded cells). This 

indicates that while it is possible for parvocellular cells to experience extraclassical 

surround suppression, many cells in parvocellular layers do not. It is possible, instead, 

that as off-cells experience more extraclassical surround suppression, they have equal 

opportunity to express this suppression in both parvocellular and magnocellular layers. 

As magnocellular cells are better at responding to low levels of contrast, the visual 

stimuli used in these experiments were selected to evoke to a response midway in the 
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cell’s contrast response function. It is possible that under equivalent contrast values for 

visual stimuli, we might find greater distinctions in the extraclassical surround 

suppression experienced by magnocellular cells compared to parvocellular cells. 

The functional roles of visual processing for parvocellular and magnocellular cells 

are as follows: parvocellular processes are associated with color vision and high acuity 

vision and magnocellular processes are associated with the perception of motion 

(DeYoe and Van Essen, 1988; Livingston and Hubel, 1988; Merigan and Maunsell, 

1993). With this in mind, it is understandable that the extent of extraclassical surround 

suppression in the two populations could have different extents, and it is further 

understandable that they would receive V1 feedback input from different populations of 

layer 6 neurons. Our data suggests that depending on what visual information is being 

encoded, feedback’s modulatory effects could be even further varied, promoting a 

heterogeneous model for feedback as originally discussed in Figure 1A. As each of the 

presentations of stimuli were tailored to the geniculate cell’s visual preferences, if the 

stimuli were varied beyond the geniculate cell’s preferences, the effects of 

corticogeniculate feedback could vary. If other properties of the visual stimulus were 

methodically varied or if this study was performed using natural images, feedback’s 

modulatory responses might vary in magnitude and possibly even switch between net 

excitation and net suppression.  

A methodological limitation in our study that deserves discussion is the limited 

extent of silencing feedback using optogenetics and light delivered via a fiber optic. 

Because the area of cortex that can influence a geniculate cell via feedback is almost 

certainly greater than the area silenced with optogenetics, the effects reported are likely 
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much less in magnitude than what the complete pathway can provide. Perhaps the use 

of DREADS which does not have the same restrictions on the footprint of inactivation to 

silence feedback neurons might reveal this additional influence, although this loses the 

ability to quickly compare inactivation to control conditions. Additionally, when 

suppressive effects are found, we cannot discern whether these are mediated by 

disynaptic interactions involving local interneurons or neurons in the thalamic reticular 

nucleus, both of which receive feedback input and provide GABAergic synapses onto 

LGN relay cells.    

Furthermore, this study is only the beginning steps of understanding the role of 

feedback in visual processing in the awake-behaving animal, as the animals used in this 

study were only tasked with fixating their eyes, results could vary with great 

engagement with the visual stimulus, perhaps having the animal perform a 

discrimination involving stimulus size. Somewhat related, arousal levels are likely to 

influence the effects of feedback, as arousal is known to modulate feedback’s activity 

higher in the visual processing stream, such as from V2 (area 18) to V1 of primates and 

carnivores (Briggs et al., 2016; Hasse et al., 2019; for review see Lin and Kaas, 1977). 

For instance, it is plausible that higher cognitive engagement or increased levels of 

arousal would recruit either more activity from individual feedback cells or more 

feedback cells. Conversely, low arousal could lower feedback’s activity, or perhaps turn 

it off altogether as previous literature studying feedback effects on the LGN were 

inconsistent and oftentimes conflicting, probably because V1 feedback activity is largely 

silent in anesthetized states (Briggs and Usrey, 2007a) and geniculate activity is much 

lower as well (Alitto et al., 2011). An ability to further quantify and further isolate the 
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silencing of feedback inputs to geniculate relay cells would elucidate how levels of 

arousal could modify feedback activity and feedback recruitment.  

Previous research has further demonstrated that within higher levels of the visual 

system, corticocortical feedback circuits are known to modulate their synaptic targets 

based on higher-level cognitive aspects such as conveying attention signals to lower 

levels of the visual system or communicating necessary information about context and 

task demand (Buffalo et al. 2010, Gregoriou et al. 2009, Michalareas et al. 2016, 

Noudoost et al. 2010, van Kerkoerle et al. 2014). As such, lastly it is hypothesized that 

feedback could be mitigated by not only general arousal state but also by items such as 

context and active task demand. Future work should analyze both pupil size as a proxy 

for general arousal, along with other psychometric measurements such as heart rate, 

breathing rate, and lastly measurements of arousal indicators such as acetylcholine 

levels. Some research suggests that corticogeniculate feedback differs depending on 

arousal signals (Stoelzel et al., 2017). Anatomically, feedback has parallel stream inputs 

to magnocellular and parvocellular cells from unique subregions of layer 6 (Fitzpatrick et 

al., 1994; Usrey, 1994), consequently the aspect of visual processing that should be 

prioritized based on task demand could be modulated at the level of the relay cell. Our 

current data suggest that extraclassical surround suppression could serve to sharpen 

the receptive field boundaries of geniculate cells. In contrast, extraclassical surround 

facilitation might serve to extend the receptive field boundaries of geniculate cells, 

thereby improving stimulus detection. As other aspects of visual processing are 

selectively studied with respect to feedback inactivation, it is likely that geniculate relay 

cells require varied aspects of feedback input to properly process a visual scene. Work 
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under anesthetized optogenetic activation of feedback has demonstrated that feedback 

can reduce the response latency of LGN relay neurons to incoming visual inputs (Hasse 

& Briggs, 2017). This evidence supports the proposal that feedback facilitates visual 

processing of LGN neurons to respond more precisely, reduce response variability, 

narrow their receptive fields, and, thus, increase their capacity to convey information 

about visual stimuli (Murphy et al., 2021). The work performed in this dissertation further 

supports feedback assisting in receptive field sizes, and demonstrate that burst mode 

can function to improve both LGN reliability and timing precision as a function of 

contrast. It is possible that with inhibition of feedback, the rate in which LGN cells fire in 

either tonic or burst mode can change, potentially increasing the rate of bursting as it is 

demonstrated to effectively drive cortex.  

Current research of corticogeniculate feedback proposes various contexts for 

feedback modulation, including top-down information about context, attention, reward, 

task goals, and arousal (Bondy et al., 2018; for review, see Briggs, 2020). Outside of 

these possibilities, certain literature has also proposed that corticogeniculate feedback 

is involved in higher visual functions such as probabilistic inference (for a review, see 

Cumming & Nienborg 2016), or predictive coding (Edwards et al. 2017, Pennartz et al. 

2019, Rao & Ballard 1999). Finally, as the relationship of feedback from V1 to the LGN 

is preserved across all sensory modalities and multiple animal models, understanding 

feedback’s role in visual processing of stimulus size will help us understand how the 

brain communicates from cortex to the thalamus to process sensory information and 

interact with the environment. 
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Figure 1. Overview of the Feedback Pathway. A. Two opposing views of how 

corticogeniculate feedback could function. The traditional view is that feedback’s inputs 

homogeneously excite geniculate cells via monosynaptic excitation (green triangles) or 

inhibit geniculate cells via disynaptic inhibition (red triangles). An opposing view to a 

homogenous effect of feedback, feedback cells could have a heterogeneous effect on 

geniculate relay cells, such as excitatory effects (green triangles) from inputs that have 

retinogeniculate alignment and inhibitory effects (red triangles) from inputs that have 

retinogeniculate displacement. B. Overview of the anatomy of the retinogeniculocortical 

visual pathway. This demonstrates the parallel feedforward pathway of the parvocellular 

pathway (purple) and the magnocellular pathway (gray) to primary visual cortex (V1). 

These pathways synapse to unique target layers in V1 and, in addition, receive unique 

feedback projections form layer 6 feedback cells.  
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Figure 2. Methods Overview. A. Example optogenetic expression of the optogenetics 

Jaws (AAV5-hSyn-Jaws-KGC-GFP-ER2-Jaws) in primary visual cortex (V1) against a 

DAPI counterstain (labelled cells in green, DAPI cells in blue). V1 layers are labelled, 

Jaws transfection selectively transfected ventral layers of V1. Scale of 500 microns. B. 

This is an enlarged image of the dotted box from A. Arrows identify example collateral 

axonal branches from layer 6 cells that are projecting to layer 4 of V1. A labelled cell 

body is enlarged further, scale of 100 microns C. Overview of awake-behaving 

recordings. Paired extracellular single-cell recordings were made in the LGN and V1. 

During optogenetic trials, a pulse of either blue light (495 nm) for mDLX or red light (632 

nm) for Jaws was temporarily presented in V1. Animals passively-fixated at a red dot on 
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a mean luminance gray screen with a set fixation window. Sine-wave gratings that were 

either stationary or drifting (4 or 5Hz) that was centered over the LGN receptive field. 

Stimulus diameters ranged from 0.5°(center) to 5°(surround). 
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Figure 3. Example geniculate cell area tuning. Two rasters for an example geniculate 

cell, one for small stimuli (small) and one for large stimuli (red). A total of 42 trials were 

included in these rasters, each trial lasted 250 ms. An average PSTH response was 

calculated for large and small stimuli. The average spike count was plotted over the trial 

duration over 25 ms bins. 
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Figure 4. Examples of V1 corticogeniculate feedback cell inactivation. A. Three 

examples of optogenetic inactivation of feedback cells. Each cell’s responses over time 

under control conditions (blue) was compared to laser inactivation (red). Each example 

V1 feedback response was analyzed under timeframes during the trial, stimulus onset 
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(left), laser onset (middle), and laser offset (right). Under all conditions, each V1 

feedback cell experienced less activity under optogenetic conditions compared to 

control conditions. B. Each V1 feedback cell had an inactivation index, and plotted on a 

histogram of cell count. C. A cumulative sum of the inactivation index was plotted as a 

function of inactivation index. 
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Figure 5. Example cell types with and without feedback. A1-B1. Average spike 

responses for two example Parvo Off cells under control (red) and feedback inactivation 
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(blue). C1-D1. Average spike responses for two example Parvo On cells under control 

(red) and feedback inactivation (blue). E1-F1. Average spike responses for two example 

Magno Off cells under control (red) and feedback inactivation (blue). G1-H1. Average 

spike responses for two example Magno On cells under control (red) and feedback 

inactivation (blue). A2-H2. A cumulative suppression over time (sec) was calculated 

under control conditions for each example cell. I. A suppression Index was calculated for 

each cell collected, and plotted according to cell type [P+: Parvo On (n = 45, light blue), 

P-: Parvo Off (n = 59, green), M+: Magno On (n = 16, pink), M-: Magno Off (n = 22, 

purple)]. A value of 1 indicates a high suppression index, and -1 indicates a high 

facilitation index. J. Each cell had cumulative suppression plot and plots were grouped 

by cell class type. For each cell class type, a population average cumulative 

suppression plot was calculated. The last plot has each average cell type cumulative 

suppression plot plotted.  
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Figure 6. Examples of facilitation and suppression cells with and without feedback. A1-

A5. Two examples of facilitation cells and their responses to center stimuli. Their 

classical receptive field responses were calculated over time (sec) under control (black) 

and optogenetic (red). An average classical receptive field cumulative difference 

comparing control to optogenetic trials for center stimuli was calculated and plotted for 

each example cell. B1-B5. The same examples of facilitation cells and their responses 

to surround stimuli. Their extraclassical receptive field responses were calculated over 
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time (sec) under control (black) and optogenetic (red). An average extraclassical 

surround cumulative difference was calculated comparing control to optogenetic trials 

for surround stimuli and plotted for each example facilitation cell. C1-C5. Two examples 

of suppression cells and their responses to center stimuli. Their classical receptive field 

responses were calculated over time (sec) under control (black) and optogenetic (red). 

An average classical receptive field cumulative difference comparing control to 

optogenetic trials for center stimuli was calculated and plotted for each example cell. 

D1-D5. The same examples of suppression cells and their responses to surround 

stimuli. Their extraclassical receptive field responses were calculated over time (sec) 

under control (black) and optogenetic (red). An average extraclassical surround 

cumulative difference was calculated comparing control to optogenetic trials for 

surround stimuli and plotted for each example suppression cell. 
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Figure 7. Center Modulation Index by cell type. A center modulation index was 

calculated for each cell type. Cells were divided into facilitation cells or suppression 

cells, and plotted under parvocellular geniculate cells (light green/dark green) 

(facilitation parvocellular cells mean = mean = -0.09 +/- 0.03 SE, p = 0.006, t-test; 

suppression parvocellular cells mean = 0.07 +/- 0.02 SE, p = 6.03e-05, t-test) 

[parvocellular cells mean = 0.03 +/- 0.01 SE, p = 0.0650, t-test], magnocellular cells 

(yellow/brown) (facilitation magnocellular mean = -0.08 +/- 0.03 SE, p = 0.03, t-test, 

suppression magnocellular mean = 0.10 +/- 0.05 SE, p = 0.0593, t-test) [magnocellular 

cells mean = 0.03 +/- 0.03 SE, p = 0.38], and all cells (red/blue) [all cells mean = 0.03 

+/- 0.01 SE, p = 0.0446, t-test]. Center modulation index was significant for facilitation 

-0.5
-0.25 0 0.25 0.5

 center index

0

7.5

15

22.5

30

%
 o

f c
el

ls
Parvocellular

facilitation
suppression

-0.5
-0.25 0 0.25 0.5

 center index

0

7.5

15

22.5

30

%
 o

f c
el

ls

Magnocellular
facilitation
suppression

-0.5
-0.25 0 0.25 0.5

 center index

0

7.5

15

22.5

30

%
 o

f c
el

ls

All cells
facilitation
suppression

-0.5 0 0.5
 center index

0

0.2

0.4

0.6

0.8

1

cu
m

ul
at

iv
e 

%

-0.5 0 0.5
 center index

0

0.2

0.4

0.6

0.8

1

cu
m

ul
at

iv
e 

%

-0.5 0 0.5
 center index

0

0.25

0.5

0.75

1

cu
m

ul
at

iv
e 

%



 96 
 

(mean = -0.08 +/- 0.02 SE, p = 3.68e-04) and suppression cells (mean = 0.08 +/- 0.02 

SE, p = 1.64e-05). Full stats found in Table 2 and Table 3. A percentage of cells for each 

cell type was plotted based on center modulation index (D center index). A cumulative 

percentage for either facilitation or suppression cells was plotted as a function of D 

center index.  
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Figure 8. Total Surround Index by cell type. A total surround index was calculated for 

each cell type. Cells were divided into facilitation cells or suppression cells, and plotted 

under parvocellular geniculate cells (light green/dark green), magnocellular cells 

(yellow/brown), and all cells (red/blue). A percentage of cells for each cell type was 

plotted based on surround modulation index (D surround index). A cumulative 

percentage for either facilitation or suppression cells was plotted as a function of D 

surround index (facilitation total surround index mean = 0.02 +/- 0.02 SE, p = 3.20e-04, 

t-test; suppression total surround index  mean = -0.05 +/- 0.02 SE, p = 1.44e-06, t-test; 

facilitation vs. suppression total surround index mean = -0.03 +/- 0.01 SE, p = 0.01, t-

test).  
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Figure 9. Suppression vs. Facilitation cells. A1. Center Index for each facilitation cell 

was compared and plotted against one another under control and optogenetic 

conditions. Slightly increased responses under optogenetic conditions. A2. Total 

Surround Index for each facilitation cell was compared and plotted against one another 

under control and optogenetic conditions, with a higher total surround index under 

control conditions. A3. Each facilitation cell’s center index value was plotted against its 

respective total surround index. B1. Same as A1, but for suppression cells. Slightly 

higher center index under control conditions. B2. Same as A2, but for suppression cells. 

Higher total surround index under optogenetic conditions. B3. Same as A3, but for 

suppression cells.  
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Figure 10. Suppression Index comparisons: facilitation vs. suppression cells. A 

suppression index was calculated for each individual cell under control and optogenetic 

trials, these values were compared and plotted against one another, with facilitation 

cells labelled in red (plus signs) and suppression cells labelled in blue (open circles). 

The average of each cell type is labelled as with an ‘X’ (facilitation cells in red and 

suppression cells in black for visibility). The suppression index for both control and 
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optogenetic trials was calculated for each individual cell (facilitation control mean = -

0.16 +/- 0.02 SE, facilitation optogenetic mean = -0.06 +/- 0.03 SE, p = 0.01, t-test; 

suppression control mean = 0.26 +/- 0.01 SE, suppression optogenetic mean = 0.14 +/- 

0.02 SE, p = 1.28e-05, t-test). The percentage of cells that fell under a suppression 

index value were plotted on a histogram for both control and optogenetic conditions 

(facilitation cells in red and suppression cells in blue). Dotted lines reflect means of each 

data type under each condition.  
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Figure 11. Revised feedback model: facilitation vs. suppression cells. A comparison 

model of corticogeniculate feedback, in which feedback has opposing effects on 

facilitation and suppression cells, depending on whether stimuli cover the center, 

classical receptive field, or extends into the surrounding, extraclassical receptive field. 

For facilitation cells, feedback provides inhibitory signals to center stimuli and excitatory 

signals to surround stimuli. In contrast, for suppression cells feedback provides 

excitatory signals to center stimuli and inhibitory signals to surround stimuli.  
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Supplemental Figure 1. Retinal Displacement. A. Paired retinotopic displacement 

between simultaneously recorded from LGN relay cells and V1 feedback cells. 

Displacement x-axis was calculated as the difference of x-axis coordinates of the V1 

feedback cell receptive field from the x-axis coordinates of the LGN receptive field. 

Displacement y-axis was calculated as the difference of y-axis coordinates of the V1 

feedback cell receptive field from the y-axis coordinates of the LGN receptive field. A 

circle was placed around 3° displacement. B. Retinotopic displacement histcounts for 
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retinotopic displacement values. C. A cumulative retinotopic displacement percentage of 

the histcounts, approximately 50% of cells fell under 2° retinotopic overlap, indicated by 

the dashed line. 
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Table 1 
Cell Counts*  
 
Cell Type Parvo Cells (104) Magno Cells (38) Total (142) 

ON Cells 45 16 61 

OFF Cells 59 22 81 

Facilitation Cells 
(82.05% On cells) 

27 (20 ON; 7 OFF) 17 (12 ON; 5 OFF) 44 (32 ON; 12 OFF) 

Suppression Cells 
(82.14% Off cells) 

64 (12 ON; 52 OFF) 20 (3 ON; 17 OFF) 84 (15 ON; 69 OFF) 

chi-square p = 1.19e-07 
odd ratio = 17.3333  
 
Suppression in 
Off > Suppression 
in On 

p = 6.57e-05 
odd ratio = 34 
 
Suppression in 
Off > Suppression 
in On 

p = 9.58e-12 
odd ratio = 21.0084 
 
Suppression in 
Off > Suppression 
in On 
 

 
*Note: total counts do not always match because cells that had 0 modulation 
would not fall under either facilitation or suppression. 
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Table 2 
Center Modulation Index: Center Stimulus Response All Cells 
Δ Center Index = 	 (𝒄𝒐𝒏𝒕𝒓𝒐𝒍	𝒄𝒆𝒏𝒕𝒆𝒓	𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆	5𝒐𝒑𝒕𝒐	𝒄𝒆𝒏𝒕𝒆𝒓	𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆)

𝒄𝒐𝒏𝒕𝒓𝒐𝒍	𝒄𝒆𝒏𝒕𝒆𝒓	𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆
 

 
All Cells Facilitation  Suppression All 

ON mean = -0.080 +/- 
0.025 SE 
p = 0.003 
 

mean = 0.030 +/- 
0.026 SE 
p = 0.27 
 

mean = -0.032 +/- 
0.016 SE 
p = 0.055 

OFF mean = -0.097 +/- 
0.037 SE 
p = 0.038 
 

mean = 0.090 +/- 
0.020 SE 
p = 3.08e-05 
 

mean = 0.071 +/- 
0.018 SE 
p = 2.21e-04 
 

All mean = -0.083 +/- 
0.021 SE 
p = 3.68e-04 
 

mean = 0.079 +/- 
0.017 SE 
p = 1.64e-05 
 

mean = 0.027 +/- 
0.013 SE 
p = 0.0446 

*significance indicated by bold 
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Table 3 
Center Modulation Index: Center Stimulus Response by Cell Type 
Δ Center Index = 	 (𝒄𝒐𝒏𝒕𝒓𝒐𝒍	𝒄𝒆𝒏𝒕𝒆𝒓	𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆	5𝒐𝒑𝒕𝒐	𝒄𝒆𝒏𝒕𝒆𝒓	𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆)

𝒄𝒐𝒏𝒕𝒓𝒐𝒍	𝒄𝒆𝒏𝒕𝒆𝒓	𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆
 

Cell Type Parvo Cells Magno Cells 

ON Cells mean = -0.022 +/- 0.019 SE 
p = 0.2327 
 

mean = -0.059 +/- 0.034 SE 
p = 0.1075 
 

OFF Cells mean =0.064 +/- 0.020 SE  
p = 0.002 
 

mean = 0.091 +/- 0.044 SE 
p =  0.0494 
 

Facilitation Cells mean = -0.085 +/- 0.028 SE 
p = 0.006 
 

mean =  -0.079 +/- 0.032 
SE 
p = 0.03 
 

Suppression Cells mean = 0.074 +/- 0.017 SE 
p = 6.03e-05 
 

mean = 0.098 +/- 0.049 SE 
p = 0.0593 
 

ON Facilitation Cells mean = -0.075 +/- 0.034 SE 
p = 0.04 
 

mean = -0.088 +/- 0.036 SE 
p = 0.03 
 

ON Suppression Cells mean = 0.038 +/- 0.025 SE 
p = 0.16 
 

mean = -0.004 +/- 0.092 SE 
p = 0.9699 
 

OFF Facilitation Cells mean = -0.127 +/- 0.043 SE 
p = 0.04 
 

mean = -0.024 +/- 0.050 SE 
p =0.71 
 

OFF Suppression Cells mean = 0.082 +/- 0.020 SE 
p = 1.71e-04 
 

mean = 0.116 +/- 0.055 SE 
p = 0.05 
 

All Cells mean = 0.027 +/- 0.014 SE 
p = 0.065 
 

mean = 0.028 +/- 0.031 SE 
p = 0.38 
 

*significance indicated by bold 
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Table 4 
Surround Modulation Index: Surround Stimuli Response All Cells 
Δ Surround Index = (𝒄𝒐𝒏𝒕𝒓𝒐𝒍	𝒔𝒖𝒓𝒓𝒐𝒖𝒏𝒅	𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆	5𝒐𝒑𝒕𝒐	𝒔𝒖𝒓𝒓𝒐𝒖𝒏𝒅	𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆)

𝒄𝒐𝒏𝒕𝒓𝒐𝒍	𝒔𝒖𝒓𝒓𝒐𝒖𝒏𝒅	𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆
) 

All Cells Facilitation  Suppression All 

ON - - mean = -0.006 +/- 
0.015 SE 
p = 0.68 
 

OFF - - mean = -0.039 +/- 
0.018 SE 
p = 0.04 
 

All mean = 0.017 +/- 
0.017 SE 
p = 0.32 
 

mean = -0.049 +/- 
0.018 SE 
p = 0.008 
 

mean = -0.025 +/- 
0.012 SE 
p = 0.0473 
 

*significance indicated by bold 
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Table 5 
Total Surround Index: Total Surround Difference All Cells 
 
 Δ total surround index = Δ surround index - Δ center index 
 
All Cells Facilitation  Suppression All 

ON - - mean = -0.006 +/- 
0.015 SE 
p = 0.27 
 

OFF - - mean =-0.039 +/- 
0.018 SE 
p = 8.19e-05 
 

All mean = 0.017 +/- 
0.017 SE 
p = 3.20e-04 
 

mean = -0.049 +/- 
0.018 SE 
p = 1.44e-06 
 

mean = -0.025 +/- 
0.012 SE 
p = 0.007 
 

*significance indicated by bold 
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Table 6 
Suppression Index by Cell Types for On/Off and Facilitation/Suppression 

𝑆𝑢𝑝𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛	𝐼𝑛𝑑𝑒𝑥 =
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒	𝑡𝑜	𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑	𝑔𝑟𝑎𝑡𝑖𝑛𝑔
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒	𝑡𝑜	𝑐𝑒𝑛𝑡𝑒𝑟	𝑔𝑟𝑎𝑡𝑖𝑛𝑔	  

 
Cell Types Control Optogenetic Statistics 

On Cells -0.038 +/- 0.025 SE -0.011 +/- 0.024 SE p = 0.4455 

Off Cells 0.231 +/- 0.018 SE 0.124 +/- 0.025 SE p = 7.18e-04 

Facilitation Cells -0.162 +/- 0.023 SE -0.064 +/- 0.029 SE p = 0.01 

Suppression Cells 0.260 +/- 0.013 SE 0.138 +/- 0.024 SE p = 1.29e-05 

All Cells mean = 0.115 +/- 
0.018 SE 

mean = 0.066 +/- 
0.019 SE 

p = 0.0601 
(ranksum p = 
0.0531) 

*significance indicated by bold 
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Table 7 
Suppression Index by Cell Types Magno/Parvo, On/Off, Facilitation/Suppression 

𝑆𝑢𝑝𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛	𝐼𝑛𝑑𝑒𝑥 =
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒	𝑡𝑜	𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑	𝑔𝑟𝑎𝑡𝑖𝑛𝑔
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒	𝑡𝑜	𝑐𝑒𝑛𝑡𝑒𝑟	𝑔𝑟𝑎𝑡𝑖𝑛𝑔	  

 
Cell Type Control Optogenetic Statistics 

Parvo 0.138 +/- 0.020 SE 0.092 +/- 0.020 SE p = 0.11 

Parvo ON -0.004 +/- 0.026 SE 0.003 +/- 0.026 SE p = 0.85 

Parvo OFF 0.245 +/- 0.021 SE 0.159 +/- 0.027 SE p = 0.01 

Parvo Suppression - - p = 2.33e-04 

Parvo Facilitation - - p = 0.0449 

Magno 0.055 +/- 0.039 SE -0.004 +/- 0.039 SE p = 0.29 

Magno ON -0.134 +/- 0.057 SE -0.052 +/- 0.051 SE p = 0.30 

Magno OFF 0.192 +/- 0.030 SE 0.032 +/- 0.056 SE p = 0.02 

Magno Suppression - - p = 0.02 

Magno Facilitation - - p = 0.12 

*significance indicated by bold 
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Chapter 4: General Discussion 
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 Within the retino-geniculo-cortical visual pathway, the LGN is traditionally viewed 

as simply a “relay center” of visual information leaving the eye to be sent to cortex. This 

is in large part due to the driving inputs of retinal ganglion cells that largely determine 

the visual properties of their LGN relay cell targets. However, as mentioned in Chapter 

1, the majority of synapses in the LGN do not come from retinal ganglion cells, but 

instead come from other extraretinal inputs. Additionally, there are several aspects of 

LGN visual processing that are important for modifying incoming retinal signals. Of 

such, visual processing in the LGN includes active encoding of the spatial and temporal 

influences of response gain of visual signals (i.e., contrast gain control), transforming 

the temporal structure of its retinal inputs, and preserving retinal inputs while 

simultaneously increasing the signal-to-noise of its retinal signals. Consequently, LGN 

encoding is extremely important for appropriate visual processing.  

 In this dissertation, two unique aspects to LGN relay cells are discussed. First, 

the membrane of geniculate relay cells has specialized T-type Ca2+ channels that allow 

for a rapid influx of calcium to flow into the cell, triggering a rapid succession of Na+-

based action potentials, referred to as “bursts.” This mode of firing is thought to 

preferentially drives cortical cells in the primary visual cortex due to both temporal 

summation and a release from synaptic depression. Importantly, after a burst event, 

LGN relay cells return to tonic firing and a sufficient amount of time is needed before a 

burst event can occur again. Thus, spikes sent to cortex from the LGN after and 

between bursts are thought to convey fine details in the visual stimulus whereas bursts 

may serve as a “wake-up” call to cortex while also conveying course details in the visual 

stimulus. Uniquely, bursting requires first a de-inactivation of the inactivation gate in T-
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type Ca2+ channels followed by the opening of the activation gate in T-type Ca2+ 

channels. This results in a rapid influx of Ca2+ producing a Ca2+ potential that triggers 

the opening of voltage-gated Na+ channels that lead to a rapid train of spikes, a burst. 

With the time-voltage requirement of an inactivation gate, followed by an activation gate, 

the phenomena of bursting occurs more readily under low arousal states or following 

periods of anti-preferred visual stimulation that can hyperpolarize cells. Either way, 

bursting almost always occurs in response to the initial presentation of a stimulus within 

the geniculate relay cell’s receptive field. Previous literature has proposed this 

phenomenon of bursting under low arousal states to function as a “wake-up” call to 

cortex. Within this dissertation, we investigated how bursting changed as a function of 

the contrast of visual inputs on individual relay cells. We found that burst rate, individual 

geniculate relay cell reliability, and geniculate relay cell timing precision are all 

significantly greater with higher contrast stimuli compared to lower contrast stimuli. 

Additional analysis from simultaneous recordings of synaptically connected retinal 

ganglion cells and LGN neurons further revealed the time/voltage dynamics underlying 

burst activity. Together, results presented in Chapter 2 support the hypothesis that 

stimulus contrast along with the biophysical properties underlying the state of T-type 

Ca2+ channels interact to influence burst activity, presumably to facilitate thalamocortical 

communication and stimulus detection. 

 Outside of the biophysical properties of geniculate relay cells, the majority of the 

inputs coming to the LGN are nonretinal, with most coming from corticogeniculate 

feedback cells located in layer 6 of V1. Anatomically, corticogeniculate feedback 

projections onto the LGN have larger terminal fields than those from the retina; they are 
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also larger than the terminal fields of individual LGN neurons in cortex, approximately 

2–3 times larger (Murphy & Sillito 1996). As a result, individual corticogeniculate 

feedback cells could influence activity across a larger pool of LGN cells compared to 

individual retinal ganglion cells. Additionally, corticogeniculate feedback cells synapse 

more distally on axons of the geniculate cells compared to proximal synapses seen from 

their retinal inputs, but instead synapse distally on the dendrites of geniculate cells. 

Although corticogeniculate inputs largely outnumber retinogeniculate synapses, 

individual inputs from corticogeniculate feedback cells have significantly smaller EPSP 

amplitudes than their retinal ganglion cell counterparts (reviewed in Sherman & Guillery 

2009). Consequently, while feedback is the largest proportion of input to individual 

geniculate relay cells, these feedback synapses are modulatory in nature. In this 

dissertation, we explored how corticogeniculate feedback modulates individual 

geniculate relay cells as a function of cell type and the physical size of the visual 

stimulus. For geniculate cells that experience extraclassical surround facilitation, 

corticogeniculate feedback provides center suppression and extraclassical surround 

excitation. Equally, for geniculate relay cells that experience extraclassical surround 

suppression, corticogeniculate feedback provides center excitation and extraclassical 

surround suppression. Thus, our data supports the idea that for LGN cells with surround 

facilitation, corticogeniculate feedback functions to extend receptive field boundaries, 

improving the system’s ability to detect a stimulus. In contrast, for LGN cells with 

surround suppression, corticogeniculate feedback functions to sharpen receptive field 

boundaries and improve the system’s ability for stimulus discrimination. Importantly, as 

discussed in Chapter 3, for corticogeniculate feedback activity to effectively modulate 
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geniculate cells, the animal needs to be awake. Under general anesthesia, 

corticogeniculate feedback activity is largely silent. Additionally, without a task demand 

from higher cortical areas, corticogeniculate feedback may not have much of an 

influence on visual processing. Lastly, it is possible that corticogeniculate feedback is 

turned off when an animal is unconscious, as the corticothalamic pathway may be 

involved in a completely different process to uncouple the thalamus from the cortex. 

Previous literature has demonstrated that under anesthesia, feedback neurons 

are largely inactive and geniculate cell activity is low. With this in mind, geniculate 

bursting and corticogeniculate feedback could interact with one another to allow for 

normal geniculate relay cell visual processing as the system shifts from a general low 

arousal state to targeted encoding and processing. As geniculate cell bursting may 

function as a “wake-up” call to cortex under low arousal states, where bursting functions 

to signal to cortex that visual stimuli have entered the geniculate cell’s receptive field. 

When a burst event occurs, it propagates down the geniculate cell’s axon to its synaptic 

targets. Not only do these axons project to the layer 4C (4Ca for magnocellular axons 

and 4Cb for parvocellular axons) of V1, they also project to their respective tiers of layer 

6 (parvocellular axons to the upper tier of layer 6 and magnocellular axons to lower tier 

of layer 6), where corticogeniculate feedback cells reside. Thus, it is possible that 

bursting functions to not only prime the primary visual cortex to the incoming LGN relay 

cell signal, but also to activate corticogeniculate feedback cells to modulate and 

attenuate LGN relay cell activity. Importantly, after a burst event, the geniculate relay 

shifts back to tonic firing responses to incoming visual signals. This could be a natural 

product of the inherent timing of the T-type Ca2+ channels activity, or the shift into tonic 



 117 
 

mode could be facilitated by divergent corticogeniculate feedback projections back onto 

the LGN. If bursting assists in activating corticogeniculate feedback cell activity and 

feedback is contributes to size tuning in the LGN, then bursting could be important for 

both corticogeniculate feedback activity and for the maintenance of receptive field 

properties in the LGN under low arousal states.  

 It is also possible that corticogeniculate feedback assists in facilitating burst 

events in the LGN. Feedback’s modulation of classical and extraclassical receptive field 

responses could promote the ability of geniculate relay cells to produce bursts. 

Importantly, bursting first requires the de-inactivation T-type Ca2+ channels and then the 

opening of the activation gate in T-type Ca2+ channels. With this in mind, the general 

relationship between a visual stimulus and the receptive field over time is important for 

geniculate cell activity. If a visual stimulus first occurs in the extraclassical surround of a  

geniculate cell, corticogeniculate feedback could modulate the membrane potential of 

the cell, depending on whether the geniculate cell experiences extraclassical surround 

facilitation or suppression. For geniculate cells that experience extraclassical surround 

suppression, visual stimuli that exist only in the extraclassical receptive field could 

modulate the geniculate relay cell into more of a suppressed state, which would allow 

for the inactivation gate of T-type Ca2+ channels to be de-inactivated/primed. Once the 

visual stimulus enters the classical receptive field of the geniculate cell, the geniculate 

relay cell would become excited, triggering the opening of the of T-type Ca2+ channels 

activation gate, a rapid influx of Ca2+, and a burst. Simultaneously, corticogeniculate 

feedback effects from stimuli restricted to the classical receptive for these geniculate cell 

types is excitatory, further promoting both bursting and subsequent tonic activity. This 
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could preferentially drive cortex to communicate that a visual stimulus was entering the 

geniculate cell’s receptive field. Conversely, if the geniculate cell was a facilitation cell, 

visual stimuli over the classical receptive field would receive an inhibitory signal from 

feedback, assisting in priming the cell’s T-type Ca2+ channels, and the cell would be 

able to burst once the visual stimulus entered its extraclassical receptive field, where 

feedback modulates the geniculate relay cell signal and its facilitation to surround 

stimuli. This could preferentially drive cortex to communicate that a visual stimulus was 

leaving the geniculate relay cell’s receptive field. Thus, for LGN cells with surround 

facilitation, corticogeniculate feedback (and bursting) may function together to extend 

receptive field boundaries, improving the system’s ability to detect a stimulus. For LGN 

cells with surround suppression LGN, feedback (and bursting) may function together to 

sharpen receptive field boundaries to improve the system’s ability for stimulus 

discrimination. 

Lastly, if corticogeniculate feedback is itself modulated by geniculate bursting, 

feedback’s projections to the LGN after bursting could be either excitatory or inhibitory 

to individual LGN cells as feedback projections provide monosynaptic excitation and/or 

disynaptic inhibition through either the TRN or local inhibitory neurons. As individual 

corticogeniculate feedback cell projections have a footprint across multiple LGN cells, 

feedback cells could modulate individual geniculate cell activity differently depending on 

retinotopic overlap, such as providing necessary modulatory input onto geniculate cells 

with receptive field located on the edges of the feedback cell’s receptive field. If bursting 

contributed to feedback projections becoming excitatory, feedback would allow LGN 
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cells to continue to fire in tonic mode and if the signal from feedback became inhibitory, 

it would further the ability for geniculate cells to be primed to burst.  

As things such as arousal state and task demand are known to change the overall 

activity in both LGN cells and corticogeniculate feedback cells, it is important to 

understand the unique feedforward thalamocortical and feedback corticothalamic 

interactions simultaneously during visual processing. Within this discussion, the 

relationship of bursting and corticogeniculate feedback is explored in an effort to 

understand how these two early brain regions function during visual processing. This 

dissertation highlights unique aspects to geniculate relay cell visual processing that is 

important and necessary for a functional visual system.  

The LGN is a ubiquitous and evolutionarily conserved region of the thalamus 

important for the visual system. Its relationship with V1can be viewed as a model for 

other thalamocortical interactions in other sensory systems. In order for neuroscience to 

achieve an all-encompassing understanding of the importance of the LGN during visual 

processing, we must first reframe the traditional view of the LGN as a simple relay 

center to cortex. This dissertation serves as an example of how the LGN is much more 

than just than a simple relay.  
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Appendix: Eye to Brain: Parallel Visual Pathways 
 
For citation of this appendix chapter, please use its publication citation: Sanchez, A.N., 
Alitto, H.J., Usrey, W.M. (2020). Eye to Brain: Parallel Visual Pathways In P. Martin 
(Eds.), The Senses: A Comprehensive Reference, 2nd Edition. Elsevier. 10.1016/B978-
0-12-809324-5.24157-6. 
 
Copyright © 2024 Elsevier B.V., its licensors, and contributors. 
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Abstract 

Visual processing begins in the eye where neural circuits establish the response 

properties of multiple classes of retinal ganglion cells (RGCs). Each of these RGC 

classes has a distinct pattern of projection to targets in the brain, and each serves as a 

unique filter for different features in the visual scene. Several of these RGC classes 

innervate relay cells in the lateral geniculate nucleus (LGN) of the dorsal thalamus 

where their input remains segregated onto different classes of LGN neurons which, in 

turn, innervate distinct cortical circuits within primary visual cortex (V1). In this way, 

visual information flows from retina through the thalamus to cortex via multiple, parallel 

pathways allowing different features of the visual scene to be processed separately and 

independently from each other. Here, we examine the anatomical and physiological 

organization of the parallel retino-geniculo-cortical pathways and consider their 

relationship to the parallel feedback pathways which complete a reciprocal loop of 

information exchange between thalamus and cortex. Although parallel retino-geniculo-

cortical pathways are present in all mammals, we focus on the feline, primate, and 

rodent, where most research has been done and we have the greatest knowledge. 
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Synopsis 

Multiple streams of retino-geniculo-cortical projections, or parallel pathways, link the 

retina with the primary visual cortex. Each of these streams provides the cortex with 

unique information about the visual scene, thus providing flexibility in how the cortex 

combines and segregates incoming signals for further processing. This review 

examines the strengths and constraints of parallel processing by comparing and 

contrasting the functional organization of the retino-geniculo-cortical pathway in felines, 

primates, and rodents.   
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Introduction 

For all sensory systems, neurons near the periphery serve as filters to capture 

specific attributes of the sensory world. For the visual system, massive amounts of 

information are extracted and parceled into parallel pathways beginning in the eye. 

These parallel pathways are first established in the retina and are transmitted to the 

brain via the axons of multiple classes of retinal ganglion cells (RGCs), the output cells 

of the retina, that vary in their responses to stimulus features such as luminance 

contrast, color, spatial frequency, and temporal frequency. While there are many 

benefits to parallel processing, including a greater repertoire of signals that can be used 

for specialized functions in downstream neurons, the number of parallel processing 

streams leaving the eye has limits, including restrictions imposed by the size of the optic 

nerve, which contains approximately 1.2 million axons in the macaque monkey 

(Sanchez, Dunkelberger and Quigley, 1986).  

Visual information from the retina is transmitted to visual cortex (V1) via distinct 

classes of neurons in the lateral geniculate nucleus (LGN) of the dorsal thalamus that 

individually receive stream-specific input from the different classes of RGCs. The LGN is 

therefore considered the gateway for visual signals supplied to cortex, and its shape 

and size reflects the parallel pathways it accommodates (Figure 1). Within V1, a 

complex architecture of diverse cortical circuits serves to maintain stream specificity as 

well as combine information traveling in the parallel pathways to generate a broader 

array of receptive fields and neuronal responses than is present in the inputs to the 

cortex. In this manner, parallel visual pathways from the eye to brain form the 

foundation for visual perception and many forms of visually guided behavior. 
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A brief history of parallel pathways 

The concept of parallel pathways can be traced back to the nascent days of brain 

research and is rooted in descriptions of what we now call “labeled lines”. In the early 

19th century, Charles Bell and Francois Magendie independently argued for what 

Johannes Müller later termed the “specific energy of nerves”, in which the nature of 

sensory perception is determined by the pathway being activated. In 1860, Helmholtz 

expanded on this idea in the “Handbook of Physiological Optics” (2000) where he 

described Thomas Young’s theory of color vision (1807) in the following manner: “The 

eye is provided with three distinct sets of nervous fibers. Stimulation of the first excites 

the sensation of red, stimulation of the second the sensation of green, and stimulation of 

the third the sensation of violet.” Given the technical limitations and knowledge available 

at the time, these ideas were remarkably insightful and, importantly, established a 

framework for approaching and investigating parallel pathways. 

Parallel pathways begin in the eye 

The majority of RGCs have a center-surround organization. In the 1950s, Stephen 

Kuffler reported that on-center/off-surround and off-center/on-surround cells were found 

at every location across the entire retina (Kuffler, 1952, 1953). A major implication from 

this finding is that there are at least two complete and complementary representations 

of the visual world that travel together, i.e. ‘parallel’, in optic nerve axons. Estimates on 

the number of complete representations present in the optic nerve has grown rapidly, as 

we now know that there are at least 19 distinct types of RGCs that tile the eye and 

provide the brain with visual information (reviewed in Crook, Packer, Troy, and Dacey, 

2014). While the details of many of these cell classes remain elusive, we now know a 
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great deal about the major retinogeniculate pathways in the feline and primate, and 

information is accumulating for the rodent visual system at an unprecedented rate. 

Felines 

After the discovery of on- and off-center RGCs, evidence for parallel pathways grew 

rapidly, as several additional functional classes of RGCs were identified in the cat. In a 

groundbreaking study, Enroth-Cugell and Robson (1966) distinguished two response 

classes within the on and off pathways, which they termed X and Y. The visual 

responses of X cells can be accounted for by simple summation of their excitatory and 

suppressive inputs (linear summation), whereas the responses of Y cells indicate more 

complex interactions between inputs (nonlinear summation) as exemplified with a ‘null 

test’. In contrast to X-cells, which have a phase-dependent null point in their responses 

to counterphasing sinusoidal stimuli (consistent with linear summation of inputs), the 

responses of Y cells show a phase-dependent frequency doubling. This response 

property is believed to result from nonlinear subunits (Hochstein and Shapley, 1976; 

Derrington, Lennie, and Wright, 1979) involving rectifying amacrine cells and bipolar 

cells (Stafford and Dacey 1997, Demb, Zaghloul, Haarsma and Sterling, 2001). 

Although the distinction of X and Y cells on the basis of linear summation may 

seem rather abstract, X and Y cells also differ from each other in several additional and 

important ways. The X cells (independently identified and termed beta cells by 

anatomists) have smaller dendritic fields, smaller receptive fields, slower axonal 

conduction velocities, longer visual response latencies, respond in a sustained fashion 

to stationary stimuli, and prefer stimuli with lower temporal frequencies. By contrast, Y 

cells (independently identified and termed alpha cells by anatomists) have larger 
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dendritic fields, larger receptive fields, faster axonal conduction velocities, shorter 

response latencies, respond transiently to stationary stimuli, and follow stimuli at higher 

temporal frequencies (reviewed in Lennie, 1980; Sherman and Guillery, 2009; Usrey 

and Alitto, 2015). Unlike their target cells in the cortex, both of these cell types are 

largely nonselective for stimulus orientation or direction of motion. 

Separate from the X and Y cells, a third group of cells, W cells, broadly include all 

of the cell types that do not fit neatly within the X and Y cell categories. The W cells 

comprise several unique cell classes that we know relatively little about, except that 

each is thought to tile the retina. Some of the response properties documented for these 

cell types include on/off responses and direction selectivity, responses not evident in X 

and Y cells. Projections from these cell types differ as well. The W cells that innervate 

the LGN target relay cells that project to the superficial layers of cortex, whereas X and 

Y RGCs target relay cells that innervate layer 4 (Figure 2; LeVay and Gilbert, 1976; 

Humphrey, Sur, Uhlrich and Sherman, 1985; see also Carey, Fitzpatrick and Diamond, 

1979). 

In common with the retina, the cat LGN also contains X cells, Y cells, and W cells 

(Figure 3). To a first approximation these cell types largely reflect those of their retinal 

inputs, and the main characteristics of retinal X and Y cells are maintained in the LGN. 

For example, similar to the RGCs that provide their input, Y-cells in the LGN have larger 

dendritic fields, larger receptive fields, faster conducting axons, shorter visual response 

latencies, respond more transiently to visual stimuli, and follow stimuli at higher 

temporal frequencies in comparison with X-cells (Figure 3; Cleland, Dubin and Levick, 

1971a,b; Fukada, 1971; Ikeda and Wright, 1972; Usrey, Reppas and Reid, 1999). 
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However, there are several nonlinear receptive field properties that are augmented in 

the LGN by nonretinal processes in both X and Y cells (Jones, Andolina, Oakely, 

Murphy and Sillito, 2000; see also Alitto and Usrey, 2004). In particular, contrast gain 

control, contrast-dependent response phase, and extraclassical suppression are more 

robust in the LGN than in the retina (Fisher, Alitto and Usrey, 2017; Alitto, Rathbun, 

Fisher, Alexander and Usrey, 2019). While these nonlinear response properties are 

present in both X and Y cells, they are typically more pronounced in Y cells. 

The projections of X, Y, and W cells to the cortex indicates that there is both 

stream mixing and stream segregation in the geniculocortical pathway. As mentioned 

above, LGN W cells project to the superficial layers of V1, whereas LGN X and Y cells 

project to layer 4. Within layer 4, the axons of X and Y cells are partially overlapping. 

This suggests a substrate for stream mixing, a suggestion supported with studies 

examining the inputs to individual layer 4 cells (Alonso, Usrey and Reid, 196, 2001), as 

well as for stream segregation. 

Primates 

Similar to the cat, the primate retina contains a diversity of cell types that provide the 

substrate for multiple parallel pathways of information flow to the brain (reviewed in 

Thoreson and Dacey, 2019; Grünert and Martin, 2020). Many of these cell types project 

to the LGN which contains three types of layers—the magnocellular, parvocellular, and 

koniocellular layers. Within each of these categories, there are separate classes of relay 

cells that convey on and off information. Importantly, cells within the magnocellular, 

parvocellular, and koniocellular layers differ from each other substantially in their cellular 

morphology, visual physiology, sources of retinal input, and projections to visual cortex 
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(Schiller and Logothetis, 1990; Merigan and Maunsell, 1993; Casagrande, 1994; 

Casagrande and Kaas, 1994; Lee, 1996; Hendry and Reid, 2000; Nassi and Callaway, 

2009; Usrey and Alitto, 2015).  

 Compared to parvocellular LGN neurons, magnocellular neurons have larger cell 

bodies, larger receptive fields, faster conducting axons, shorter visual response 

latencies, more transient responses to visual stimuli, and greater response gain than do 

parvocellular neurons. Magnocellular neurons also have achromatic receptive fields, 

whereas parvocellular neurons, at least in Old World monkeys and some New World 

monkeys, have receptive fields that are chromatically selective.  Specifically, 

parvocellular receptive fields are red/green color opponent, where inputs from the long 

(L) and medium (M) wavelength cones are antagonistically arranged to form the center-

surround receptive field (Reid and Shapley, 1992, Reid and Shapley, 2002) More so 

than in the cat, the axonal projections of magnocellular and parvocellular neurons to 

primary visual cortex are strictly segregated (Figure 3).  

Magnocellular and parvocellular LGN neurons also differ in their projections to 

primary visual cortex. Magnocellular axons terminate in cortical layer 4Cα and 

parvocellular axons terminate in layer 4Cβ. Consequently, layer 4C stellate cells with 

dendrites restricted to either layer 4Cα or 4Cβ receive stream-specific input from the 

LGN. However, cells in layers 5 and 6 with apical dendrites that pass through layers 

4Cα and 4Cβ have the opportunity to sample from both the magnocellular and 

parvocellular streams. 

 Similar to W cells in the cat, we know relatively less about neurons in the 

koniocellular layers than we do for neurons in the magnocellular and parvocellular 
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layers. The koniocellular layers are located beneath and between each of the 

magnocellular and parvocellular layers. Neuronal density in the koniocellular layers is 

lower than that in the magnocellular and parvocellular layers, which explains, in part, 

why we have more limited information about these cell types. Also similar to W cells, a 

distinguishing feature of koniocellular neurons is that their axons bypass cortical layer 4 

and terminate, instead, in the cytochrome-oxidase rich ‘blobs’ in the superficial layers of 

primary visual cortex (Fitzpatrick, Itoh and Diamond, 1983; Casagrande,  Yazar, Jones 

and Ding, 2007). Furthermore, neurons in the koniocellular layers are a diverse group 

containing multiple subclasses of cells that receive input from distinct classes of RGCs, 

including the small and large bistratified cells, the recursive monostratified and 

bistratified cells, the smooth and sparse inner cells, and the narrow and broad thorny 

cells (Dacey and Packer, 2003; Wässle, 2004; Masland, 2011, 2012; Crook, Packer, 

Troy and Dacey, 2014; Masri, Percival, Koizumi, Martin and Grünert, 2019). Unlike 

magnocellular and parvocellular LGN neurons, which have monocular responses, some 

koniocellular neurons have binocular responses (Zeater, Cheong, Solomon, Dreher and 

Martin, 2015), suggesting that individual koniocellular neurons combine retinal inputs 

either directly or through polysynaptic circuits. Like parvocellular neurons, a subset of 

koniocellular neurons have chromatically selective receptive fields, with input from the 

short (S) cones being antagonistic to mixed input from the medium (M) and long (L) 

wave length cones (Dacey and Lee, 1994; Hendry and Reid, 2000). Finally, as further 

evidence of the diversity of circuits that establish responses in the koniocellular layers, 

we now have a fairly complete understanding of the circuitry that underlies the 

orientation and directional tuning of a subset of koniocellular neurons (Cheong, Tailby, 
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Solomon and Martin, 2013; Percival, Koizumi, Masri, et al., 2014), selectivity that is 

absent in the parvocellular and magnocellular layers.  

Taken together, many of the features that distinguish the magnocellular, 

parvocellular, and koniocellular streams in the primate are similar to those that 

distinguish the Y cell, X cell, and W cell streams in the feline. 

RODENTS 

Research on the mouse visual system has increased rapidly in recent years, due in 

large part to the wealth of molecular tools for identifying cell types, dissecting neural 

circuits, and manipulating neuronal activity. Thus, while mice do not rely as heavily on 

their visual system as do felines and primates, mice offer insight into visual processing 

that is currently difficult, if not impossible, to study in other species and mice have 

become a valuable model system for vision science. 

Experiments have identified and characterized a greater diversity cell types and 

response properties in the mouse LGN than has been reported for either cats or 

primates. Among this diversity are a greater proportion of cells with response properties 

generally considered more typical of cortical neurons, such as orientation selectivity and 

direction selectivity, as well as cells with response properties not reported for cats and 

monkeys, such as selectivity for the axis of motion or the absence of contrast 

(Huberman, Wei, Elstrott et al., 2009; Marshel, Kaye Nauhaus and Callaway, 2012; 

Piscopo, El-Danaf, Huberman and Niell, 2013; Scholl, Tan, Corey and Priebe, 2013; 

Cruz-Martín, El-Danaf and Osakada, et al., 2014; Tang, Ardila Jimenez,  Chakraborty 

and Schultz, 2016; see also Barlow, Hill and Levick, 1964). These cell types are 

primarily located in the dorsal “shell” region of the LGN (Figure 3). Given our limited 
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knowledge on the diversity of cell types in the cat W pathway and the primate 

koniocellular pathway, one might expect the novel cell types identified in the mouse 

LGN to have counterparts in the W cell and koniocellular pathways. In support of this 

possibility, anatomical and physiological studies demonstrate a much greater diversity of 

retinal ganglion cells in the primates with projections to koniocellular layers compared to 

those with projections to the magnocellular and parvocellular layers (Dacey and Packer, 

2003; Wässle, 2004; Masland 2011, 2012; Crook, Packer, Troy and Dacey, 2014; Masri, 

Percival, Koizumi, Martin and Grünert, 2019; Grünert and Martin, 2020). Thus, results 

from the mouse may provide important insight into the range of processing strategies 

utilized across mammals for parallel processing of visual signals from eye to brain. 

Parallel pathways from LGN to cortex are matched with parallel feedback 

pathways 

Communication between the LGN and V1 is not uni-directional. Rather, feedback 

projections from V1 to the LGN complete a reciprocal exchange of information between 

the two structures. The majority of layer 6 neurons in V1 with axons that leave the 

cortex project to the LGN (note: these neurons are distinct from those that project to the 

claustrum (see Katz, 1987)). In addition to their extrinsic projections, layer 6 

corticogeniculate neurons also send local axon collaterals to the overlying layers of 

cortex that receive thalamic input (Brigg, Kiley, Callaway and Usrey, 2016; Gilbert and 

Wiesel, 1979; Lund and Boothe, 1975; Usrey and Fitzpatrick, 1996). As a consequence 

of these projections, layer 6 neurons are in a strategic position to influence feedforward 

communication between the LGN and V1. 
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In common with the feedforward projection from the retina through the LGN to 

V1, the corticogeniculate feedback pathway also contains stream-specific projections.  

This specificity has been best demonstrated in the monkey where the corticogeniculate 

pathway includes separate classes of corticogeniculate neurons with axons selective for 

the magnocellular, parvocellular, and possibly even the koniocellular layers of the LGN 

(Fitzpatrick, Usrey, Schofield and Einstein, 1994; Ichida and Casagrande, 2002; Ichida, 

Mavity-Hudson and Casagrande, 2014). Thus, based on their anatomy, 

corticogeniculate neurons appear to form distinct groups with projections that align with 

the parallel retino-geniculo-cortical pathways.  However, unlike retinal synapses that 

provide driving input to LGN neurons, corticogeniculate synapses are modulatory and 

serve to adjust geniculate responses to retinal input (see Sherman and Guillery, 2009).  

The visual responses of corticogeniculate neurons are also consistent with a 

pathway that contains parallel streams. Specifically, neurons in the lower tier of layer 6 

with projections to the magnocellular layers of the LGN have magnocellular-like 

response properties: they respond well to low-contrast and fast-moving stimuli and have 

fast-conducting axons. In contrast, neurons in the upper tier of layer 6 with projections 

to the parvocellular geniculate layers have parvocellular-like response properties: they 

prefer higher contrast and slower moving stimuli and have slower conducting axons 

(Fitzpatrick Usrey, Schofield and Einstein, 1994; Briggs and Usrey, 2009). As a result of 

this organization, visual stimuli well suited for exciting the magnocellular pathway also 

excite corticogeniculate neurons with axons selective for the magnocellular layers of the 

LGN, and visual stimuli better suited for exciting the parvocellular pathway also excite 

corticogeniculate neurons with axons selective for the parvocellular layers. In this way, 



 133 
 

the corticogeniculate pathway appears poised to adjust the gain of its own input in a 

stream-specific fashion. Although less is known about corticogeniculate neurons in other 

species, evidence from the rat, cat, ferret, and tree shrew is consistent with the view of 

parallel streams in the corticogeniculate pathway (Bourassa and Deschênes, 1995; 

Briggs and Usrey, 2005; Tsumoto and Suda, 1980; Usrey and Fitzpatrick, 1996). It 

therefore seems likely that corticogeniculate neurons generally serve to influence the 

feedforward delivery of visual signals to cortex in a stream-specific fashion. 

Summary and Conclusions 

In summary, parallel pathways originating in the retina and continued through the LGN 

provide the cortex with complementary representations of the visual world. These 

pathways are rooted in the circuitry of the retina that gives rise to multiple classes of 

RGCs selective for distinct stimulus features, including luminance, contrast, color, 

spatial frequency, and temporal frequency. Much of what we know about parallel retino-

geniculo-cortical pathways comes from three animal models: felines, monkey, and mice. 

In felines and monkeys, two prominent pathways, the X/Y and 

parvocellular/magnocellular pathways, respectively, each contain on-center and off-

center cell types. These pathways share many features in common, as well as some 

distinct differences, reflecting the animals’ survival needs and evolutionary histories. 

The W-cell or koniocellular pathways are a collection of many pathways originating from 

a broader diversity of RGCs. Mice are increasingly providing new information about 

these additional cell classes and this knowledge will likely inform future studies in other 

model systems. Parallel retino-geniculo-cortical pathways play an important role in 

supplying the cortex with independent channels of information that can be combined in 
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specific ways by the complexity of cortical circuits to generate a broader repertoire of 

visual responses that contribute to visual behavior and perception.  
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Figures  
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Figure 1. Nissl-stained sections of the lateral geniculate nucleus (LGN) from nine 

different species illustrating the diversity of shapes, sizes, and lamination patterns that 

accommodate the parallel retino-geniculo-cortical pathways. Top row: human, 

chimpanzee, rhesus macaque; middle row: cebus monkey, galago, tree shrew; bottom 

row: flying fox, domestic cat, rat. Adapted from Usrey and Alitto (2015). 
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Figure 2. Schematic organization of the retino-geniculo-cortical pathway in the rodent, 

feline, and primate. In all mammals, including these examples, the geniculo-cortical 

axons terminate in cortical layer 4, a minority of axons terminate in cortical layers 1-3. In 

rodents, the LGN can be divided into core and shell regions. Relay cells in the core 

project primarily to cortical layer 4, whereas relay cells in the shell project primarily to 

the overlying superficial layers. In the feline, there are three major parallel pathways to 

cortex—the X-cell pathway terminates primarily in layer 4c, the Y-cell pathway 

terminates primarily in layer 4ab, and the W-cell pathway terminates in layers 1-3. There 

are also three parallel pathways in the primate—the parvocellular pathway (P) 

terminates in layer 4Cα, the magnocellular pathway (M) terminates in layer 4Cβ, and 

the koniocellular pathway (K) terminates in the layer 1–3 blobs. Adapted from Rathbun 

and Usrey (2008). 
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Figure 3. Cell types in the feline LGN. Camera lucida reconstructions of a 

representative X, Y, and W relay cell labeled with intracellular injection of horseradish 

peroxidase (HRP). Each cell type receives input from a different class of retinal ganglion 

cells and give rise to specific projection patterns to primary visual cortex. As is typical for 

these cell types, the dendritic arbor of the X cell is tufted and is oriented perpendicular 

to the plane of the layers, the arbor of the Y cell is more spherical, and the W cell arbor 

is oriented parallel to the layers. Adapted from Friedlander et al. (1979), Stanford et al. 

(1981, 1983). 
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