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ABSTRACT	OF	THE	DISSERTATION	

The	Role	of	Neuromodulatory	Projections	from	the		
Basal	Forebrain	Area	to	the	Primary	Visual	Cortex	of	the	Rodent	

	
	

Georgina	Alexandra	Lean	
	

Doctor	of	Philosophy	in	Psychology	
	

	University	of	California,	Irvine,	2019	
	

Professor	David	C.	Lyon,	Chair	
	

 
Neuroanatomical studies play a key role in developing an understanding of neural connectivity 

and providing insight into how structure leads to function. Cell-type specific tracing methods 

have been utilized to identify distinct projection neurons originating from the basal forebrain and 

terminating in the primary visual cortex (V1). These neurons have been exclusively labeled using 

cell type-specific helper viruses, which allow for selective infection and spread of modified 

rabies viruses to label the projection neurons terminating onto specific neuron types in V1. While 

basal forebrain afferents terminate in the infragranular layers of V1, acetylcholine is delivered to 

more superficial layers through volume transmission. This study was designed to determine the 

synaptic targets and functional implications of this projection pathway utilizing a retrograde-

tracing method to deliver light-gated ion channels to basal forebrain projection neurons. This 

allowed for direct optogenetic manipulation during single unit recording in V1 of anaesthetized 

rats. In doing so, we found significant suppression of cell response to the preferred stimulus with 

basal forebrain activation. Conversely, we found that responses to stimuli smaller than the 

optimal size were facilitated during basal forebrain activation. Thus, basal forebrain effects on 

V1 neurons depend on stimulus size. We examine the differences among cortical layers to 



x	
		

further distinguish the role acetylcholine plays in the cortex. provide insight into the mechanism 

of cholinergic modulation from visual processing. 



1	
		

INTRODUCTION	

	

A variety of neural structures contribute to the brain’s ability to process and understand 

the multitude of stimuli in the environment. Our cognitive abilities stem from the inherent and 

complex interactions between these structures. Upon examination, we can find specific patterns 

of interactions and identify key pathways to further our understanding of how the brain can 

process any and all stimuli.  

Visual processing utilizes these complex pathways and involves the interaction of a wide 

range of brain regions. The retina receives visual stimuli and translates each component into 

electrical signals that trigger specific cells in the primary visual cortex to fire based on the size 

and orientation of the stimulus. The primary visual cortex (V1) is comprised of a series of cells 

arranged in such a way as to fire with an optimal stimulus presentation, known as the cell’s 

classical receptive field (Sceniak et al., 1999; Angelucci et al., 2002; Cavanaugh et al., 2002). 

Each cell is mediated by center/surround suppression modulation which has significant effects on 

fundamental visual processes in V1, such as orientation tuning, contrast sensitivity and size 

tuning (Sceniak et al., 1999; Chen et al., 2005; Hashemi-Nezhad and Lyon, 2012; Liu et al., 

2015) and is thought to play a critical role in early object perception processed in higher visual 

areas (Series et al., 2003). The method of center/surround suppression is understood on a 

functional level; however, the detailed physiological mechanisms that influence this process are 

still being determined.  

One of the more recently discovered contributions to this pathway is the projection from 

the basal forebrain area to the primary visual cortex. The basal forebrain is predominantly 

characterized by its’ cholinergic projection patterns to the cortex (Newman et al., 2012). Given 
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the high density of cholinergic varicosities within V1 (Lysakowski et al., 1989; Mechawar et al., 

2000) and the functional contribution of acetylcholine to plasticity in V1 (Bear and Singer, 

1986), acetylcholine from the basal forebrain is particularly well-suited to reinforce V1 

(Chubykin et al., 2013).  

 

Characteristics of the Basal Forebrain: 

The basal forebrain is a broad term used to describe a large subcortical region at the base 

of the brain defined by the presence of clusters of cholinergic (Ch) neurons (Meynert, 1872). It is 

classically divided into four subregions based on these cholinergic clusters: the medial septum 

(Ch1), the vertical limb of the diagonal band (Ch2), the horizontal limb of the diagonal band 

(Ch3), and the substantia innominata/nucleus basalis (Ch4) (See figure 0.1 for a schematic 

representation of these subregions and their main projection targets; Lin et al., 2015).  One of the 

difficulties in reviewing the literature about this region is the lack of systematic nomenclature 
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among studies; as such, the literature often refers to the same region using several different 

names and compounds the ability to truly rely on the qualitative results. Additionally, the 

development of a specific chemical target for cholinergic neurons was not available for early 

studies of this area (Everitt and Robbins, 1997). However, recent advances in chemoarchitectural 

mechanisms and the use of genetically modified animals have enhanced the verifiability of 

neuroanatomical studies involving this region.  

Each subregion is characterized primarily via its’ cell morphology and the cortical 

afferents. The Ch1 cell group is characterized by relatively small cell types (Mesulam et al., 

1983b) and projections into the hippocampus (Newman et al., 2012). The Ch2 group, originating 

in the vertical limb of the diagonal band of Broca, is also found to target the hippocampus 

(Newman et al., 2012) and is classified by larger cell bodies and more oblong shapes (Mesulam 

et al., 1983b). The Ch3 cell group is located in the horizontal limb of the diagonal band of Broca 

and has mostly a medium-sized cell type (Mesulam et al., 1983b). The Ch4 cell group, also 

known as the nucleus basalis of Meynert, is the most extensive of the basal forebrain cholinergic 

subgroups. The main projection target from this region is to the neocortex and basolateral 

amygdala (Newman et al., 2012). Combined, these four distinct subregions project to the 

hippocampus, olfactory bulb, neocortex, and basolateral amygdala (Newman et al., 2012).  

 

Evidence for the Basal Forebrain projection to V1: 

Though cortical projections from the basal forebrain were identified some time ago 

(Meynert, 1872), a specific projection to visual areas was not confirmed until relatively recently. 

The cholinergic nature of the basal forebrain led Shute and Lewis to suggest its’ role in 

cholinergic innervation of the cortex (Shute and Lewis, 1967). This connection was then 
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confirmed in 1981 when Henderson provided evidence for a projection from 

“acetylcholinesterase-containing neurones in the diagonal band to the occipital cortex of the rat” 

using the retrograde tracer, horseradish peroxidase (HRP) (Henderson, 1981). Shortly after, 

Tigges et al. (1982) provided evidence for a similar subcortical projection to visual cortex in 

squirrel monkey, suggesting that this projection is “phylogenetically stable.” Since then, a 

number of studies have confirmed this projection to visual cortex from the ipsilateral and 

contralateral claustrum, the horizontal limb of the diagonal band of Broca, the lateral preoptic 

area of the hypothalamus, and the septum (Carey and Rieck, 1987; Dreher et al., 1990; Do et al., 

2016).  

A functional study further confirmed the projection to be necessary for many visual 

cortical cells to respond to visual stimuli presentation. Following lesions in the basal forebrain, 

Sato et al. (1987a) found that many V1 neurons no longer responded to the stimulus presented. 

Importantly, iontophoretic application of acetylcholine facilitated visual responses in the 

majority of cells that were diminished following lesions to the basal forebrain, indicating that the 

projection to visual cortex is critical for visual processing due to its’ role in providing 

acetylcholine to V1.  

 

Cholinergic Receptors in the Visual Cortex: 

Acetylcholine has been implicated in a variety of neurological functions, including 

sensory processing, learning, arousal, attention, and awareness (Everitt and Robbins, 1997; 

Sarter et al., 2001; Roberts et al., 2005). The mechanism of synaptic transmission with 

cholinergic fibers is unique in that there is not always a direct synapse between a cholinergic 

fiber and postsynaptic dendrites (Umbriaco et al., 1994). Rather, acetylcholine can influence 
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neurons via diffuse extrasynaptic modulation known as volume transmission (Descarries et al., 

1997; Sarter et al., 2009). As such, determining which neurons in the circuit are receptive to ACh 

is a critical step in understanding the role of cholinergic modulation in visual processing (Disney 

et al., 2012).   

The two main classes of acetylcholine receptors (AChRs) are distinguished by their 

activating substrate (muscarine or nicotine) and are named accordingly. Nicotinic AChRs 

(nAChRs) are primarily found presynaptically at thalamic synapses onto excitatory neurons in 

layer 4c and thus play a dominant role in cholinergic modulation of thalamocortical transmission 

and affect neuronal gain (Disney et al., 2007). Elsewhere in V1, nAChRs are expressed mainly 

on GABAergic interneurons. Disney et al. (2007) found that 75% of the cells labeled with 

nAChRs were GABAergic; yet this only comprised a small proportion (~7%) of V1 neurons 

overall. As such, the predominant role of nAChRs is considered to be excitatory modulation of 

layer 4c neurons from the thalamus.  

The projection from the basal forebrain is considered to be primarily targeted to the 

second class of acetylcholine receptors. Muscarinic AChRs (mAChRs) are further divided into 5 

subtypes, differentiable via immunohistochemistry (Newman et al, 2012). The m1 receptor is 

predominantly located at postsynaptic sites and mediates depolarization and suppression of 

spike-frequency accommodation (Dasari and Gulledge, 2011). Both the m1 and m2 receptors are 

known to be strongly expressed in the neocortex of monkeys (Mrzljak et al., 1993; Tigges et al., 

1997) and were used as the targets in a characterization study of AChRs in visual cortex.  

Since both acetylcholine receptor types are found on glutamatergic and GABAergic 

interneurons in the cortex (Disney et al., 2006), measuring electrical activity alone is insufficient 

to determine the particular role of cholinergic projections on a target area. Instead, a quantitative 
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measure of AChRs across glutamatergic and GABAergic cells provides more insight into the 

modulatory role. Using dual immunofluorescence labeling to distinguish GABAergic neurons 

and particular AChR subtypes, Disney et al (2006) were able to determine receptor frequency. 

Since 20% of the cells across all layers in V1 are GABAergic, one would expect a similar 

distribution of AChRs if the cholinergic projection was equally targeted toward excitatory and 

inhibitory cells. Instead, Disney et al. found a higher rate of m1 and m2 acetylcholine receptor 

expression from GABAergic neurons in macaque V1 across all cortical layers; 60% of cells with 

m1 receptors and 52% with m2 receptors were GABAergic (Figure 0.2; Disney et al., 2006). 

Therefore, cholinergic release in V1 primarily activates inhibitory neurons, with the exception of 

excitatory modulation in layer 4c from nAChRs.  

This immunohistochemical analysis confirms prior results, which showed direct 

modulation by acetylcholine in V1. Application of the muscarinic antagonist atropine suppressed 

visual responses in V1 cells that were facilitated by acetylcholine, suggesting that endogenous 
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acetylcholine release may modulate visual responsivity in cortical neurons (Sato et al., 1987b). 

The importance of this relationship between acetylcholine and visual response facilitation lies in 

V1’s role in processing visual information.  

 

The Role of Inhibitory Interneurons in visual processing: 

Cells in V1 are known to respond preferentially to a stimulus appearing within the cell’s 

classical receptive field (Sceniak et al., 1999; Cavanaugh et al., 2002; Roberts et al., 2005). The 

majority of naturally viewed stimuli, however, do not fall perfectly into a cell’s receptive field. 

In order to accommodate the wide range of visual stimuli we are exposed to, the visual cortex 

uses intracortical long-range projections to mediate interactions across visual space. These lateral 

connections provide contextual modulation of the receptive field (Das and Gilbert, 1999; Series 

et al., 2003) and allow us to process a much wider range of component images.  

One of the most common forms of contextual modulation within V1 is suppression when 

a stimulus exceeds the optimal size (Liu et al., 2011; Jones et al., 2001; Sengpiel et al., 1997; 

Walker et al., 2000).  Inhibitory neurons play a key role in this size tuning. About 20% of the 

cells in visual cortex are GABAergic and inhibit the neural signal when the stimulus exceeds the 

optimal size of the cell. These inhibitory neurons are local only and are thought to be driven by 

inputs from long-range projections which are typically excitatory in nature (Hirsch and Gilbert, 

1991; Ahmed et al., 1994; Anderson et al., 1994; Weliky et al., 1995). Excitation of these 

inhibitory cell bodies changes the response to a stimulus based on its’ presentation; in this way, 

the primary visual cortex begins the distinction from one stimulus to another.  

There are several subtypes of inhibitory neurons found in the visual cortex. Parvalbumin 

(PV), calbindin (CB), and calretinin (CR) neurons comprise 95% of the inhibitory neuron 
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population in macaque V1 (Disney and Aoki, 2008). PV neurons comprise the majority of these 

three, about 74% of GABAergic neurons (Van Brederode et al., 1990). Disney et al. (2008) 

found that 87% of PV-immunoreactive neurons in macaque V1 expressed m1 AChRs, 

suggesting that the role of acetylcholine release in V1 is primarily targeting PV neurons and may 

function to modulate network-level spike synchronization.  

 

Functional Implications of Cholinergic Modulation in V1: 

 Given the evidence for cholinergic targeting of inhibitory neurons in V1 and the role of 

inhibitory neurons in visual processing, we can make certain predictions regarding the purpose of 

this projection pathway. It is likely that the projection plays a role in modulating a neuron’s  

preferential stimulus size, given the role of surround/suppression in V1. Indeed, when recording 

electrical activity of V1 neurons following extracellular iontophoretic application of 

acetylcholine, Roberts et al. (2005) noted a shift in the neuron’s preferred stimulus length 

towards shorter bars (See figure 0.3). This led to the conclusion that acetylcholine plays a direct 

role in controlling spatial integration (Roberts et al., 2005) and supports the idea that cholinergic 

modulation reduces the response of neurons to inputs further apart in V1 due to presynaptic 

inhibition of intracortical excitatory synapses (Disney et al., 2006; Disney and Aoki, 2008). 

These results were later shown in human visual cortex. Silver et al. (2008) administered 

acetylcholinesterase blockers to human subjects during an fMRI study. Results confirmed a 

reduction of retinotopic spread in response to visual stimuli (Silver et al., 2008; Newman et al., 

2012).  

Additionally, acetylcholine has been shown to be vital in a V1 neurons’ ability to change 

firing rate based on a learned prediction of reward (Shuler and Bear, 2006). Through the course 
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of conditioning, V1 neural responses evolve from relating simple features of the visual cues to 

expressing what these cues have come to predict: the expected time of reward (Shuler and Bear, 

2006). Rapidly predicting the identity and timing of new events is critical for survival, allowing 

animals to exploit resources and avoid harmful situations. Chubykin et al. (2013) demonstrated 

that the cholinergic basal forebrain projection neurons are necessary for this learning outcome. 

Using a delay-reward conditioning task, animals were trained to predict a desired outcome with 

either of two visual cues. After demonstrated learning of the task, animals were injected with 

192-IgG-saporin into the recording site in V1, which eliminates only cholinergic basal forebrain 

inputs into the infusion zone. Following the injection, the animals lost the ability to update cue-

reward intervals, maintaining only those that were learned prior to infusion. This indicates that 

cholinergic release in V1 plays a critical role in learning reward timing activity, and specifically 

the basal forebrain cholinergic input is necessary for this plasticity to occur.  

These studies have demonstrated pharmacological application of cholinergic agonists and 

antagonists. With the advent of transgenic capabilities in mice, we can now directly manipulate a 

cortical pathway in vivo. Manipulation of cholinergic input to V1 has been shown to directly 
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alter visual perception and indicates an important role in sensory processing. Pinto et al. (2013) 

observed perceptual changes when directly modulating the pathway via optogenetic 

manipulation, which utilizes photosensitive cell membrane channels to either enhance or inhibit 

normal cell responses. A channelrhodopsin (ChR) genetic tag activates the function of the tagged 

neuron when it is stimulated by blue light. In contrast, a halorhodopsin or archaerhodopsin tag 

will mute the effects of the targeted pathway (Han and Boyden, 2007; Zhang et al., 2007; 

Osakada et al., 2011) when activated with yellow light. Using transgenic mice expressing ChR2-

modulated choline acetyltransferase, Pinto et al. (2013) noted increased firing rates and enhanced 

visual perception when firing a laser through an implanted optic fiber in the basal forebrain. 

Mice that were trained on a go/no-go task to discriminate between vertical and horizontal drift 

gratings showed improved performance when the basal forebrain cholinergic neurons were 

activated. Additionally, inactivation in expressing HALO in cholinergic neurons showed 

decreased behavioral performance on the same task. These behavioral results suggest that the 

basal forebrain activation improves sensory processing in V1 via increased spontaneous and 

visually driven cortical firing rates and improved neuronal response reliability.  

The effects of cholinergic activation described above- improved neuronal response 

reliability and increased spontaneous and visually driven cortical firing rates- have also been 

observed during selective visual attention tasks (Pinto et al, 2013; Reynolds et al., 2000; 

Williford & Maunsell, 2006). This similarity strongly suggests that cholinergic transmission is 

likely to be a key component of the neural mechanism for attention modulation (Pinto et al, 

2013). In a study completed by Herrero et al. (2008), cholinergic antagonists were used to during 

an attention task to see the direct relationship between acetylcholine and attention. Recordings 

from V1 showed a reduction in attentional modulation (as measured by analyzing the receiver 
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operating characteristic curve on the basis of single trial responses) following administration of 

the muscarinic antagonist scopolamine. Notably, the nicotinic antagonist mecamylamine had no 

systematic effect. These results demonstrate that muscarinic cholinergic mechanisms play a 

central part in mediating the effects of attention in V1. While both nicotinic and muscarinic 

receptors are present on inhibitory and excitatory neurons in V1, this work shows that it is 

primarily the muscarinic receptor that contributes to attentional modulation.  Furthermore, 

because the majority of neurons having muscarinic receptors are inhibitory in V1 (Disney et al., 

2006), the net effect of attention is likely to be inhibitory.  

These studies have led to proposals suggesting the functional role of acetylcholinergic 

release in V1 is to restrict information flow to subsequent higher visual areas. This would filter 

the information based on receptive field size and focus the target area for more detailed 

information processing. Once the information is passed on to higher visual areas, cholinergic 

modulation takes a different form and serves more of an excitatory role to enhance firing (cite all 

the relevant studies again here, not including the two below).  This is supported by 

neurophysiological evidence showing that attentional tasks increase firing rates of neurons in 

higher visual areas such as monkey V4, but not significantly in V1 (McAdams and Maunsell, 

1999). Anatomical evidence from V2 also supports this shift in functionality. Disney et al. 

(2006) found that 63% of V2 cells with the m1 receptor and 65% with the m2 receptor were 

excitatory, whereas the percent of excitatory cells in V1 was less than 50% for either receptor. 

Therefore, higher area V2 excitatory neurons are more susceptible to cholinergic modulation 

than V1 excitatory neurons.  

 

Role of Attentional Modulation in V1: 
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 As described above, the cholinergic projection pathways are implicated in the inhibitory 

mechanisms of visual processing in V1. The purpose for the modulation is thought to be tied to 

effects of attention (Herrero et al., 2008; Spitzer et al., 1988; Treue et al., 1996). Attention has 

been shown to increase firing rates and affect tuning properties in visual cortex (Herrero et al., 

2008; Spitzer et al., 1988; Treue et al., 1996; Reynolds et al., 1999; Roelfsema et al., 1998; 

Roberts et al., 2007). There are several theories of attention that correspond with these functional 

results.  

 One model of attentional modulation through cholinergic interactions suggests there is a 

combined effect of decorrelation and increased response reliability mediated through activation 

of the nucleus basalis of the basal forebrain (Thiele, 2009; Goard & Dan, 2009). This theory 

posits that the release of acetylcholine from the nucleus basalis onto mAChRs on lateral 

connections from local cortical interneurons causes reduced crosstalk between these cortical 

neurons and affects their correlation, reducing redundancy of information processing. 

Additionally, this theory suggests that the nucleus basalis projections to the reticular thalamic 

nucleus promotes the flow of information from the sensory periphery to the cortex by 

disinhibiting neurons in the relay nucleus, resulting in increased response reliability (Thiele, 

2009; Goard & Dan, 2009). This theory is consistent with evidence showing that blocking 

mAChRs blocks attention modulation in V1 (Herrero et al., 2008). This work suggests that 

during states of arousal and attention, the basal forebrain neuromodulatory circuit acts on local 

and distributed mechanisms to improve sensory coding (Goard & Dan, 2009).  

A second model, the normalization model of attention, has been posed to account for the 

various effects on the responses of neurons in V1 with different attention protocols (Reynolds & 

Heeger, 2009). This model combines three basic components of a visual stimulus: the region in 
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the cell’s preferred receptive field (the “stimulation field”), the region that is suppressed in the 

receptive field (the “suppressive field”), and the region that is being attended to (the “attention 

field”). The stimulation field is the baseline for the cell, while the suppressive field is divisive so 

that the baseline for a preferred stimulus is normalized with respect to the activity in other 

neurons that respond to the surrounding context. The attention field is compounded with the 

stimulus drive from the stimulation field before normalization, therefore causing an effect on the 

cell’s firing rate due to its influence on both the stimulation field and suppressive field. In this 

normalization model of attention, attention causes a shift in the distribution of activity across the 

population of neurons, either via excitation or inhibition.  

Both models provide a possible understanding of how attention towards a stimulus can 

cause a direct impact on the tuning of V1 cells. Through the use of neuroanatomical analysis, 

perhaps we can shed light as to which model is more likely to be employed through the specific 

projection from BF cholinergic neurons.  

 

Current Methods and Analysis: 

Numerous methods have been used to identify projection neurons and illuminate their 

role in neural processing. One such method utilizes the diverse network of neurotransmitters in 

the brain to highlight the specific nature of projection patterns and their potential functional 

roles. This recently-developed technique uses a helper virus containing a specific promoter to 

target a genetically modified rabies virus for retrograde tracing of the direct inputs to either 

inhibitory or excitatory V1 neurons. In chapter 1, we use this tracing method with non-selective 

glycoprotein-deleted (ΔG) rabies virus to confirm the presence of this projection and narrow 

down the specific input and output regions; ΔG rabies virus acts as a highly efficient retrograde 
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tracer. Then, using helper viruses with cell type specific promoters to target retrograde infection 

of pseudotyped and genetically modified rabies virus, we found evidence for direct synaptic 

input onto V1 inhibitory neurons. These inputs were similar in number to geniculocortical inputs, 

and, therefore, considered robust. In contrast, while clear evidence for dorsal lateral geniculate 

nucleus input to V1 excitatory neurons was found, there was no evidence of direct synaptic input 

form the basal forebrain, only indirectly onto excitatory neurons through diffuse transmission. 

This inhibitory neuron specific circuit suggests a greater role of the basal forebrain in 

suppression of V1 neuron responses.  

While no direct inputs to excitatory neurons were found, these previous results were 

achieved using a less effective rabies glycoprotein (B19 strain) for trans-complementation.  One 

possibility is that excitatory neurons do receive direct basal forebrain inputs, but to a lesser 

degree than inhibitory neurons, and that the tracing method previously used was not sufficiently 

sensitive. In Chapter 2, we utilized a new optimized rabies glycoprotein (oG) reported to be 10 

times more effective in labeling presynaptically connected neurons. With oG we found an overall 

improvement in tracing of inputs to both inhibitory and excitatory neurons compared to the B19 

strain of glycoprotein. An increase of more than 10 times as many LGN inputs to V1 excitatory 

neurons were found.  Nevertheless, an average of only 1 basal forebrain neuron per case was 

found to project to excitatory neurons. These results are largely consistent with the previous 

findings, confirming that even with enhanced viral infection, excitatory neurons do not receive a 

significant direct input from the basal forebrain.  

Finally, we wanted to understand the functional implications of this predominantly 

cholinergic input to V1. At the neuronal level, demonstrated effects of external application of 

acetylcholine in V1 range widely from cell to cell; for example some cells increase firing rate, 
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while others show a decrease in response to optimal visual stimuli.  Part of this diversity may be 

due to differences between direct synaptic contact of basal forebrain inputs which primarily 

target deep layer inhibitory neurons versus diffuse transmission of acetylcholine which targets 

excitatory neurons and inhibitory neurons in superficial cortical layers. To address this, our study 

utilized a retrograde-tracing method to deliver light-gated ion channels to basal 

forebrain projection neurons, allowing for direct optogenetic manipulation during single unit 

recording in V1 of anesthetized rats. In doing so, we found significant suppression of cell 

response to the preferred stimulus with basal forebrain activation. Conversely, we found that 

responses to stimuli smaller than the optimal size were facilitated during basal forebrain 

activation. Thus, basal forebrain effects on V1 neurons depend on stimulus size. Neurons in the 4 

cases are analyzed and a total of 31 cells collected to demonstrate an effect on preferred stimulus 

size. We examine the differences among cortical layers to further distinguish the role 

acetylcholine plays in the cortex and provide insight into the mechanism of cholinergic 

modulation from visual processing.  
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CHAPTER 1: CELL TYPE SPECIFIC TRACING OF THE SUBCORTICAL INPUT TO 

PRIMARY VISUAL CORTEX FROM THE BASAL FOREBRAIN.  

 

Visual perception occurs through a complex network of cortical processing that relies on 

driving, modulating, and integrating interconnectivity with subcortical visual structures, as 

studied extensively in rodents (Guillery & Sherman, 2002; Krubitzer, Campi, & Cooke, 2011; 

Marshel, Garrett, Nauhaus, & Callaway, 2011; Niell, 2015; Negwer, Liu, Schubert, & Lyon, 

2017; Seabrook, Burbridge, Crair, & Huberman, 2017), carnivores (Reid & Alonso, 1995; Liu, 

Hashemi- Nezhad, & Lyon, 2011; Hashemi-Nezhad & Lyon, 2012), non-human primates 

(Felleman & Van Essen, 1991; Casagrande, 1994; Lyon et al., 2002; Casagrande, Sary, Royal, & 

Ruiz, 2005; Kaas, 2012), and close relatives such as the tree shrew (Casagrande & Harting, 

1975; Lyon, Jain, & Kaas, 1998; Casagrande, Xu, & Sary, 2002). The lateral geniculate nucleus 

(LGN), the superior colliculus, and the pulvinar nucleus are among the most studied subcortical 

visual regions, having been subject to decades of anatomical and functional investigation by 

Vivien Casagrande and her colleagues in tree shrew (Casagrande, Harting, Hall, Diamond & 

Martin, 1972; Lyon, Jain, & Kaas, 2003a, b; Vanni, Thomas, Petry, Bickford, & Casanova, 

2015) and primate (Fitzpatrick, Carey, & Diamond, 1980; Lachica & Casagrande, 1992; 

Stepniewska & Kaas, 1997; Xu et al., 2001; Nassi, Lyon, & Callaway, 2006; Imura & Rockland, 

2006; Kaas & Lyon, 2007; Lyon, Nassi, & Callaway, 2010; Purushothaman, Marion, Li, & 

Casagrande, 2012; Cerkevich, Lyon, Balaram, & Kaas, 2014), and by many others in rodent 

(Lysakowski, Standage, & Benevento, 1986; Sanderson, Dreher, & Gayer, 1991; Van Hooser & 

Nelson, 2006; Marshel, Kaye, Nauhaus, & Callaway, 2012; Cruz-Martín et al., 2014; Tohmi, 

Meguro, Tsukano, Hishida, & Shibuki, 2014; Roth et al., 2016; Seabrook et al., 2017; Zhou, 
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Maire, Masterson, & Bickford, 2017; Zhou, Masterson, Damron, Guido, & Bickford, 2018). The 

basal forebrain has also been known to provide input to the visual cortex (Henderson, 1981; 

Tigges et al., 1982; Carey & Reick, 1987; Dreher, Dehay, & Bullier, 1990), yet it’s functional 

contribution is only starting to become understood (Goard & Dan, 2009; Newman, Gupta, 

Climer, Monaghan, & Hasselmo, 2012; Pinto et al 2013). The basal forebrain output to cortex is 

predominantly characterized as cholinergic (Henderson, 1981; Sarter, Hasselmo, Bruno, & 

Givens, 2005; Pinto et al., 2013). Given the high density of cholinergic varicosities within V1 

(Lysakowski et al., 1989; Mechawar et al., 2000) and the functional contribution of acetylcholine 

to plasticity in V1 (Bear and Singer, 1986), acetylcholine from the basal forebrain is particularly 

well suited to reinforce V1 (Chubykin et al., 2013).  

Acetylcholine from the basal forebrain is delivered to V1 across most cortical layers via 

diffuse extra-synaptic modulation known as ‘volume transmission’ (Descarries, Gisiger, & 

Steriade, 1997; Sarter et al., 2005). This is reinforced by anatomical evidence showing 

acetylcholine receptors evenly distributed across layers 2-6 (Disney, Domakonda, & Aoki, 2006; 

Disney & Reynolds, 2014). In layers 2/3, 5, and 6, cholinergic receptors are found predominantly 

on inhibitory neurons leading to GABAergic mediated suppression (Disney et al., 2006; Disney, 

Aoki, & Hawken, 2007; Disney, Aoki, & Hawken, 2012; Disney & Reynolds, 2014). 

Furthermore, basal forebrain afferents terminate exclusively within infragranular layers 5 and 6 

(Carey & Rieck, 1987; Rieck & Carey, 1984). Therefore, unlike superficial cortical layers, the 

effect on neurons in layers 5 and 6 can be more immediate.  

Based on the preponderance of cholinergic receptors being found on inhibitory neurons 

(Disney et al., 2016, Disney & Reynolds, 2014), one might expect direct synaptic basal forebrain 

inputs to primarily contact inhibitory neurons. To determine this, we took advantage of our 
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recently developed technique (Liu et al., 2013), where a helper virus containing either a GAD1 

or an aCamKII promoter is used to target a genetically modified rabies virus (Wickersham et al., 

2007) for retrograde tracing of the direct inputs to either inhibitory or excitatory V1 neurons, 

respectively. In this way, we are able to determine whether or not there is a difference in direct 

synaptic inputs of the basal forebrain to inhibitory and excitatory neurons.  

 

1.1 Materials and methods: 

Eighteen adult C57BL/6 mice of both sexes were used following procedures approved by 

the University of California, Irvine Institutional Animal Care and Use Committee and the 

Institutional Biosafety Committee, and the guidelines of the National Institutes of Health were 

followed.  

Six mice were given 9 injections of the mCherry (mCh) and/or green fluorescent protein 

(GFP) versions of the glycoprotein-deleted rabies virus (DG-RV; Table 1). Twelve different mice 

were given injections of a helper virus (AAV-GAD1-YTB or LV-aCamKII-YTB; Table 2). 

Anesthesia was induced and maintained with isofluorane throughout the procedure. Once 
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anesthetized, animals were placed in a stereotaxic head-holder and craniotomy was performed 
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over the caudal half of the neocortex under sterile conditions. Glass pipettes with tips broken to  

approximately 20 µm were filled with virus and inserted through dura using a computer-

controlled micro-positioner attached to a KOPF stereotaxic arm. Coordinates between 3.0 and 

4.5mm posterior from Bregma and 1.25-3.25mm lateral to the midline were used. DG-RV 

injections were made at a depth of ~500µm and a volume of ~0.3µl.  

For AAV and LV helper viruses, ~0.5µl injections were made in a single V1 location at a 

cortical depth between 400 and 600µm. After injection, artificial dura (Tecoflex, Microspec 

Corp.) was placed over the craniotomy, the skull sealed with dental acrylic, and the animals 

revived. Mice injected with DG-RV were given a 7-10 day survival time and then perfused for 

histology.  

Mice injected with helper virus were given a 3-week survival period followed by an 

intracranial injection of EnvA-DG-RV (see Figure 1.2 for injection timelines). For EnvA-DG-RV 

injections, each animal was anesthetized as before, and under sterile conditions the acrylic skull 

cap removed and EnvA injections of ~0.5µl made as close as possible to the original helper virus 

injected location based on the coordinates and landmarks described above. The craniotomy was 

then covered with fresh Tecoflex, resealed with dental acrylic, and the animals revived. A final 

survival period ranging from 7 to 10 days followed.  

 

1.1a Viruses: 

The DG-RV expressing either mCherry or GFP, and the EnvA-DG-RV expressing 

mCherry were produced and concentrated following protocols described previously 

(Wickersham et al., 2007; Wickersham, Sullivan, & Seung, 2010; Osakada & Callaway, 2013) 

with a titer range of ~5x109 infectious units/ml. 
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For helper viruses, GAD1-YTB (7,382bp) and aCamKII-YTB (7,500bp) were sub cloned 

into adeno-associated virus (AAV) and lentiviral (LV) backbones to make AAV-GAD1-YTB 

(11.0kb) and LV-aCamKII-YTB (12.3kb), as described previously (Liu et al., 2013). From these 

plasmids, serotype 9 AAV and VSV-G pseudotyped LV particles were prepared and purified by 

the Gene Transfer Targeting and Therapeutics Core at the Salk Institute of Biological Studies (La 

Jolla, CA) yielding a titer of 9x109 genome copies/mL for AAV and 2x1010 transducing units/ml 

for LV.  

 

1.1b Histology and antibody reporting: 

For histology, animals were deeply anesthetized with Euthasol and perfused 

transcardially, first with saline, then followed by 4% paraformaldehyde in phosphate buffer (PB; 

pH 7.4). For most animals, 1.5% glutaraldehyde was also included. Brains were removed and 

cryoprotected in 30% sucrose for ~48hr prior to sectioning.  

Brains were cut coronally at 30µm up to 1mm posterior and anterior to the V1 injection 

site, and at 40µm thickness elsewhere. A series of every fourth 30µm section was processed for 

GABA using the anti-GABA rabbit polyclonal antibody (1:200; Sigma-Aldrich Cat #A2052, 

RRID:AB477652; tested in GABA expressing cells isolated from the pallidum in mice; 

conjugated to BSA). Immunopositive neurons were revealed using fluorescent secondary Alexa 

Fluor 350 goat anti-rabbit IgG (1:500; Invitrogen). To enhance visualization of yellow 

fluorescent protein (YFP) the same sections were also processed for the anti-GFP chicken 

polyclonal antibody (1:1000, Novus Cat#NB100-1614, RRID:AB523902; tested on transgenic 

mice expressing recombinant GFP: Immunogen affinity purified) and revealed using Alexa Fluor 

488 goat anti-chicken IgG (1:500; Invitrogen). The mCherry and GFP reporters from rabies virus  



22	
	

 



23	
	

were not enhanced through immunofluorescence. One to two additional series of every fourth 

section were processed instead for DAPI. Rabies virus infected neurons could be visualized in all 

sections without processing. Sections were cover-slipped in PVA-DABCO (Sigma-Aldrich) to 

preserve fluorescence. 

 

1.1c Data analysis: 

Sections were examined using fluorescent microscopy (Zeiss Axioplan) with 10x 

(0.45NA) and 20x (0.8NA) objectives and cell positions reconstructed using Neurolucida 

software (MicroBrightField, Willston, VT) offline. To limit bleaching of fluorescence, images of 

whole sections were captured with high-power black and white digital camera (Cooke SensiCam 

QE) and stitched together through the Virtual Slide module.  

For each case, two or three of every four sections were used to identify the number and 

laminar location of starter cells in V1 and rabies infected neurons in the dorsal lateral geniculate 

nucleus and diagonal band of the basal forebrain. Interpolated cell-counts were generated for 

Tables 1 and 2 by multiplying the number of cells by two for cases where two out of four 

sections were examined, or multiplying by 1.33 for cases where three out of every four sections 

were used.  

Confirmation of V1 injection sites and the locations of the LGN and diagonal band were 

based on the atlas by Paxinos and Franklin (2001).  

 

1.2 Results: 
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  Using injections of cell type specific viral tracers in V1, we found that neurons in the 

basal forebrain project directly to V1 inhibitory neurons, but found no evidence for direct 

projections to cortical excitatory neurons. We also found the basal cortical projections to be 

similar in number of LGN inputs to V1.  

 

1.2a DG-RV retrograde infection of basal forebrain 

Prior to using the cell type specific helper viruses to target EnvA-DG-RV, we first made 

injections of DG-RV. The DG-RV version of rabies virus acts as a monosynaptic retrograde 

tracer and does not require a helper virus (Wickersham et al., 2007; Connolly, Hashemi-Nezhad,  
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& Lyon, 2012). While this virus cannot distinguish between inputs to inhibitory and excitatory 

neurons, the goal of these injections was to determine the ability and degree to which rabies virus 

infects basal forebrain neurons targeting V1 by comparing the number of infected neurons in 

LGN.  

Nine distinct injections of ΔG-Rabies virus with either the mCherry or GFP promoter 

were made into V1 of 6 mice (Table 1). All 9 injections resulted in labeled neurons in the 

diagonal band of the basal forebrain and the LGN, with the average number for basal forebrain 

(13.4 +/- 4.9) about two thirds that of the number of neurons found in the LGN (21.3 +/- 6.5).   

An example of two injections in the same animal is shown in figure 1.3a. Based on the 

density of intrinsic V1 labeled neurons, the injection sites reached layers 4, 5, and 6 which would 

be necessary to target axon terminals from LGN and basal forebrain neurons. A reconstruction of 

the pattern of labeled cells from an injection in a second case is shown in Figure 1.4a. The 

reconstruction of posterior sections 45 and 50 shows that the V1 injection site extended through 

layers 4, 5, and 6. Expected inter-areal connections with other visual cortical areas were 

observed, along with a cluster of neurons in the LGN. In more anterior sections (102, 109, 115) 

clusters of basal forebrain neurons are shown 

ventral medially, along with a few labeled 

neurons in cingulate cortex dorsal medially, and 

the claustrum laterally. Digital images show that 

labeled diagonal band neurons had a distinct 

large soma size and long spiny dendrites (figure 

1.4c,d). Compared to basal forebrain neurons, 

LGN neurons were packed together more tightly 
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with smaller somas and shorter dendrites (4b).  

 

1.2b AAV-GAD-YTB targeted retrograde tracing with EnvA-DG-RV 

To determine whether basal forebrain neurons project to V1 inhibitory neurons, we made 

injections of the helper virus AAV-GAD1-YTB, to target infection of the retrograde EnvA-DG-

RV to inhibitory neurons. Injections were made into a single V1 hemisphere of 6 mice (Table 

1.2). In five of six cases, retrograde infected neurons were found in the diagonal band of the 

basal forebrain, averaging 8 +/- 3.4 per case. Five cases also yielded labeled neurons in the LGN 

with an average number of 13 +/- 5.1 (Lean et al., 2019).  

An injection site example is shown from one case in Figure 1.3d-h. YFP-expressing 

neurons (Figure 1.3f) were confirmed as inhibitory through co-labeling with the GABA-antibody 

(figure 1.3h). Rabies virus infected neurons expressed mCherry. Starter cells in V1 were defined 

as neurons co-expressing YFP and mCherry (yellow neurons in figure 1.3e); neurons expressing 

mCherry only were defined as presynaptically connected neurons. Starter cells were evident 

throughout layers 4, 5, and 6 (see table 1.2).   

A reconstruction of the distribution of inputs to V1 inhibitory starter cells is shown in a 

second case (Figure 1.5a). Starter cells were distributed throughout all layers as shown in section 

76, with presynaptically connected neurons found in the LGN in section 80 (Figure 1.5b) and in 

the diagonal band of the basal forebrain (Figure 1.5c-e) as shown in the three most anterior 

sections. Overall, a nearly equal number of starter cells were present in layer 5 and 6, and a 

nearly equal number of presynaptic neurons were labeled in the diagonal band and LGN (Table 

1.2).  
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1.2c LV-αCamKII-YTB targeted retrograde tracing with EnvA-DG-RV 

To determine whether the basal forebrain neurons project to V1 excitatory neurons, we 

made injections for the lentiviral vector, LV-αCamKII-YTB, to target infection of the retrograde 

EnvA-ΔG-RV to excitatory neurons. Injections were made into a single V1 hemisphere of 6 mice 

(see table). In five of six cases, retrograde infected neurons were found in the LGN (6.4+/- 1.7 

per case). However, no infected neurons were found in the basal forebrain. 

An injection site example is shown from one case in Figure 1.3i-m. YFP expressing 

neurons (Figure 1.3k) were confirmed as excitatory for not co-labeling with the GABA antibody 

(Figure 1.3m). Rabies virus infected neurons expressed mCherry (Figure 1.3l). Starter cells in V1 

were defined as neurons co-expressing YFP and mCherry (yellow neurons in Figure 1.3j); 

Neurons expressing mCherry only were defined as presynaptically connected neurons. Yellow 

starter cells were evident throughout layers 4, 5, and 6 (Figure 1.3j; see also Table 1.2).  

A reconstruction of the distribution of inputs to V1 excitatory starter cells is shown in a 
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second case (Figure 1.6a). In the posterior most section, starter cells were distributed throughout 

layers 4, 5, and 6, with presynaptically-connected neurons found in the LGN in section 70 

(Figure 1.6b). Presynaptically-infected neurons were labeled as far posterior as the cingulate 

cortex (Cg), but no cells were found in the basal forebrain.  

 

1.3 Discussion 

The goal of this present experiment was to determine the cell type specific nature of 

projections from the basal forebrain to primary visual cortex. Using a dual viral retrograde 

tracing method, we found evidence for direct synaptic input to inhibitory neurons (Figure 1.7). 

These inputs were robust as they were similar in number to geniculocortical inputs to inhibitory  

neurons (Table 1.2). In contrast, we found clear evidence for LGN input to V1 excitatory 

neurons, but no evidence for direct synaptic input from the basal forebrain (Figure 1.7). Taken 
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into consideration with other evidence discussed below, our results indicate a strong direct 

influence of the basal forebrain on local V1 inhibition.  

We previously demonstrated the cell type specificity of AAV-GAD1 and LV-aCamKII 

on cortical inhibitory and excitatory neurons, and showed that the delivery of YTB through these 

helper viruses was sufficient to label presynaptic inputs throughout the brain, with an emphasis 

on intrinsic V1 connectivity (Liu et al., 2013). Here we reconfirmed the cell type specificity of 

each helper virus and found differenced in the basal forebrain inputs to V1.  

The observed projection of basal forebrain to inhibitory, but not to excitatory V1 neurons 

was not likely due to differences in the two helper viruses used. On the contrary, viral vectors 

were optimized for their endogenous neurotropism; lentivirus for excitatory neurons and low-

titer AAV for inhibitory neurons (Nathanson, Yanagawa, Obata, & Callaway, 2009). Moreover, 

both helper viruses resulted in retrogradely infected neurons in the LGN; the LGN provided 

input to both inhibitory and excitatory neurons. Demonstrating that the AAV and lentiviral 

vectors were both effective at initiating cell type specific retrograde tracing of EnvA-DG-RV. 

Because previous reports found that only deep V1 injections provided retrograde labeling 

of basal forebrain neurons (Carey & Rieck, 1987; Rieck & Carey, 1984), we also targeted 

infragranular layers with our viruses. No discernable difference was found between the 

distribution of inhibitory and excitatory starter cells in layers 5 and 6.  

While no basal forebrain neurons were found to project to excitatory V1 cells, this does 

not necessarily mean that this connection is not present. Our method of complementation of 

EnvA-DG-RV with the B19 strain of the rabies glycoprotein (B from YTB) is most likely to label 

stronger connections, based on the number of synaptic inputs (Liu et al., 2013; also see Lyon et 

al., 2010; Lyon & Rabideau, 2012; Liu, Arreola, Coleman, & Lyon, 2014). Therefore, it is 
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possible for weaker connections to be missed. In support of this, a slight loss in the average 

number of basal forebrain and LGN cells labeled by helper virus complementation of EnvA-DG-

RV, was observed compared to DG-RV, which does not require complementation (compare 

Tables 1.1 and 1.2). In addition, studies using transgenic mice to provide higher levels of the 

rabies glycoprotein did show a basal forebrain input to three types of V1 excitatory neurons 

(Kim et al., 2016).  

A stronger or exclusive direct synaptic input to infragranular inhibitory neurons as our 

results suggest, is consistent with other work indicating a greater effect of the cholinergic system 

on inhibition in V1. While an excitatory effect of acetylcholine has been observed, this is likely 

most predominant in layer 4 where there is an abundance of nicotinic receptors found on 

excitatory neurons (Disney et al., 2007). However, in layers 2/3, 5, and 6, M1 and M2 type 

muscarinic receptors are found predominantly on inhibitory neurons, despite inhibitory neurons 

only representing ~20% of the V1 neural population (Disney et al., 2006, 2007, 2012). 

Consistent with this anatomy, in layers 2/3, 5, and 6, acetylcholine largely leads to suppressed 

V1 cell activity (Disney et al., 2012). Moreover, in layer 5 acetylcholine release was shown to 

amplify the inhibitory signal and decreases the excitatory and sensory responsiveness of 

pyramidal neurons (Lucas-Meunier et al., 2009). This inhibitory effect could result from direct 

synaptic contact onto local deep layer inhibitory neurons, which in turn suppress neighboring 

excitatory pyramidal cells.  

These results show a direct projection from BF neurons to V1 inhibitory neurons, 

implicating cholinergic modulation of inhibitory interneuron function in visual processing. 

However, given the reduced number of cells found in the LGN from the excitatory cell-type 

promoter, further analysis is required to confirm the relative strength of the projection from the 
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LGN compared with the inhibitory cell-type promoter, as well as confirmation of the virus’ 

ability to transsynaptically label a sufficient number of input neurons for comparison. The 

method used here was limited due to the helper virus infection rate; as such, we would like to 

explore a newly developed enhanced methodology to label a greater number of projection 

neurons from our injection site (Kim et al., 2016).  
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CHAPTER 2: ENHANCED METHOD FOR CELL-TYPE SPECIFIC TRACING 

CONFIRMS INHIBITORY NEURONS ARE THE PRIMARY TARGET OF BASAL 

FOREBRAIN INPUTS TO PRIMARY VISUAL CORTEX 

 

The basal forebrain has been previously shown to project directly onto V1 neurons in a 

variety of animal models (Henderson, 1981; Tigges et al., 1982; Carey & Rieck, 1987; Dreher, 

Dehay, & Bullier, 1990) and play a role in attention modulation and plasticity in V1 (Sillito & 

Kemp, 1983; Bear & Singer, 1986; Roberts et al., 2005; Herrero et al., 2008; Newman et al., 

2012; Chubykin et al., 2013; Avery, Dutt, & Krichmar, 2014). The cholinergic characteristic of 

the basal forebrain suggests this to be the primary nature of the projection (Henderson, 1981; 

Sarter, Hasselmo, Bruno, & Givens, 2005; Pinto et al., 2013), and indeed cholinergic effects 

have been shown in vivo to alter response gain (Sato et al., 1987a; Sato et al., 1987b; Roberts et 

al., 2005; Soma et al., 2013), while optogenetic studies of transgenic mice indicate a role in 

enhanced visual perception (Pinto et al. 2013; Lin et al., 2015). Our ability to further analyze 

such a projection is crucial to our understanding of the role of acetylcholine on cortical function 

and visual cognition (Mesulam et al., 1983b; McGaughy et al., 2000; Jones, 2004; Herrero et al., 

2008; Hasselmo et al., 2011). 

Previous results from this lab have shown that these basal forebrain projections target V1 

inhibitory neurons, but not excitatory V1 neurons (Lean et al., 2015; Lean et al., 2019). These 

results are consistent with the predominant location of cholinergic receptors (AChR) localized on 

inhibitory neurons (Disney et al., 2006; Disney et al., 2008; Disney et al., 2012; Disney et al., 

2014). The results from the prior study were based on 12 rodent cases utilizing a G-deleted 

Rabies Virus (ΔG-RV) pseudotyped with EnvA to target rabies infection to specific starter cell 



34	
	

types and trans-synaptically label only the direct presynaptic inputs (Wickersham et al., 2007; 

Liu et al., 2013; Lean et al., 2019). However, the monosynaptic rabies method used in our prior 

studies may have labeled only a fraction of presynaptic neurons due to the limitations of the G-

protein (Callaway & Luo, 2015; Miyamachi et al, 2013; Watabe-Uchida et al., 2012; Kim et al., 

2016). As such, though able to confirm the location and nature of the projection, prior viral 

methodology may not accurately portray the true strength of the projection with regard to the 

direct visual cortical targets. 

A newly designed ‘optimized’ rabies glycoprotein, oG, was developed to improve the 

efficiency of long-distance transsynaptic tracing with EnvA pseudotyped rabies virus (Kim et al., 

2016). The oG has been shown to increase expression levels of the rabies glycoprotein in starter 

cells, which resulted in a four- to nine-fold improvement in retrograde labeling of presynaptic 

inputs (Kim et al., 2016). In this study, we utilized the oG to enhance our labeling of input 

neurons and re-examine whether V1 excitatory neurons receive any direct synaptic input from 

the basal forebrain. Although the results confirmed our prior findings regarding the 

predominantly inhibitory targets of this projection, enhanced labeling allowed for further 

understanding of the relative strength of direct synaptic labeling to inhibitory and excitatory 

neurons and provided further insight into the nature of acetylcholine release on both general 

cortical cell types.  

 

2.1 Materials and Methods: 

3 adult rats and 10 adult mice of both sexes were used following procedures approved by 

the University of California, Irvine Institutional Animal Care and Use Committee and the 

Institutional Biosafety Committee, and the guidelines of the National Institutes of Health.  
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2.1a Surgical Procedures 

For the three rat cases, anesthesia was induced and maintained with 0.3% isoflurane and 

0.7% nitrous oxide throughout the procedure. Once anesthetized, animals were placed in a 

stereotaxic head-holder and a craniotomy was performed of the neocortex bilaterally under 

sterile conditions. Temperature was kept at 37˚C throughout the procedure using a heating pad 

(Harvard Apparatus, Holliston, MA, USA). Glass pipettes with tips broken to approximately 20 

µm were filled with virus and inserted through dura using a computer-controlled micro-

positioner attached to a KOPF stereotaxic arm. Coordinates between 5.54 and 7.36mm posterior 

from Bregma and 2.60 and 4.45mm lateral to the midline were used. Injections of either LV-α

CamKII-YToG (N=1) or AAV-GAD-YToG (N=2) were made at a depth of approximately 700 

and 1200 µm using a computer-controlled micro-positioner attached to a KOPF stereotaxic arm 

and a volume of approximately 0.8-1.2µl was administered via a pressure injecting pico-pump.  

Similarly, for the ten mouse cases, anesthesia was induced and maintained with 0.3% isoflurane 

throughout the procedure. Once anesthetized, animals were placed in a smaller stereotaxic head-

holder and a craniotomy was performed bilaterally of the neocortex under sterile conditions. 

Coordinates between 3.0 and 4.5mm posterior from Bregma and 1.25-3.25mm lateral to the 

midline were used. Injections of either LV-αCamKII-YToG (N=2), LV-αCamKII-YTB (N=5), 

or AAV-GAD-YTB (N=4) were made at a depth of approximately 500 and 700 µm using a 

computer-controlled micro-positioner attached to a KOPF stereotaxic arm and a volume of 

approximately 0.8-1.2µl was administered via a pressure injecting pico-pump.  

For all cases, dental cement was used to seal the craniotomy following the initial helper 

virus injection and the animals were revived for a 21-day recovery period to allow the virus to 

spread before the injection of the rabies virus. Each animal was anesthetized as before, and under 
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sterile conditions the acrylic skull cap removed and EnvA injections of ~0.5µl made as close as 

possible to the original helper virus injected location based on the coordinates and landmarks 

described above. The craniotomy was then covered with fresh Tecoflex, resealed with dental 

acrylic, and the animals revived. A final survival period ranging from 7 to 10 days followed.  

 

2.1b Viruses 

For the 10 cases shown with the YTB helper viruses, GAD1-YTB (7382 bp) and 

αCamKII-YTB (7500 bp) were sub cloned into adeno-associated virus (AAV) and lentiviral 

(LV) backbones to make AAV-GAD1-YTB (11026 bp) and LV-αCamKII-YTB (12.3kb), as 

described previously (Liu et al., 2013). From these plasmids, serotype 9 AAV and VSV-G 

pseudotyped LV particles were prepared and purified by the Gene Transfer Targeting and 

Therapeutics Core at the Salk Institute of Biological Studies (La Jolla, CA) yielding a titer of 

9x109 genome copies/mL for AAV and 2x1010 transducing units/ml for LV.  

The 5 YToG cases shown utilized a similar virus, but with an optimized glycoprotein to 

allow for greater efficiency of transsynaptic spread by more than an order of magnitude 

compared to the original virus (Kim et al., 2016).  To generate AAV-GAD-YToG  and LV-

αCamKII-YToG we used ythe following procedures: 

Subcloning procedure for AAV-GAD1- YToG 

First we excised a HindIII fragment (5173 bp) from AAV-GAD1-YTB (11026 bp), 

resulting intermediate plasmid rAAV-(B) (5853 bp) for later insertion of oG.  The HindIII cuts 

into the 5’region of the rabies virus B glycoprotein cDNA, but this part of the cDNA will be 

reintroduced in the last cloning step (below).   
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Second, we used PCR to form the major part of oG cDNA (1491 bp) from TVAmCherry-2a-

oG (obtained via Addgene curtesy of Ed Callaway) to contain restriction sites for HindIII (5’) 

and BsiWI (3’). 

Forward primer: 5’-CCGAAAGCTtGGCCCCTGGAGTCC-3’ (HindIII site in red; lower 

case t from B cDNA à silent mutation) 

Reverse primer: 5’-ctcgtacgTTAGAGCCGTGTCTCGCCCCC-3’ (BsiWI site in red; 

capital letters show 3’end of the oG cDNA) 

Third, we cut both rAAV-(B) plasmid and the PCR product with HindIII (in NEB buffer 2.1) 

and BsiWI (in NEB buffer 3.1) and inserted the oG cDNA into the plasmid to obtain rAAV-oG 

(5775 bp).  

Fourth, rAAV-oG was cut with HindIII, dephosphorylated (to avoid self-religation of the 

plasmid), and the HindIII fragment from above (step 1) was inserted to obtain rAAV-GAD1-

YToG (10948 bp). 

Subcloning procedure for LV-αCamKII-YToG 

First, our stock plasmid, LV- αCamKII-YTB, was cut with BamHI (5’ overhang) and 

AscI (5’ overhang, compatible with BssHII). 

Second, YToG was excised from pAAV-GAD1-YToG (above) with BamHI (5’) and 

BssHII (3’).   

Third, the BamHI/BssHII fragment was for YToG (3299 bp) was ligated into the 

BamHI/AscI backbone plasmid of LV- αCamKII-YTB (9420 bp) to yield LV- αCamKII-YToG 

BamHI AscI-BssHII (12719 bp).  



38	
	

Fourth, this plasmid was then transformed into Stbl2 cells via electroporation at 30° C 

and Stbl3 cells by heat-shock (37° C). 

Fifth, an excision of the unwanted 3’-ITR from AAV to obtain LV- αCamKII-YToG 

BGH (12607 bp 

Sixth, the bovine growth hormone (BGH) poly-A sequence was then removed to 

obtain LV- αCamKII-YToG (12182 bp). 

 

2.1c Histology and antibody reporting 

For histology, animals were deeply anesthetized with Euthasol (390 mg/ml of sodium 

pentobarbital and 50 mg/ml of sodium phenytoin, ip; Vedco Inc., Saint Joseph, MO, USA) and 

perfused transcardially, first with saline, then followed by 4% paraformaldehyde in phosphate 

buffer (PB; pH 7.4). Brains were removed and cryoprotected in 30% sucrose for ~48hr prior to 

sectioning.  

Brains were cut coronally at 40µm thickness and saved in four series separated by 

120µm. A series of every fourth section was processed for DAPI and an additional series 

processed for PV using the anti-PV rabbit polyclonal antibody (1:1000; Swant). Immunopositive 

neurons were revealed using fluorescent secondary Alexa Fluor 350 goat anti-rabbit IgG (1:500; 

Invitrogen). To enhance visualization of yellow fluorescent protein (YFP) the same sections 

were also processed for the anti-GFP chicken polyclonal antibody (1:1000, Novus Cat#NB100-

1614, RRID:AB523902; tested on transgenic mice expressing recombinant GFP: Immunogen 

affinity purified) and revealed using Alexa Fluor 488 goat anti-chicken IgG (1:500; Invitrogen). 

The mCherry reporter from rabies virus was not enhanced through immunofluorescence. Rabies 
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virus infected neurons could be visualized in all sections without processing. Sections were 

cover-slipped in PVA-DABCO (Sigma-Aldrich) to preserve fluorescence. 

 

2.1d Data Analysis 

Sections were examined using fluorescent microscopy (Zeiss Axioplan, Oberkochen, 

Germany) with 10x (0.45NA) and 20x (0.8NA) objectives and cell positions reconstructed using 

Neurolucida software (MicroBrightField, Willston, VT) offline. To limit bleaching of 

fluorescence, images of whole sections were captured with high-power black and white digital 

camera (Cooke SensiCam QE) and stitched together through the Virtual Slide module.  

Confirmation of V1 injection sites and the locations of the LGN and basal forebrain were 

based on the atlas by Paxinos and Franklin (2001).  

 

2.2 Results 

Using the optimized virus, we confirmed that a large number of neurons in the basal 

forebrain project directly to V1 inhibitory neurons, but few to none project directly to excitatory 

neurons (Tables 2.1 and 2.2). Additionally, we found significantly enhanced labeling of LGN 

inputs to both inhibitory and excitatory neurons compared with our previous virus (p<0.05), 

which allows us to compare the strength of the projection from the basal forebrain between the 

two oG viruses. In our prior results, there was a comparable amount of LGN labeling using both 

excitatory and inhibitory promotor viruses (Lean et al., 2019). With the enhancement of oG, 

there was a shift in the relative strength of the projection from the basal forebrain and LGN so 

that it is no longer equal in strength, but rather corresponds with our previous understanding that 
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the LGN provides the main cortical input to V1 (Xu et al., 2001; Casagrande et al., 2005; Nassi 

et al., 2006; Marshel et al., 2012). 

 

2.2a oG Enhanced Labeling of Projection Neurons to Both Excitatory and Inhibitory V1 

Cells 

The number of projection neurons from LGN to V1 identified using the optimized 

glycoprotein was significantly greater than the previous version of the virus (Tables 2.1 and 2.2; 

p<0.05). This increase indicates the is used as a control for proper injection location, as the LGN 

provides a known projection to V1 layers 4 and 6 (Nassi et al., 2006; Callaway, 2005; Wiesel, 

T.N. & Hubel, D.H., 1966; Van Essen et al., 1992). Given the presence of a significant number 

of retrogradely labeled cells in V1, we can confirm that our injection reached deep layers in V1.  
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Additionally, the number of starter cells labeled with the oG was significantly greater 

than with the prior virus (p<0.03). Specifically, the number of starter cells in L6 is significantly 

increased (p<0.03). This is important because L6 neurons receive a known projection from the 

LGN (Nassi et al., 2006; Callaway, 2005; Wiesel, T.N. & Hubel, D.H., 1966; Van Essen et al., 
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1992), so enhancement of starter cell counts in this region account for the significant increase in 

retrograde labeling to LGN neurons.  

 

2.2b AAV-GAD-YToG  

The optimization of the GABAergic helper virus enhanced the long-range labeling of 

LGN and BF projection neurons to inhibitory cells in V1 (Table 2.1A). An average of 56 

retrograde infected neurons were found in the basal forebrain using the oG, compared with 24.2 
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using the YTB version of the virus (Table 2.2). Additionally, the number of retrograde infected 

cells in the LGN increased nearly 10-fold using the oG virus, to an average of 108 compared 

with 18.8.  
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  Figure 2.1A provides an example of a case labeled with the new GAD promoter helper 

virus and the subsequent injection of EnvA Rabies virus. Note that starter cells are visible across 

multiple layers of V1, including layers 4, 5 and 6 (Figure 2.1B-D). When compared with 

previous cases, the number of starter cells labeled is substantially greater across all cases (Table 

2.1A). This led to increased labeling of long-range projection neurons including the BF and LGN 

shown in Figures 2.2A and 2.2B.  

 

2.2c LV-αCamKII-YToG 

The optimization of labeling to V1 neurons using the excitatory promoter showed 

enhanced LGN labeling and an increase in BF labeling compared with the original YTB virus.  

An average of 1 retrograde infected neuron was found in the basal forebrain across three 

different cases, which is a notable increase from zero found using the YTB helper virus strain 

(Table 2.1C,D). Additionally, the average number of retrogradely infected neurons in LGN 

increased 10-fold, with a greater increase than that seen with the AAV-GAD-YToG strain (Table 

2.2).  

Figure 2.1E provides an example of a case labeled with the αCamKII promoter helper 

virus and the subsequent injection of EnvA Rabies virus. A similar number of starter cells was 

found in this case compared with the exemplar shown in Figure 2.1A with the GAD helper virus, 

including a well-distributed proportion of starter cells across all cortical layers. Additionally, this 

case has a substantial amount of labeling in the LGN and across V1 (Figure 2.2C). However, this 

example case did not have a single labeled cell in the basal forebrain (Figure 2.2D).  
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Figure 2.3 provides an additional example of retrograde labeling from αCamKII 

promoter helper virus injection and subsequent injection of EnvA Rabies virus into V1. This 

figure provides the tracing of two sections from the V1 injection site (Figure 2.3A), LGN (Figure 

2.3B), and BF (Figure 2.3C), all approximately 300µm apart from one another. This figure is 

included to demonstrate an example of a case with a single presynaptically-labeled neuron in the 

BF compared with the previous figure with no BF labeling whatsoever.  

 

2.3 Discussion 

The goal of this experiment was to determine the extent of the cell-type specificity of 

cortical neurons in V1 receiving a direct input from the basal forebrain using enhanced 

methodology. Previous viral methods allowed us to examine the relationship between the basal 

forebrain and it’s V1 terminals, and demonstrated the virus’ ability to label specific projection 

neurons through presynaptic connections with target neurons (Lean et al., 2019; Liu et al., 2013); 

however, with limited expression of the G-protein, the strength of the projection was difficult to 

discern. With the use of the optimized glycoprotein, we reconfirmed direct synaptic input to V1 

inhibitory neurons from BF neurons and identified a minimal yet notable projection to V1 

excitatory neurons. Via newly devised viral techniques, we are able to examine this relationship 



46	
	

more effectively and determine with greater confidence the relative strength of this projection to 

inhibitory neurons and the relative weakness of this projection to excitatory neurons.  

The overall labeling pattern in the LGN with the two oG viruses (AAV-GAD-YToG and 

LV-αCamKII-YToG) is very similar (Figure 2A,C), indicating successful retrograde infection 

of both virus types and allowing us to compare between the two. In our previous results, we 

noted a similarity in the strength of the projection from the LGN and the BF to inhibitory V1 

neurons (Table 2.1B; Figure 2.4A; Lean et al., 2019). However, with improved expression, we 

note that the relationship between the number of retrogradely labeled cells in the BF and LGN is 

now significantly different (p<0.03) and no longer of comparable strength (Figure 2.4B). Clearly, 

the enhanced labeling technique confirms the ability to obtain improved infection and 

transsynaptic spread of the virus (Kim et al., 2016).  

Additionally, our results indicate enhanced labeling in starter cells compared with the 

previous virus used. This is likely a result of the following two features: first, the increased 

ability for infection via the optogene allows for greater presynaptic labeling; second, the oG 

virus has no observable toxic effects (Kim et al., 2016) so the starter cell population is healthier 

following injection than the previous virus. The significant increase in starter cell infection 
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(p<0.03), particularly in cortical layer 6, most likely contributed to the increase in retrograde 

labeling to LGN described earlier, as V1 layer 6 receives a direct projection from the LGN 

(Thomson, 2010; Xu et al., 2001; Casagrande et al., 2005; Nassi et al., 2006; Marshel et al., 

2012).  

It is important to note that although the proportion of labeled cells has changed relative to 

each subregion, the overall amount of labeling is still substantially increased for both regions. 

This is important to consider as we begin examining the functional role of the BF projection 

using the same methodology. Perhaps with optimized glycoprotein use in conjunction with 

optogenetic targeting, the effects on V1 cells during visual perception tasks will be enhanced.  

Given the presence of a few excitatory cells receiving BF input, we cannot rule out the 

potential for a modulatory role of the BF on V1 excitatory neurons as well, particularly in layer 4 

thalamocortical pathways (Disney et al., 2007). Our results is consistent with evidence to suggest 

that these cells provide cholinergic input to V1(Herrero et al., 2008; Thiele, 2009, Newman et 

al., 2012; Deco & Thiele, 2009; Avery et al., 2014; Soma et al., 2013; Thiele, 2009). It is known 

that the volume transmission release of acetylcholine is typically not specific to synaptic 

specialization and reaches both cell types (Disney et al., 2007; Aoki and Kabak, 1992; Beaulieu 

and Somogyi, 1991; Turrini et al., 2001), and as such there is minimal, yet still present, 

retrograde labeling due to excitatory cell infection. Alternatively, it is possible that the few BF 

neurons labeled via excitatory cell-type specific tracing are part of the nicotinic pathway 

originating in cortical layer 4 neurons (Disney et al., 2006; Disney et al., 2007; Soma et al., 

2013; Thiele, 2009). The minimal number of cells found across three separate cases suggest that 

this is less likely. Instead, it is likely that the direct synaptic connections are limited to inhibitory 

interneuron subtypes due to the chemoarchitectural analysis of acetylcholine receptors and their 
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predominant location on inhibitory cell types (Disney et al., 2012; Disney et al., 2006). Taken 

together, these experiments provide direct evidence for cholinergic modulation in V1. This is 

consistent with evidence shown that attentional effects mediated by cholinergic projections 

strongly influence neuronal processing in cortical areas (Herrero et al., 2008; Thiele, 2009, 

Newman et al., 2012; Deco & Thiele, 2009; Avery et al., 2014; Disney et al., 2012).  
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CHAPTER 3: SIZE TUNING EFFECTS WITH OPTOGENETIC MANIPULATIONS OF 

BASAL FOREBRAIN PROJECTION NEURONS TO V1 RECIPIENTS IN RODENT  

 

The primary visual cortex is responsible for orientation selectivity, contrast sensitivity, 

and size tuning (Sceniak et al., 1999; Chen et al., 2005; Hashemi-Nezhad and Lyon, 2012; Liu et 

al., 2015) and is thought to play a critical role in early object perception processed in higher 

visual areas (Series et al., 2003). A variety of interneurons are intrinsically connected via long-

range intracortical projections to mediate interactions across visual space and provide contextual 

modulation of the receptive field (Das and Gilbert, 1999; Series et al., 2003, Lyon et al., 1998) in 

order to process a wider range of component images. Suppression is used in V1 when a stimulus 

exceeds the optimal size (Liu et al., 2011; Jones et al., 2001; Sengpiel et al., 1997; Walker et al., 

2000). Therefore, a greater understanding of the mechanisms involved in V1 inhibition can 

illuminate the observed patterns in visual processing and provide insight into how the structural 

connections lead to functional changes.  

One of these potential mechanisms of modulatory effects on inhibitory V1 neurons is the 

direct projection from the basal forebrain (BF) onto inhibitory neurons in V1 (Lean et al., 2019; 

Henderson, 1981; Tigges et al., 1982; Carey & Rieck, 1987; Dreher, Dehay, & Bullier, 1990; Do 

et al., 2016). Iontophoretic release of acetylcholine in primary visual cortex (V1) specifically has 

been implicated in the direct role of spatial integration (Roberts et al., 2005) and contrast 

response gain (Soma et al., 2013; Disney et al., 2012; Bhattacharyya et al., 2013). In a study 

conducted by Roberts et al. (2005), externally applied acetylcholine in marmoset V1 caused 

neurons to respond better to visually displayed bars of shorter length. This led to the conclusion 

that acetylcholine plays a role in controlling spatial integration and is likely due to activation of 
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cortical inhibitory neurons (Disney et al., 2006; Disney & Aoki, 2008; Silver et al., 2008; 

Newman et al., 2012). 

Additional studies of acetylcholine application in vivo have illustrated a strong effect on 

response gain (Soma et al., 2013; Pinto et al., 2013; Disney et al., 2012; Martinez-Trujillo & 

Treue, 2002). Acetylcholine release decreased the visual response of individual cells and 

modulated the gain of the contrast-response function, which led to the conclusion that 

acetylcholine acts as a gain controller in rodent (Soma et al., 2013; Disney et al., 2012). 

Cholinergic projection neurons have also been shown to enhance visual perception. Pinto 

et al. (2013) showed that specific activation of cholinergic neurons in the basal forebrain was 

sufficient to enhance cortical processing and visual discrimination in awake animals. 

Additionally, their results strongly suggest that the basal forebrain activation-induced perceptual 

improvement is mediated partly by the cholinergic projection to V1 (Pinto et al., 2013). These 

results, combined with those from prior studies, provide a better understanding of the overall 

effects of acetylcholine release in V1 and its’ role in visual processing. However, the role of 

laminar distinctions remains unclear. Additionally, the effect of cholinergic activation on 

aperture tuning, a known feature of V1 processing, has not been addressed.  

Each cortical layer has a different proportion of acetylcholinergic receptors (AChRs) 

(Disney et al., 2006) which in turn lead to a different functional response (Disney et al., 2007; 

Disney & Reynolds, 2014). The exact role of acetylcholinergic release across multiple visual 

cortical layers is expected to change based on the density of these distinct acetylcholine receptors 

(Disney et al. 2014; Disney et al., 2007; Disney et al., 2006). Despite diffuse volume 

transmission (Descarries et al., 1997; Sarter et al., 2009), cholinergic projections have some 

degree of anatomical specificity based on the location of the two types of acetylcholine receptors 
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(Disney et al., 2008; Bhattacharyya et al., 2013). As a result, the effects of cholinergic release in 

different V1 layers may cause varying changes in a cell’s preferred stimulus type.  

This study utilizes a G-deleted rabies virus construct to retrogradely label projection 

neurons from their terminals in V1 (Liu et al, 2013; Wickersham et al., 2007). The rabies virus is 

tagged with a light-sensitive channel rhodopsin in order to selectively activate only those 

neurons that originate in the basal forebrain (Osakada et al., 2011). The goal of this study was to 

determine whether basal forebrain activation and it’s known cholinergic release would change 

the preferred stimulus size. Our results indicate that there is a change in preferred stimulus size.  

 

3.1 Materials and Methods: 

4 adult rats of both sexes were used following procedures approved by the University of 

California, Irvine Institutional Animal Care and Use Committee and the Institutional Biosafety 

Committee, and the guidelines of the National Institutes of Health were followed. All rats were 

housed individually in a plexiglass cage and maintained in a 12-hour light/dark cycle (lights on 

from 06:30 to 18:30h) at an ambient temperature of 21.5+/-0.8˚C and a relative humidity of 50%.  

 

3.1a Surgical Procedures 

Anesthesia was induced and maintained with 0.3% isoflurane and 0.7% nitrous oxide 

throughout the procedure. Temperature was kept at 37˚C throughout the procedure using a 

heating pad (Harvard Apparatus, Holliston, MA, USA). Once anesthetized, animals were placed 

in a stereotaxic head-holder and a craniotomy was performed over the right caudal half of the 

neocortex under sterile conditions. Glass pipettes with tips broken to approximately 20 µm were 

filled with virus and inserted through dura using a computer-controlled micro-positioner attached 
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to a KOPF stereotaxic arm. Coordinates between 5.54 and 7.36mm posterior from Bregma and 

2.60 and 4.45mm lateral to the midline were used to target V1 (Figure 3.2A). G-deleted ChR 

injections were made at a depth of approximately 700 and 1200 µm using a computer-controlled 

micro-positioner attached to a KOPF stereotaxic arm and a volume of approximately 0.8-1.2µl 

was administered via a pressure injecting pico-pump in the right hemisphere. All 4 rats were 

given 4 injections of G-deleted EnvA with ChR, which allowed for selective retrograde infection 

of the opsin to projection neurons. After injection, dental cement was used to seal the craniotomy 

and the animals were revived for a 7-day recovery period to allow the virus to spread. 

Prior to electrophysiological recordings, a small, custom-made plastic 3D-printed 

chamber was glued to the exposed skull via dental cement in order to keep the animal from 

moving during recordings. Similar anesthetic procedures were utilized during this chamber 

application surgery and animals were allowed ~24 hour recovery prior to recordings.  

 

3.1b Viruses 

G-deleted Rabies virus was used to retrogradely label input neurons to the injection site 

via previously described methods (Liu et al, 2013). Viruses were grown in the lab from existing 

stock and concentrated to a titer range of ~5 x 109 infectious units/ml following published 

protocols (Osakada et al., 2011; Wickersham et al., 2010). The virus has been modified so that 

the G-protein is deleted and replaced with a 

gene for the fluorescent protein mCherry as 

well as the optogene Channelrhodopsin (Figure 

3.1).   
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3.1c Electrophysiological recording 

Rats were initially anesthetized via similar methods described above and placed into a 

custom-made hammock and secured in a stereotaxic apparatus using the secured chamber. A 

single tungsten electrode was inserted into a small craniotomy above the visual cortex where the 

previous viral injections were made. A second craniotomy was made at approximately the level 

of Bregma and 1.0mm lateral on the ipsilateral side as the injection of ChR. An optic fiber was 

inserted at an approximate depth of 8mm below cortical surface in order to reach the basal 

forebrain and selectively activate presynaptically-labeled neurons (Figure 3.2B). Once the 

electrode and optic fiber were both inserted, the chamber was filled with sterile saline and the 

animal was kept under light sedation (0.05% isoflurane and 0.7% nitrous oxide). EEK and EKG 

were monitored throughout the experiment.  

Data was acquired using a 32-Channel Scout Recording System (ThorLabs, NJ, USA). 

The spike signal was band-pass filtered from 500 Hz to 7 kHz and stored on a computer hard 

drive at 30 kHz sampling frequency. Spikes were sorted online in Trellis (Ripple, UT, USA) 

while performing visual stimulation. Visual stimuli were generated in Matlab (Mathworks, USA) 

using Psychophysics Toolbox (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007) and displayed on 

a gamma-corrected LCD monitor (55 inches, 60 Hz) at resolution 1920 x 1080 pixels and 52 

cd/m^2 mean luminance. Stimulus onset times were corrected for LCD monitor delay using a 

photoresistor and microcontroller (in-house design).  

For recordings of visually evoked responses, cells were first tested for visual 

responsiveness with 100 repetitions of a 500ms bright flash stimulus (105 cd/m^2). Receptive 

fields for visually responsive cells were located using square-wave drifting gratings, after which 

optimal orientation/direction, spatial, and temporal frequencies were determined using sine wave 
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gratings (Figure 3.2E for orientation, 3.2F for aperture, spatial and temporal frequency tuning not 

shown). Optimal orientation and direction selectivity were determined using 8 trials of stimulus 

presentations at 22.5˚ increments presented for 500ms with a 1s interval in between each 

stimulus. Spatial frequencies tested were from 0.001-0.5 cycles/˚	 with the same intervals of 

presentation and rest described above. Temporal frequencies tested were 0.1 to 10 cycles/s with 

the same intervals of presentation and rest described above. With these optimal parameters, size 

tuning was assessed using sizes of 1-110˚ and 100% contrast. With the optimal size, temporal, 

and spatial frequencies, and at high contrast, the orientation selectivity of the cell was tested 

again to ensure optimal parameters.  

 

3.1d Optogenetic Activation via Channelrhodopsin 

After determining optimal stimulus parameters for the target cell being recorded, a series 

of trials was completed to determine the optimal stimulus orientation (using 8 trials of stimulus 

presentations at 22.5˚ increments presented for 500ms with a 1s interval in between each 

stimulus) with no laser activation, followed by 120 seconds of rest. Then, the same trial was run 

with 5mW laser stimulation accompanying each stimulus presentation, followed by a 120 second 

rest period. This was repeated for the 10mW and 15mW laser conditions as well. The same 

pattern was followed with aperture tuning.  

In cases with multiple days of recordings, animals were allowed to recover overnight 

before continuing records on the next day. Electrode and optic fiber placement were 

approximately the same on the next day; however, given the potential for tissue shift under the 

skull, the exact coordinates were not recorded and cortical appearance was used as the primary 

guide for electrode and fiber placement.  
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3.1e Histology and antibody reporting 

For histology, animals were deeply anesthetized with Euthasol (390 mg/ml of sodium 

pentobarbital and 50 mg/ml of sodium phenytoin, ip; Vedco Inc., Saint Joseph, MO, USA) and 

perfused transcardially, first with saline, then followed by 4% paraformaldehyde in phosphate 

buffer (PB; pH 7.4). Brains were removed and cryoprotected in 30% sucrose for ~48hr prior to 
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sectioning.  

Brains were cut coronally at 40µm thickness and saved in four series separated by 

120µm. A series of every fourth section was processed for DAPI and an additional series 

processed for PV  using the anti-PV rabbit polyclonal antibody (1:1000; Swant). Immunopositive 

neurons were revealed using fluorescent secondary Alexa Fluor 350 goat anti-rabbit IgG (1:500; 

Invitrogen). Confirmation of the cholinergic cell type in labeled basal forebrain neurons was 

obtained in one exemplar case using an anti-Choline Acetyltransferase (ChAT) rabbit polyclonal 

antibody (1:250; Millipore) and immunopositive neurons were revealed using fluorescent 

secondary Alexa Fluor 594 anti-rabbit IgG (1:1000; Invitrogen). To enhance visualization of 

yellow fluorescent protein (YFP) the same sections were also processed for the anti-GFP chicken 

polyclonal antibody (1:1000, Novus Cat#NB100-1614, RRID:AB523902; tested on transgenic 

mice expressing recombinant GFP: Immunogen affinity purified) and revealed using Alexa Fluor 

488 goat anti-chicken IgG (1:500; Invitrogen). The mCherry reporter from rabies virus was not 

enhanced through immunofluorescence. Rabies virus infected neurons could be visualized in all 

sections without processing. Sections were cover-slipped in PVA-DABCO (Sigma-Aldrich) to 

preserve fluorescence. 

 

3.1f Data Analysis 

Sections were examined using fluorescent microscopy (Zeiss Axioplan, Oberkochen, 

Germany) with 10x (0.45NA) and 20x (0.8NA) objectives and cell positions reconstructed using 

Neurolucida software (MicroBrightField, Willston, VT) offline. To limit bleaching of 

fluorescence, images of whole sections were captured with high-power black and white digital 

camera (Cooke SensiCam QE) and stitched together through the Virtual Slide module.  
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3.2 Results 

Immunohistological processing confirmed that the laser fiber did indeed reach the basal 

forebrain and, specifically, reached cells which were retrogradely labeled from our V1 injection 

site (Figure 3.2C). Additionally, ChAT antibody stains of basal forebrain neurons co-labeled our 

retrogradely labeled projection neurons, confirming the cholinergic nature of these cells (Figure 

3.3).   

 

3.2a Spike Frequency at Optimal Stimulus Size Decreases with BF Stimulation 

31 cells were analyzed for the firing rate at the optimal aperture across 3 different laser 

conditions and a control condition. All other stimulus parameters, orientation, spatial frequency, 

etc., remained constant across the four different conditions. There was a significant decrease in 

firing rate across all 3 laser conditions compared with the control condition (Figure 3.4A, 

p<0.002 at 5mW, p<0.007 at 10mW, p<0.05 at 15mW). This is consistent with our expectation 

that increased basal forebrain activity and subsequent increased acetylcholine release causes an 

increase in inhibitory neuron activity and therefore decrease in firing rate of V1 principle 

neurons.  This expectation is based on our previous finding that basal forebrain inputs to V1 

directly target inhibitory neurons, but not excitatory neurons (Lean et al., 2019).  



58	
	

 

3.2b Change in Optimal Stimulus Size at Highest BF Activation  

In addition to a decrease in spike frequency at the cell’s preferred stimulus size, there 

was a noted change in the preferred size with basal forebrain activation (Figure 3.4B). 

Specifically, there was a significant decrease between the optimal stimulus size at the maximum 

laser activation used compared with the control condition (15mW; p<0.05).  

 

3.2c Laser-Induced Increase in Firing Rate at New Optimal Size  

At the new preferred stimulus size for each laser condition, we compared the firing rate 

with that of the no-laser condition at the same size. Here, we note that the firing rate in the no-

laser condition at these sizes is significantly lower than that of the laser condition (Figure 3.4C). 

Additionally, the difference between the two continues to grow, indicating that the basal 

forebrain stimulation is causing V1 cell suppression with smaller sizes and enhancing the cell’s 

firing rate at that stimulus.  
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The general trend in firing rate across increasing aperture sizes with 4 different 

conditions is summarized in figure 3.5. Data from two exemplar cells is shown in figure 3.5A 

and 3.5B.  A summary diagram of the population activity for no laser and maximum laser is 

shown in figure 3.5C. Given the shift toward a smaller preferred stimulus size and a decrease in 

the firing rate at the cell’s optimal size at control conditions, we can depict the change in firing 

rate according to the relationship shown.  

 

3.2d Depth Effects on Spike Frequency Differences 

Finally, the relationship between cortical depth and stimulus preference was examined in 

order to further study the previously noted laminar differentiation (Disney et al., 2012; Soma et 

al., 2013; Rieck & Carey, 1984; Sato et al., 1987b). The firing rates of 31 cells at optimal 

stimulus orientation across different cortical depths were compared between a zero-laser and a 

15mW laser condition. These results revealed a consistent pattern of decreased firing rate across 

all cortical levels, with a significant decrease in the firing rate at cortical depths ranging from 
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500-800µm (Figure 3.6; p<0.02). Although these results are preliminary, they suggest distinct 

functional roles at different cortical levels. 

 

3.3 Discussion 

The results demonstrated above show a modulatory relationship between direct basal 

forebrain stimulation via optogenetic manipulation and firing rate of V1 cells at specific stimulus 

sizes. These results are consistent with the proposed understanding of basal forebrain’s role in 

cholinergic modulation of predominantly inhibitory neurons in V1 (Lean et al., 2019; Henderson, 

1981; Tigges et al., 1982; Carey & Rieck, 1987; Dreher, Dehay, & Bullier, 1990; Do et al., 2016; 

Disney et al., 2012). An increase in basal forebrain activation leads to subsequent acetylcholine 

release in V1; inhibitory neurons with cholinergic receptors are stimulated and this causes a shift 

in the preferred stimulus size and inhibition at the cell’s non-modulated preferred stimulus 

(Figure 3.5C).  
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Further evidence for the cholinergic nature of this projection lie in the negative results 

found across our data set. Upon analysis, no significant change in orientation and direction 

selectivity was noted to correlate with basal forebrain stimulation. This is consistent with prior 

results from Sato et al. (1987b), who noted no change to orientation and direction selectivity of 

cortical cells following depletion of acetylcholine.  

Prior studies have focused mainly on the role of acetylcholine release via iontophoresis 

and examined a change in contrast gain (Soma et al., 2013; Disney et al., 2012) and spatial 

integration (Roberts et al., 2005). These changes have been noted in studies involving 

acetylcholine application, as opposed to the direct stimulation of cholinergic release in vivo. It is 

possible that the effects seen with direct cholinergic application are related to the amount of 

acetylcholine released, which was not measured in this experimental procedure. It is likely that 

the pathway activation releases a smaller amount of acetylcholine, and as such the resulting 

effects are different. This would explain the insignificant changes in contrast gain seen in our 

experimental protocol.  

Additionally, other studies have noted laminar differentiation (Sato et al., 1987b; Soma et 

al., 2013; Disney et al., 2012; Sato et al., 1987b), but have not shown a clear depth effect with 

cholinergic modulation or basal forebrain stimulation. Here, we demonstrate that there is a 

significant change in firing rate with increased basal forebrain stimulation in the middle cortical 

layers, but likely more data is required to conclude whether such effects are limited to just these 

cortical layers. The potential for cortical differentiation is critical in determining the role of 

acetylcholinergic-based modulation for different receptor types; specifically, the effect of 

activation causing release of acetylcholine to nicotinic receptors in layer 4 (Disney et al., 2006; 

Disney et al., 2007; Soma et al., 2013; Thiele, 2009).  
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It is worth noting that we also performed experiments using the inhibitory opsin, 

archaerhodopsin-3 TP009 (ArchT), to inactivate the basal forebrain projection pathway, as was 

done by Pinto et al. (2013). However, no notable changes were detected in firing rates in these 

cases. Unlike Pinto’s protocol, which required behavioral responses to measure the effect of 

this projection, our protocol was completed while the animal was under light anesthesia and did 

not require a behavioral component; therefore, the anaesthetized animal was already in a 

suppressed state of arousal and will have a lower baseline that will not reflect further suppression 

via optogenetic inactivation.  

These results provide direct evidence of modulation via BF connections to V1 and 

support the proposed understanding of attentional effects in the cortex. Attending to a particular 

stimulus requires increased sensory representation toward the object of interest and decreased 

activation to the non-attended stimulus (Deco & Thiele, 2009; Spitzer et al., 1988; Motter, 1993; 

Treue & Maunsell, 1996; Roelfsema et al., 1998; Roberts et al., 2007; Reynolds et al., 2009). 

Therefore, the increased activation at a smaller stimulus size and a reduction in firing rate at the 

larger sizes shown here are a direct result of endogenous cholinergic release in vivo. 
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CHAPTER 4: SUMMARY AND CONCLUSIONS 

  

The ability to successfully interpret external stimuli depends on the healthy function of 

the cholinergic system (Newman et al., 2012; Sarter et al., 2005; Hasselmo & Sarter, 2011; 

Klinkenberg et al., 2011). Most of our knowledge about central cholinergic function in cognition 

has come from lesion and pharmacological studies (Sato et al, 1987a; Sato et al., 1987b; Everitt 

and Robbins, 1997; McGaughy et al., 2000; Hasselmo and Sarter, 2011) or external 

iontophoretic application of acetylcholine (Sato et al., 1987a; Sato et al., 1987b; Roberts et al., 

2005; Soma et al., 2013; Disney et al., 2012; Bhattacharyya et al., 2013). With the more recent 

advent of targeted genetic mutations and cell-type specific tracing techniques, our ability to 

examine projection patterns in detail has grown significantly (Wickersham et al., 2007; 

Wickersham et al., 2010; Liu et al., 2013; Liu et al, 2014; Osakada et al., 2011; Kim et al., 2016).  

The basal forebrain provides cholinergic inputs to primary visual cortex (V1) that play a 

key modulatory role on visual cognition (Bear & Singer, 1986; Bhattacharyya et al., 2013; Carey 

& Rieck, 1987; Chubykin et al., 2013; Everitt & Robbins, 1997; Goard & Dan, 2009; Hasselmo 

& Sarter, 2011; Henderson, 1981; Herrero et al., 2008; Klinkenberg et al., 2011; Lin et al., 2015; 

Reynolds & Heeger, 2009; Sarter et al., 2005; Sillito et al., 1983; Soma et al., 2013). While basal 

forebrain afferents terminate in the infragranualar layers of V1, acetylcholine is delivered to 

more superficial layers through volume transmission (Descarries et al., 1997; Sarter et al., 2009). 

Nevertheless, direct synaptic contact in deep layers 5 and 6 may provide a more immediate effect 

on V1 modulation (Carey & Rieck, 1987; Rieck & Carey, 1984).  

 

Summary of results: 
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Based on the results presented here, it is clear that the rodent visual cortex is subject to 

extensive neuromodulation from the basal forebrain. The data presented above supports the 

conclusion that basal forebrain projection neurons synapse directly onto inhibitory neurons in 

V1, with no notable input to excitatory cells. Use of an optimized virus increased the amount of 

retrograde tracing that was visible following similar protocols. It is likely that this increase in 

tracing is the result of better infection and less toxicity of cortical neurons (Kim et al., 2016).  

Following anatomical analysis of the projection type and strength, inhibitory modulation 

was then shown in vivo using electrophysiological recordings during optogenetic stimulation of 

basal forebrain neurons. Significant suppression of cell response to preferred stimuli was shown 

during basal forebrain activation and peak firing rate of V1 neurons was found with smaller 

stimuli during laser conditions. These results support the anatomical work by indicating a greater 

effect of basal forebrain neurons on V1 inhibition, rather than excitation.  

 

Limitations:  

 Though the results here are significant in determining the circuitry underlying the 

functional role of attentional modulation in V1, there are certain limitations with the 

methodology. First, it is difficult to confirm the location of the laser during optogenetic 

stimulation, due to the large area covered by the BF and the lack of cortical landmarks that 

correspond with BF regions. Though we can confirm proper location via immunohistochemical 

analysis post mortem, we have limited ability to know with certainty that our laser is successfully 

reaching pre-synaptically labeled neurons in BF.  

Second, there is variability in cortical depth across different animals; that is, each layer of 

the visual cortex of one animal may be shallower or extend deeper than the standard rat atlas 
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suggests. Additionally, the electrode may compress the cortex upon initial introduction and then 

shift further as the tissue settles around the fiber. This makes comparison across layers difficult 

because the exact layer is not known. Nevertheless, cortical distinction is an important 

component of this circuit (Disney et al., 2012) and should be the focus of additional studies.  

Another limitation that must be noted is the lack of behavioral analysis as part of our 

attentional modulation paradigm. Behavioral studies with BF activation and acetylcholine 

application have been shown (Pinto et al., 2013; Roberts et al., 2007; Roelfsema et al., 1998; 

Motter, 1993; Bear & Singer, 1986; Chubykin et al., 2013) and were not the goal of this study; 

our goal was primarily to determine the specific circuitry involved in this pathway and the effect 

this has on V1 neuron parameters. By examining the change in a cell’s preferred firing rate to a 

stimulus presented, we are able to analyze the specific role this pathway has on attentional 

modulation without a behavioral component.  

 

Implications in Attentional Modulation Processing:  

 The implications of these results and future related studies are critical to our 

understanding of attention and its role in modulating neurophysiological processes. Behavioral 

studies of attention have demonstrated that iontophoretic application of acetylcholine causes 

overall improved responsiveness to visual inputs (Pinto et al., 2013; Roberts et al., 2007; Bear & 

Singer, 1986; Chubykin et al., 2013). Here, we demonstrate the ability to study the same process 

by tapping into the endogenous acetylcholinergic pathways in vivo with direct labeling methods. 

Specifically, we provide evidence for fine-tuning of firing rate and preferred stimulus size in 

single V1 neurons, which is an example of cholinergic release via attentional modulation can 

affect early sensory processing.  
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These results are consistent with the normalization model of attention (Reynolds & 

Heeger, 2009). Activation of inhibitory neurons via acetylcholine release causes increased 

suppression, therefore decreasing the cell’s firing rate for the preferred stimulus and shifting the 

receptive field preference. These results may have possible implications for the development of 

therapeutic aids of attention-related disorders, as this activation allows for more detailed 

resolution of the visual stimulus and overall suppression of surrounding context.  
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