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The locus coeruleus (LC) is a small nucleus situated in the pons of the brainstem, 

comprised of less than 20,000 neurons in the adult human brain. Neurons in the LC 

broadly innervate the brain and release the neuromodulator norepinephrine (NE) at their 

terminal field. NE, a neurotransmitter commonly associated with stress, acts on both 

post- and pre-synaptic adrenergic receptors to alter cellular and circuit function. LC 

neurons also exhibit distinct morphological and neurochemical differences that contribute 

to a heterogeneous cellular distribution within the nucleus. Notably, this heterogeneity in 

the LC, as well as heterogeneity in adrenergic receptor distribution, suggests that the LC-

NE system is capable of differential modulation of downstream areas. Accordingly, the 

LC-NE system has long been recognized as critical in mediating a wide spectrum of brain 

functions ranging from sleep-wake transitions and arousal to higher-order processes such 
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as attention and learning. Clinically, this modulatory system is implicated in attention-, 

stress- and anxiety-related disorders, including attention-deficit hyperactivity disorder 

(ADHD) and post-traumatic stress disorder (PTSD). Decades of research have made 

tremendous progress toward revealing LC-NE functions, but our knowledge of the 

fundamental neurobiology underlying how the LC-NE system affects the activity of 

downstream neurons and modulates behavioral states and cognition is still incomplete.  

To bridge these gaps, we present three distinct research questions focused on the 

role of LC in sensory related behaviors and on the LC-pupil relationship.  First, we 

explore how LC affects whisker sensory perception through bidirectional perturbations of 

the nucleus during a sensory behavior task. We then assess how LC contributes to 

behavioral flexibility using electrophysiology and optogenetic perturbations in a novel 

behavior task. Finally, we test the relationship between LC and pupil diameter, to 

determine the extent to which pupil can be used as a non-invasive measure of LC spiking 

in real-time. Together, these research studies help elucidate the involvement of LC in 

various sensory-related behavioral processes. It is our hope that these findings will 

further our understanding of the LC, as well as the diseases and disorders associated with 

this neuromodulatory nucleus. 
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General Introduction 

The locus coeruleus (LC), translating literally to ‘blue spot’, was first discovered 

in the early 1800s. Since then, this small nucleus, numbering in the range of thousands of 

neurons (~1500 in mice, ~20,000 in humans), has been shown to exhibit a broad, diffuse 

projection system that releases the majority of norepinephrine (NE) within the central 

nervous system. Given its broad connectivity, unsurprisingly the LC has also been 

implicated in a diverse array of CNS functions, including arousal, sensory processing, 

and attention and goal-directed tasks (Foote et al., 1983; Berridge and Waterhouse, 2003; 

Waterhouse and Navarra, 2018; Chandler et al., 2019). Correspondingly the LC is also 

associated with a diverse spectrum of diseases and disorders related to dysfunctions in 

these cognitive processes (Atzori et al., 2016). Often, interventions for LC-related 

disorders target the LC-NE system (e.g., attention deficit hyperactive disorder (ADHD), 

and methylphenidate (MPH), an NE reuptake inhibitor and highly effective ADHD 

treatment; Arnsten and Dudley, 2005). Additionally, pupil diameter, often used as an 

indirect readout of LC activity, has recently been utilized as an early indicator of risk for 

Alzheimer’s disease (Kremen et al., 2019). A more complete understanding of this small 

nucleus will not only pave the way for future research directions, but may also lead to 

more effective interventions for ailments associated with LC dysfunctions.  Although, for 

the purposes of this dissertation, the scope will be limited primarily towards the LC and 

its association with the somatosensory system and somatosensory behaviors. 
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Theories of LC function 

It has been suggested that the LC-NE system plays key roles in sensory signal 

processing to facilitate downstream processes such as decision making and motor 

response (Foote et al., 1983; Berridge and Waterhouse, 2003; Waterhouse and Navarra, 

2018). The adaptive gain theory proposes that the LC is more involved in higher brain 

functions in such a way that LC phasic activity acts as an attentional filter to selectively 

promote task-relevant behavior within a given task, and LC tonic activity promotes 

disengagement from the current task and facilitates exploring alternative behaviors 

(Aston-Jones and Cohen, 2005). While not mutually exclusive, it has also been suggested 

that LC phasic responses reorganize the functional network of downstream neurons to 

allow rapid behavior adaptation and cognitive shifts (Bouret and Sara, 2005; Sara, 2009). 

Together, these theories largely represent the prevailing view on LC-NE function: The 

LC-NE system assists in regulating signal processing to drive behavioral orienting and 

reorienting to behaviorally relevant stimuli in complex, changing environments. It is 

likely that LC executes these functions by interacting with both the bottom-up stream that 

directly conveys sensory information and the top-down control signals (Sara and Bouret, 

2012).  

 

The molecular and anatomical organization of the LC 

Early views on LC function proposed that the neuromodulatory system served 

primarily as a global arousal circuit. This idea stemmed from the observation that LC 

neurons classically exhibited the broad connectivity, but also due to the small size and 
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synchronous nature of the nucleus. However, recent works have uncovered evidence that 

suggests that LC is a heterogeneous neuromodulatory system.  

Molecularly, although LC neurons all synthesize and release norepinephrine, 

there are subpopulations within the nucleus that express a diverse range of receptors and 

neuropeptides (Schwarz and Luo, 2015; Poe et al., 2020). Additionally, cellular 

morphologies are not uniform; There are two identified cell types: the larger monopolar 

and smaller fusiform cells, which exhibit a biased distribution across LC (Swanson, 

1976). Anatomically, on the other hand, some LC neurons appear to be organized 

according to their output target (Simpson et al., 1997; Chandler et al., 2014; Schwarz and 

Luo, 2015; Schwarz et al., 2015). Accordingly, tracing studies have shown that individual 

LC neurons may target multiple functionally related areas (Simpson et al., 1997). This, 

along with the observation that LC neurons projecting to distinct areas exhibit unique 

phenotypical and electrophysiological characteristics, suggests that subpopulations of LC 

neurons are responsible for independent functions (Chandler et al., 2014; Schwarz and 

Luo, 2015; Uematsu et al., 2017; Poe et al., 2020). 

 

A brief overview of adrenergic receptors and NE synaptic effects 

There are three main types of adrenergic receptors (AR) in the brain: α1, α2 and β, 

with several subtypes in each family. α2 ARs have the highest affinity to NE. Presynaptic 

α2 functions as an autoreceptor. α2 ARs are linked to the Gi protein and inhibit the 

production of cyclic adenosine monophosphate (cAM   P). Activating α2 may increase K+ 

conductance and inhibit Ca2+ channels. α1 ARs have a lower affinity to NE, and activate 
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the Gq pathway to promote phospholipase C (PLC), protein kinase C (PKC) and Ca2+ 

release, and to decrease K+ conductance. β ARs have the lowest affinity to NE. They 

activate adenylate cyclase via the Gs pathway. Activating β ARs may decrease K+ 

conductance, increase cAMP, enhance hyperpolarization-activated currents and Ca2+ 

currents (Ramos and Arnsten, 2007; Marzo et al., 2009).  

The intracellular mechanisms of NE-mediated effects have been mainly examined 

in vitro (McCormick and Prince, 1988; Nicoll et al., 1990; McCormick, 1992a, 1992b). 

NE can induce both excitatory and inhibitory effects on neuronal activity. The inhibitory 

hyperpolarization effect is mainly mediated by α2 ARs, due to an increase in K+ 

conductance and a decrease in Ca2+ currents. NE may cause a small hyperpolarization 

and block the slow afterhyperpolarization (AHP) through β ARs. Activating β ARs can 

also depolarize neurons by decreasing K+ conductance or activating adenylate cyclase. 

The primary excitatory effect of NE is a slow depolarization via α1-mediated decrease of 

K+ currents. Depending on NE concentration, brain regions, cortical layers and AR types, 

NE mediates diverse effects of glutamatergic and GABAergic signaling (Salgado et al., 

2016).  

 

LC-NE modulation of the somatosensory system  

In the somatosensory cortex of rats and cats, most studies generally agree that LC-

NE activation facilitates the representation of sensory signals by inhibiting spontaneous 

activity more than sensory-evoked responses, thus effectively enhancing the signal-to-

noise ratio (SNR) at the population level. Specifically, local NE administration 
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(Waterhouse and Woodward, 1980; Waterhouse et al., 1980, 1981; Armstrong-James and 

Fox, 1983; Warren and Dykes, 1996; Castro-Alamancos and Gulati, 2014) or LC 

stimulation (Lecas, 2001; Devilbiss and Waterhouse, 2004)  inhibits both spontaneous 

activity and periphery stimuli-evoked responses of the majority of somatosensory cortex 

neurons (50-80% of sampled population). A smaller population, though, show increased 

firing rate (10-40%). LC-NE also potentiates sensory- or artificially-evoked inhibitory 

responses (Waterhouse and Woodward, 1980; Waterhouse et al., 1980). If the evoked 

activity has a phasic-tonic temporal profile, NE tends to differentially enhance the initial 

transient phasic component and inhibit the following long-lasting tonic component 

(Waterhouse and Woodward, 1980; Warren and Dykes, 1996; Waterhouse et al., 1998; 

Lecas, 2004). In addition, LC-NE activation has been shown to enhance the fidelity of 

stimulus representation by reducing response latency and jitter (Lecas, 2001, 2004; 

Devilbiss and Waterhouse, 2004), and making previously unresponsive neurons fire 

action potentials in the presence of sensory stimuli (sensory gating, Waterhouse et al., 

1988; Devilbiss and Waterhouse, 2004, 2011; Vazey et al., 2018). Vazey and colleagues 

further showed that phasic, but not tonic LC activation facilitates cortical representation 

of sensory inputs (Vazey et al., 2018), consistent with the idea that LC tonic and phasic 

activity patterns serve different functions (Berridge and Waterhouse, 2003; Aston-Jones 

and Cohen, 2005; Bouret and Sara, 2005).  

LC-NE modulatory effects vary across different layers of the somatosensory 

cortex. The general consensus is that inhibition dominates all cortical layers (Waterhouse 

and Woodward, 1980; Armstrong-James and Fox, 1983; Devilbiss and Waterhouse, 
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2004), and facilitation is restricted mainly to layer (L) 5 and 6 (Waterhouse and 

Woodward, 1980; Warren and Dykes, 1996; Waterhouse et al., 1998; Devilbiss and 

Waterhouse, 2011). However, an overwhelming facilitation in superficial layers and 

suppression in L4 of cats have been reported (Warren and Dykes, 1996). We think that 

the documented layer-specific, dose-dependent effects could help understand such 

differences: facilitation occurs during iontophoresis of low concentrations of NE ([NE], 

Armstrong-James and Fox, 1983a; Warren and Dykes, 1996), and increasing [NE] either 

switches the facilitating effect to inhibition, or further potentiates the existing inhibitory 

action. Armstrong-James and Fox also demonstrated that about 30% of deeper layer 

neurons can be excited by low [NE] (applying small iontophoretic currents) which readily 

inhibits superficial layers, and higher [NE] suppresses the majority of neurons located in 

superficial as well as deeper layers (Armstrong-James and Fox, 1983). In light of these 

findings, most studies that reported a predominantly inhibitory effect employed high 

[NE] of 0.5-1.0 M for iontophoresis (e.g., Waterhouse and Woodward, 1980; Waterhouse 

et al., 1980, 1981). In comparison, facilitation occurs during 0.1 M [NE] administration 

(e.g., Armstrong-James and Fox, 1983).  

Few studies have investigated the role of LC-NE in modulating subcortical 

regions of the somatosensory pathway. Limited data reveal that local NE microdialysis 

inhibits both spontaneous activity and whisker-evoked neuronal spiking in the whisker-

responsive intermediate layers of the superior colliculus (Bezdudnaya and Castro-

Alamancos, 2014). In the whisker-representing ventral posteromedial nucleus (VPM) of 

the thalamus, LC-NE inhibits spontaneous activity of most neurons (Hirata et al., 2006), 
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but the primary effect on sensory response is a facilitation (Devilbiss and Waterhouse, 

2004; Devilbiss et al., 2006a; Hirata et al., 2006; Devilbiss and Waterhouse, 2011): the 

net effect is an SNR enhancement, similar to the situation in the cortex. A recent work 

(Rodenkirch et al., 2019) reported that LC stimulation improves thalamic information 

transmission in both anesthetized and awake rats, and provided evidence to suggest that 

this is likely due to LC-NE modulation of the interactions between VPM and the reticular 

nucleus. By systematically varying LC stimulation parameters, Devilbiss and colleagues 

found that both the firing rate of individual VPM neurons and their pairwise correlation 

change non-monotonically with stimulation frequency, despite significant heterogeneity 

(Devilbiss and Waterhouse, 2004; Devilbiss et al., 2006). They also showed that LC tonic 

and phasic activation mediate diverse modulatory effects at single-cell, pairwise and 

ensemble levels in both somatosensory thalamus and cortex (Devilbiss and Waterhouse, 

2011). LC phasic stimulation preferentially enhances stronger sensory inputs and 

produces larger changes in functional connectivity compared with tonic stimulation. 

Interestingly, when LC is activated by stress-related corticotropin-releasing factor, 

spontaneous activity is enhanced and evoked response suppressed (Devilbiss et al., 2012), 

suggesting that abnormally activated LC-NE signaling likely engages different pathways 

and impairs information processing.  

 

LC-NE modulation of somatosensory-related behavior 

Given that LC-NE affects neuronal activity from single-cell to population levels, 

it is natural to expect that behavioral effects would ensue. For example, if LC-NE 
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specifically facilitates neuronal responses to weak stimuli, it would enhance an animal’s 

ability to perceive peri-threshold sensory inputs. However, to our knowledge only a few 

studies directly tested LC-NE effects on sensory-related behaviors, and even fewer 

attempted to link the modulation of neuronal responses to behavioral effects. 

One major avenue of investigation is how LC contributes directly to 

somatosensory perception. In one recent work, rats were trained to perform a Go/NoGo 

tactile discrimination task, where the Go stimulus is an 8 Hz whisker deflection, and 

NoGo stimulus is 4 or 6 Hz (Rodenkirch et al., 2019). Optogenetic LC stimulation 

significantly improves rats’ perceptual sensitivity d’. Interestingly, LC stimulation 

produces a larger improvement when the NoGo stimulus is more perceptually similar to 

the Go stimulus (NoGo vs. Go, 6 vs. 8 Hz, compared with 4 vs. 8 Hz). Behavioral 

enhancement was abolished by locally blocking NE in the VPM during LC stimulation, 

in agreement with the electrophysiological findings that LC-NE actions on 

somatosensory thalamus facilitates information transmission. Yet, the literature still lacks 

a comprehensive understanding on how bidirectional perturbations contribute to 

somatosensory perception. 

Another key avenue involves the role of locus coeruleus in behavioral flexibility. 

That is, how the locus coeruleus affects an individual’s ability to adapt to environmental 

changes. As discussed above, the adaptive gain theory posits that LC may be promoting 

task-relevant behavior. In line with this idea, early evidence demonstrated that LC 

activity in non-human primates increases when there is a shift in the task rule (i.e. the 

initial target visual stimulus was replaced with a new target visual stimulus; Aston-Jones 
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et al., 1997). In more recent work, rats were trained to an initial set of auditory cues, and 

then their ability to switch to a reversed set of auditory cues was quantified. Pairing the 

presentation of the reversed cues with optogenetic LC stimulation resulted in a more 

rapid behavioral switch to adopt the new task-rule (Glennon et al., 2018). Together, these 

works highlight the role of LC in the sensory cue-behavioral response relationship. 

However, evidence that directly links LC activity to the magnitude of changes in 

behavioral response following task-rule changes is lacking.  

 

A brief primer on the LC-pupil relationship 

Primarily in human research, pupil diameter has been often used to index LC 

activity (e.g., Beatty, 1982; Aston-Jones and Cohen, 2005). Pupil diameter has also been 

found to co-fluctuate with brain states, task performance and sensory neuron activity 

(Reimer et al., 2014; McGinley et al., 2015a, 2015b; Vinck et al., 2015; Lee and 

Margolis, 2016; Schriver et al., 2018). Thus, pupil diameter is also widely used to 

monitor brain states and the underlying neural substrates. A plethora of work has 

demonstrated that the LC-NE system also closely tracks brain states (e.g., Foote et al., 

1980; Berridge and Foote, 1991; Carter et al., 2010; Takahashi et al., 2010; Fazlali et al., 

2016), but not until recently had we begun to rigorously test the correlative or even casual 

relationship between LC activity and pupil dilation (Murphy et al., 2014; Joshi et al., 

2016; Reimer et al., 2016; Liu et al., 2017). Unfortunately, how accurately it can be used 

to directly index LC activity in real-time is not known.  
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Summary 

Over the past decades, significant progress has been made to understand LC-NE 

functions in intact animal models under anesthesia, during wakefulness, or even in 

behaving conditions. Nevertheless, very few studies attempt to directly link the 

modulatory effects at cellular and circuit levels to behavior. As a result, our knowledge of 

the fundamental neurobiology underlying how the LC-NE system modulates the activity 

of downstream neurons to affect behavioral states and cognitive processes remains 

incomplete. To address this, we pair in-vivo electrophysiology, targeted perturbations of 

LC neurons, and well-controlled whisker-based behavior tasks to establish both 

correlative and causal relationships between the LC and sensory-related behaviors. 

In Chapter 1, we explore how the LC affects whisker sensory perception. We 

demonstrate that bidirectional perturbations of LC activity differentially alter sensory task 

performance. Chapter 2 assesses how LC contributes to behavioral flexibility in a novel 

behavior task. LC spiking exhibits a strong relationship with flexible task performance 

and activating the LC is sufficient to improve flexible task performance. Finally, in 

Chapter 3, we test the relationship between the LC and pupil diameter, to determine the 

extent to which pupil can be used as a non-invasive measure of LC spiking in real-time. 

We conclude that pupil diameter is only capable of recapitulating the strong, but 

infrequent bouts of LC spiking. The results from this dissertation will contribute to a 

more comprehensive understanding of the fundamental neurobiology of the LC.  
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Abstract 

 The brain neuromodulatory systems heavily influence behavioral and cognitive 

processes. Previous work has shown that norepinephrine (NE), a classic neuromodulator 

mainly derived from the locus coeruleus (LC), enhances neuronal responses to sensory 

stimuli. However, the role of the LC-NE system in modulating perceptual task 

performance is not well understood. In addition, systemic perturbation of NE signaling 

has often been proposed to specifically target the LC in functional studies, yet the 

assumption that localized (specific) and systemic (non-specific) perturbations of LC-NE 

have the same behavioral impact remains largely untested.  

In this study, we trained mice to perform a head-fixed, quantitative tactile 

detection task, and administered an α2 adrenergic receptor agonist or antagonist to 

pharmacologically down- or up-regulate LC-NE activity, respectively. We addressed the 

outstanding question of how bidirectional perturbations of LC-NE activity affect tactile 

detection, and tested whether localized and systemic drug treatments exert the same 

behavioral effects. We found that both localized and systemic suppression of LC-NE 
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impaired tactile detection by reducing motivation. Surprisingly, while locally activating 

LC-NE enabled mice to perform in a near-optimal regime, systemic activation impaired 

behavior by promoting impulsivity. Our results demonstrate that localized silencing and 

activation of LC-NE differentially affect tactile detection, and that localized and systemic 

NE activation induce distinct behavioral changes. 

 

Introduction 

 The locus coeruleus (LC) is a major source of the neuromodulator norepinephrine 

(NE) in mammalian brains. With profuse projections across the central nervous system, 

this modulatory circuit has been hypothesized to be critical in mediating a variety of brain 

functions and behavior, including sleep-wake transitions, perception, attention, and 

learning. The dysfunction of the LC-NE circuit has also been thought to be involved in 

several neurological disorders (Arnsten, 2000; Berridge and Waterhouse, 2003; Aston-

Jones and Cohen, 2005; Sara, 2009; Sara and Bouret, 2012; Waterhouse and Navarra, 

2018).  

We recently proposed that understanding how LC-NE modulates sensory 

perception offers a stepping stone toward unraveling its roles in higher cognitive 

functions (McBurney-Lin et al., 2019). LC neurons extensively innervate sensory cortical 

and subcortical regions, and LC- NE signaling modulates sensory neuron responses to 

external stimuli (e.g., Foote et al., 1975; Waterhouse et al., 1980; Heggelund, 1982; 

Morrison and Foote, 1986; Simpson et al., 1997; Devilbiss and Waterhouse, 2004; 

Manella et al., 2017; Navarra et al., 2017; Rho et al., 2018). LC-NE may also affect 



 19 

sensory perception through modulating motivation or attention (Berridge and 

Waterhouse, 2003; Lee and Dan, 2012; Sara and Bouret, 2012; Thiele and Bellgrove, 

2018). To our knowledge, only a limited number of studies have examined LC-NE 

influence on perception-related behavior (Doucette et al., 2007; Escanilla et al., 2010; 

Martins and Froemke, 2015; Navarra et al., 2017; Rodenkirch et al., 2019). It remains 

poorly understood how bidirectional perturbations of LC-NE activity affect perceptual 

task performance. 

To examine the causal role of a neural circuit, such as the LC-NE, in regulating 

behavior, one would perturb this system and assess the subsequent behavioral changes. 

Traditional lesion approaches may induce compensatory plasticity changes (Acheson et 

al., 1980; Harik et al., 1981; Valentini et al., 2004) and mask the effects specific to LC- 

NE. More recent studies employed acute, reversible perturbations including 

pharmacological, electrical, chemogenetic, and optogenetic stimulations. Among these 

approaches, pharmacology facilitates translational comparison between animal and 

human studies. The inhibitory α2 adrenergic receptors (ARs) are highly expressed in the 

LC, but only sparsely expressed, if at all, in neighboring brainstem regions (McCune et 

al., 1993; Nicholas et al., 1993). Targeting α2 ARs is considered a specific manner to 

perturb LC-NE activity (e.g., Neves et al., 2018). Agonizing α2 ARs suppresses LC-NE 

signaling by hyperpolarizing LC neurons and reducing NE release in downstream areas 

(Cedarbaum and Aghajanian, 1977; Aghajanian and Vandermaelen, 1982; Abercrombie 

and Jacobs, 1987; Aghajanian and Wang, 1987; Adams and Foote, 1988; Berridge et al., 

1993; Kalwani et al., 2014). Conversely, antagonists acting on α2 ARs increase LC 
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neuron excitability and spiking response to stimuli as well as NE release (Cedarbaum and 

Aghajanian, 1976; Aghajanian and Vandermaelen, 1982; Raiteri et al., 1983; Rasmussen 

and Jacobs, 1986; Simson and Weiss, 1987; Adams and Foote, 1988; Herr et al., 2012). 

Human studies have reported that systemically up- or down-regulating NE 

signaling (mainly through targeting α2 ARs) affected subjects performing perception-

related tasks (Halliday et al., 1989; Turetsky and Fein, 2002; Gelbard-Sagiv et al., 2018). 

Targeting α2 ARs non-specifically (e.g., intraperitoneal – i.p. or intracerebroventricular – 

i.c.v., hereafter referred to as “systemic”) or specifically (e.g., intra- or peri-LC, hereafter 

referred to as “localized”) exerts similar changes on LC activity (Aghajanian and 

Vandermaelen, 1982; Adams and Foote, 1988; Berridge et al., 1993). However, systemic 

perturbations of α2 ARs could induce physiological and behavioral effects that are 

different from localized perturbation. Systemic α2 perturbation would likely affect 

noradrenergic neurons in the nucleus of the solitary tract (Van Bockstaele et al., 1999; 

Kirouac, 2015), as well as many α2-expressing regions in the nervous system (McCune et 

al., 1993; Nicholas et al., 1993; Robertson et al., 2013). It should also be noted that α2 

ARs are expressed both presynaptically (auto-receptors) and postsynaptically in terminal 

fields. Agonizing or antagonizing presynaptic α2 ARs suppresses or enhances NE release, 

respectively, and the post- synaptic effects would depend on the specific types of 

postsynaptic adrenergic receptors that are activated in terminal fields. In contrast, 

agonizing or antagonizing postsynaptic α2 ARs exerts direct inhibitory or excitatory 

postsynaptic effects, respectively.  
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Head-fixed behavior facilitates stimulus control and movement measurement, and 

allows reliable quantification of different components of perceptual behavior, including 

detection, discrimination, impulsivity and motivation (Schwarz et al., 2010; Guo et al., 

2014). To our knowledge, using well-controlled, quantitative perceptual behavior to 

examine the effects of localized (specific) and systemic (non-specific) perturbations of 

LC-NE is lacking.  

In the current study, we trained mice to perform a head-fixed, quantitative tactile 

detection task. We administered an α2 agonist or antagonist to pharmacologically down- 

or up-regulate LC activity, respectively. We addressed the outstanding question of how 

bidirectional perturbations of LC activity affect tactile detection, and tested whether 

localized and systemic drug treatments exert the same behavioral effects. 

 

Results 

Mouse behavior fluctuates within single sessions 

 Mice were trained to perform a head-fixed, Go/NoGo single-whisker 

detection task, in which mice reported whether they perceived a brief deflection to the 

right C2 whisker by licking or withholding licking (Figure 1.1a). The performance of 

well-trained mice fluctuated during single behavior sessions, as reported by others 

recently (Berditchevskaia et al., 2016). A typical behavior session started with mice 

licking indiscriminately, resulting in high Hit rate (fraction of Hit trials among Go trials), 

high Impulsive rate (IS rate, fraction of IS trials among all trials), and low Correct 

Rejection rate (CR rate, fraction of CR trials among NoGo trials). As the session 
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proceeded, Hit rate remained high while mice better withheld licking in NoGo trials, 

increasing Correct Rejection rate. Towards session end, mice licked less in all trials, and 

Hit and Impulsive rates reached a minimum and Correct Rejection rate reached a 

maximum (Figure 1.1b). Within sessions, the fluctuations of Impulsive rate were 

positively correlated with Hit rate, and highly anti-correlated with Correct Rejection rate 

(Figure 1.2). Using signal detection theory (Green and Swets, 1966), we found that 

decision bias/criterion (c) increased over time, while detection sensitivity/discriminability 

(d’) exhibited an inverted-U profile (Figure 1.1c). Toward session end, reaction time (RT, 

latency from stimulus onset to the time of first licking response) increased and lick 

frequency declined (Figure 1.1e, Figure 1.3). As demonstrated in previous work (e.g., 

Dickinson and Balleine, 1995; Mayrhofer et al., 2013; Berditchevskaia et al., 2016), these 

behavioral changes reflect a systematic shift of the motivational states of the mice. To 

illustrate this shift, we constructed a trajectory of motivational states based on Hit rate 

and Correct Rejection rate (Figure 1.1g): mice started with an over-motivated/impulsive 

state (high Hit and Impulsive rates, low Correct Rejection rate and decision bias, and 

short reaction time), potentially due to being water restricted. As the behavior session 

progressed, their performance transitioned to a near-optimal regime (high Hit rate, 

intermediate Correct Rejection rate, high detection sensitivity, and short reaction time). 

Eventually, mice were much less motivated to perform the task and often disengaged 

(low Hit and Impulsive rates, high Correct Rejection rate and decision bias, and long 

reaction time), potentially due to satiety (Figure 1.1f). The collective changes of Hit and 

Correct Rejection rates led to an inverted-U trajectory of overall performance (Fraction 
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Correct, Figure 1.1d), which peaked in the middle of a session and declined toward 

session start and session end. Interestingly, this inverted-U relationship resembles how 

LC-NE has been hypothesized to modulate task performance (Aston-Jones and Cohen, 

2005). 

 

Localized and systemic clonidine treatments similarly impair detection performance 

To assess the behavioral effects of suppressing LC activity, we implanted drug 

delivery cannulas unilaterally in the left LC (contralateral to whisker stimulation) of 6 

mice to locally infuse an α2 agonist clonidine (300 nL, 10 mM, 60 nL/min, Figure 1.4a). 

Cannula placement was verified post-hoc to ensure targeted drug administration to the 

LC (Figure 1.4b). Clonidine infusion suppressed LC activity, as it reduced c-fos 

expression in LC neurons (Figure 1.4c). On average, c-fos expression was ~40% lower in 

the clonidine side compared with the contralateral control side (12.7% vs. 19.5%). This 

reduction was also significant in individual mice (p< 0.01 in 3 out of 4 mice, permutation 

test; Table 1.1). Saline infusions did not significantly change c-fos expression in the LC 

(p > 0.05 in 2 mice, permutation test. Table 1.3). Drug spread was estimated to be ~400 

μm (Figure 1.5, St. Peters et al., 2011). Following clonidine treatments, mice licked less 

in all trials. As a result, Hit and Impulsive (IS) rates decreased and Correct Rejection 

(CR) rate increased (Figure 1.4d and e). Later in the session, mice showed a tendency of 

behavioral recovery and re-engaged in the task (Figure 1.4d, Figure 1.6). Since a typical 

behavior session in our study lasts 40–50 min, this time course is consistent with 

diminished clonidine effects after ~30 min (Abercrombie and Jacobs, 1987; Adams and 
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Foote, 1988; Kalwani et al., 2014).  Saline infusions had no effects on behavior (Figure 

1.7 and Figure 1.8). In addition, in mice where the drug infusion was outside of LC, we 

observed minimal behavioral changes (Figure 1.9). 5 mM clonidine did not have a 

significant influence on tactile detection, but the trend is consistent with a dose-

dependent effect (Figure 1.10). Overall, localized clonidine infusions decreased Hit rate, 

Impulsive rate and detection sensitivity (d’), elevated Correct Rejection rate, reaction 

time (RT) and decision bias (c), and impaired task performance (Figure 1.4e–g, Figure 

1.7). Clonidine treated mice behaved as if they were at the end of normal behavior 

sessions (Figure 1.4h). Decreased Impulsive rate, increased reaction time and increased 

decision bias (changes in c are greater than changes in d’, 1.20 ± 0.15 vs. 0.61 ± 0.10, P = 

0.002, n = 10) are all indicative of a motivational shift (Dickinson and Balleine, 1995; 

Schwarz et al., 2010; Mayrhofer et al., 2013; Berditchevskaia et al., 2016). Thus, we 

conclude that reduced motivation is the main factor underlying impaired behavior during 

localized clonidine treatment.  

To compare the behavioral effects of localized and systemic drug treatments, we 

injected clonidine via i.p. (0.05–0.1 mg/kg, Marzo et al., 2014; Devilbiss, 2018) in an 

additional 3 mice. Although systemic drug treatment may affect other areas in the 

nervous system, the observed behavioral changes resembled localized infusion (reduced 

Hit rate, Impulsive rate and detection sensitivity, elevated Correct Rejection rate, reaction 

time and decision bias, Figure 1.11a–c). Saline i.p. injections did not affect behavior 

(Figure 1.12).  
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To conclude, we found that both localized and systemic clonidine 

treatments (decreasing LC activity) impaired task performance in a similar fashion, i.e., 

by reducing motivation (Figure 1.4h and Figure 1.11d). 

 

Localized and systemic yohimbine treatments differently affect detection performance 

Next, to assess the behavioral effects of enhancing LC activity, we locally infused 

an α2 antagonist yohimbine (300 nL, 10 mM, 60 nL/ min) via cannulas implanted in the 

left LC of 7 mice. Localized yohimbine administration enhanced LC activity as it 

increased c-fos expression in LC neurons (Figure 1.13a). On average, c-fos expression 

was ~100% higher in the yohimbine side compared with the contralateral control side 

(38.6% vs. 19.9%). This effect was significant in individual mice (P < 1e-5 in all 5 mice, 

permutation test. Table 1.2). Interestingly, we did not observe any changes in Hit rate 

after yohimbine infusion, but Correct Rejection (CR) rate was significantly increased, 

accompanied with a reduction of Impulsive (IS) rate (Figure 1.13b, c, Figure 1.14). We 

note that later in the session, the Correct Rejection rate returned to baseline levels (after 

~30 min, Figure 1.13b), consistent with the time course of diminished yohimbine effects 

(Andén et al., 1982). However, it has also been reported that elevated LC baseline firing 

could be sustained up to 60 min upon yohimbine administration (Rasmussen and Jacobs, 

1986). Saline treatments did not affect behavior (Figure 1.14 and Figure 1.15). 20 mM 

yohimbine had a similar influence on behavior as 10 mM, and the trend is consistent with 

a dose-dependent effect (Figure 1.16). However, 20 mM yohimbine appeared to induce 

transient behavioral arrests during the initial 50–100 trials (data not shown), implying 
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that this dose over-activates LC (Carter et al., 2010). Overall, the primary behavioral 

effect of localized yohimbine treatment was an improvement of task performance as mice 

could better withhold licking in NoGo trials and were less prone to False Alarms (Figure 

1.13b–d, Figure 1.14), resembling their peak performance in the middle of normal 

behavior sessions (Figure 1.13f). Yohimbine did not affect decision bias but significantly 

increased detection sensitivity (Figure 1.13e, Figure 1.14), which suggests that the 

behavioral improvement is not simply a result of an overall increase of arousal (which 

would be reflected by significant decreases in decision bias, Gelbard-Sagiv et al., 2018), 

but more specifically of enhanced sensory processing (e.g., increased signal-to-noise 

ratio).  

To compare the behavioral effects of localized and systemic drug treatments, we 

injected yohimbine via i.p. in 5 mice (2 mg/kg, Rasmussen and Jacobs, 1986). Contrary 

to localized infusion, systemically treated mice were less capable of withholding licks 

during the waiting periods as well as in NoGo trials, resulting in increased Impulsive rate 

and reduced Correct Rejection rate, decision bias and detection sensitivity (Figure 1.17a–

c). These behavioral changes are consistent with an increase of impulsivity, and mice 

behaved as if they were at the beginning of normal behavior sessions (Figure 1.17d).  

To conclude, we found that localized and systemic yohimbine treatments 

(increasing LC activity) exerted opposing behavioral effects. Localized infusion 

improved tactile detection, and mice achieved near-optimal performance (Figure 1.13f). 

In contrast, systemic treatment impaired performance by promoting impulsivity (Figure 

1.17d). 
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Discussion 

 The current study is one of the first to investigate how bidirectional perturbations 

of LC-NE affect quantitative perceptual task performance. We found that localized and 

systemic pharmacological suppression of LC-NE similarly impaired tactile detection 

(decreased Hit and Impulsive rates, elevated Correct Rejection rate and decision bias, and 

prolonged reaction time), suggesting that a major site of action during systemic clonidine 

treatment is the LC. 

Our results support previous findings that suppressing LC-NE signaling decreases 

arousal, promotes sleep, and slows down reaction time (De Sarro et al., 1987; Halliday et 

al., 1989; Berridge et al., 1993; Turetsky and Fein, 2002; Hou et al., 2005; Carter et al., 

2010). Given that the main effect of suppressing LC-NE is to reduce arousal/motivation, 

the behavioral impairment is likely to be task-independent. A recent study showed that 

systemic clonidine did not affect decision bias (Gelbard-Sagiv et al., 2018). In this study 

human subjects were instructed to adjust their preparedness before initiating a new trial, 

which possibly engaged other arousal-promoting circuits (e.g., the cholinergic system, 

McGaughy et al., 1996) to compensate the clonidine-induced decline of 

arousal/motivation (Thiele and Bellgrove, 2018).  

In terms of activation, we found that localized yohimbine infusion in the LC 

improved tactile detection (increased Correct Rejection rate and detection sensitivity, and 

reduced Impulsive rate), while systemic yohimbine treatment impaired behavior 

(increased Impulsive rate, and decreased Correct Rejection rate, decision bias and 

detection sensitivity). Our findings are consistent with others showing that systemic 
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yohimbine increased impulsivity (Swann et al., 2005, 2013; Sun et al., 2010). The 

different behavioral effects between localized and systemic treatments suggest that 

increased impulsivity is likely due to yohimbine acting on presynaptic and postsynaptic 

α2 ARs (Starke et al., 1975; Szemeredi et al., 1991; Arnsten and Cai, 1993) in “off-

target” α2-expressing regions, such as the peripheral nervous system (Liu et al., 2017), 

the noradrenergic neurons in the nucleus of the solitary tract (Van Bockstaele et al., 1999; 

Kirouac, 2015), and the prefrontal cortex (Solanto, 1998; Arnsten, 2000; Ramos and 

Arnsten, 2007; Sun et al., 2010; Janitzky et al., 2015). It should be noted that yohimbine 

also has pronounced affinity to 5-HT1 receptors and dopamine D2 receptors (Millan et 

al., 2000). In addition, activating LC via localized or systemic administration of 

corticotropin-releasing factors differently affected rats performing an attention set 

shifting task (Snyder et al., 2012). Together, these findings strongly suggest that systemic 

yohimbine treatment, or in general non-specific NE activation, cannot be interpreted as 

specific manipulation of the LC-NE circuit.  

Importantly, whether systemic (non-specific) NE activation impairs or improves 

task performance likely depends on the brain regions, the receptors (adrenergic and non-

adrenergic), and the type of the behavior task involved. For example, during systemic 

administration of the psychostimulant methylphenidate (MPH, an NE-DA reuptake 

inhibitor), enhanced NE release acting on α1 ARs in the prefrontal cortex was reasoned to 

underlie the dose-dependent changes in rats performing a sustained attention task 

(Berridge et al., 2006, 2012; Andrzejewski et al., 2014; Spencer et al., 2015; Berridge and 

Spencer, 2016). On the other hand, the activation of prefrontal α2 ARs and dopamine D1 
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receptors during MPH administration contributed to improved performance in a spatial 

working memory task (e.g., Arnsten and Dudley, 2005; Berridge et al., 2006). 

Our study could have implications for several neurological disorders, including 

attention-deficit hyperactivity disorder (ADHD), for which one of the major diagnostic 

criteria is impulsive behavior (Castellanos and Tannock, 2002). In children performing a 

Go/NoGo learning task, those diagnosed with ADHD had a higher False Alarm rate than 

controls (e.g., Iaboni et al., 1995). Mice with ADHD phenotypes also exhibited higher 

False Alarm and Impulsive rates during Go/ NoGo motor tests (Majdak et al., 2016). 

Interestingly, this impulsive/ distractible response has been linked to high tonic LC 

activity (Rajkowski et al., 1994; Usher et al., 1999; Aston-Jones and Cohen, 2005). 

Consistent with these findings, clonidine, and possibly other α2 agonists, can suppress 

LC activity and reduce impulsivity (Mangeot et al., 2001; Berridge and Waterhouse, 

2003).  

We found that unilateral LC perturbation (contralateral to whisker stimulation) is 

sufficient to produce pronounced behavioral changes. Since unilateral LC suppression 

mainly reduced arousal/motivation, it suggests that this manipulation affects arousal-

related circuits down-stream of LC, such as the basal forebrain cholinergic system and 

the preoptic area of the hypothalamus (Jones and Moore, 1977; Espana and Berridge, 

2008). Thus, we anticipate that the behavioral impairment is laterality independent, i.e., 

suppressing the LC ipsilateral to whisker stimulation would similarly reduce 

arousal/motivation. We found that unilateral LC activation improves tactile detection. In 

our behavior task, the right C2 whisker was stimulated, and yohimbine was infused in the 
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left LC. In rodents, the ascending whisker information is fully crossed in somatosensory 

thalamus and cortex (Diamond et al., 2008), which in turn receive extensive innervations 

from the ipsilateral LC (Simpson et al., 1997). Since unilateral LC activation improves 

detection sensitivity (d’) while leaving decision bias (c) unaffected, our results imply that 

activating the left LC enhances the representation of the contralateral (right) whisker 

stimulation to improve task performance, potentially through NE modulating the 

ipsilateral (left) somatosensory thalamus and/or somatosensory cortex. This interpretation 

is in line with previous results showing that enhanced LC-NE signaling improves sensory 

processing in somatosensation-related area (e.g., Lecas, 2004; Devilbiss et al., 2006; 

Hirata et al., 2006; Vazey et al., 2018). We anticipate that stimulating the right LC 

(ipsilateral to whisker stimulation) would not produce similar behavioral effects, and that 

the behavioral improvement is laterality- and task-dependent (e.g., perceptual vs. non-

perceptual). However, it remains a possibility that unilateral LC activation could enhance 

bilateral LC responses (Marzo et al., 2014), and stimulating the right LC could produce 

similar behavioral improvement. Future experiments are needed to test these hypotheses.  

Our localized yohimbine results support two recent studies testing how activating 

LC-NE affects perceptual task performance. In one, LC was optogenetically activated in 

rats performing a tactile frequency discrimination task (Rodenkirch et al., 2019). In 

another, LC-NE signaling was enhanced by using a selective NE reuptake inhibitor in 

human subjects performing visual detection/discrimination tasks (Gelbard-Sagiv et al., 

2018). Regardless of the differences in species and perturbation methods, activating LC-

NE improves sensitivity (d’) and performance, suggesting that the behavioral 
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enhancement is more specific to LC-NE acting on sensory processing-related areas. 

Future work is needed to examine how LC projections in different somatosensory areas 

differentially contribute to tactile perception, and how perturbing LC-NE modulates other 

types of behavioral tasks. 

 

Methods 

Mice 

Both male and female mice were used in this study. All mice were C57BL/6J 

except 2 (out of 6) included in the localized clonidine treatment were of mixed B6J/129 

background. Mice were housed with reversed light/dark cycle (9A – 9P dark, 9P – 9A 

light). Mice of 6–12 weeks were implanted with head posts and/or cannulas. Clonidine 

(an α2 agonist, Sigma-Aldrich) was administered locally in 6 mice and systemically in 3 

mice. Yohimbine (an α2 antagonist, Sigma-Aldrich) was administered locally in 7 mice 

and systemically in 5 mice. Every mouse received corresponding localized or systemic 

saline injections as controls. Quantification of localized pharmacological effects on LC 

activity was performed by immunostaining for the immediate early gene c-fos in 11 mice. 

All procedures were approved by the UC Riverside Animal Care and Use Committee. 

 

Surgery  

Head post surgeries were similar to previously published work (Yang et al., 

2016). In brief, mice were anesthetized (1–2% isoflurane) and affixed to a stereotaxic 

instrument (Kopf, RWD). Body temperature was maintained with a heating blanket 
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(Harvard Apparatus, RWD) throughout the surgical procedures. The scalp over the dorsal 

surface of the skull was cleaned with betadine and 70% ethanol, then removed. The 

periosteum was removed and the skull scored with a dental drill. Cyanoacrylate was 

applied to the border of the skull and scalp. The head post was placed and secured with 

dental acrylic. A craniotomy of ~1 mm × 1 mm was made over the left hemisphere, 

centered at 5.2–5.3 mm posterior to bregma and 0.9–1.0 mm lateral to midline. A guide 

cannula (27G, 3.5 mm long, RWD) with dummy insert was advanced vertically into the 

brain until a depth of 1.8 mm. Dental acrylic was used to secure the guide cannula and 

filled in the remaining exposed skull surface. After surgery, mice were single housed and 

allowed to recover for at least 48 h. 

 

Behavioral task  

Following recovery from the surgery, mice were restricted to 1 mL/day water 

consumption for 7–10 days before behavioral training. The behavior task was adapted 

from published work (Yang et al., 2016). Briefly, mice were trained to perform a head-

fixed, Go/NoGo single-whisker detection task, in which mice reported whether they 

perceived a brief deflection (200 ms, 25 Hz, ~600 deg/s) to the right C2 whisker by 

licking or withholding licking. Ambient white noise (1–40 kHz) was played throughout 

the session. An auditory cue (8 kHz) was presented at the beginning of each trial, 1.5 s 

prior to the time of possible stimulus onset. Trial outcomes comprised a mixture of 

successful and failed stimulus detection (Hit and Miss), as well as successful and failed 

responses to stimulus absence (Correct Rejection and False Alarm). Trials were aborted if 
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mice licked prematurely during the waiting period between auditory cue and the time of 

possible stimulus onset (Impulsive). Trials were also considered impulsive when mice 

licked within the first 100 ms window from stimulus onset (Mayrhofer et al., 2013; Yang 

et al., 2016). Mice performed one behavior session (300–500 trials) per day. Mice never 

achieved saturating performance in this task (Yang et al., 2016), indicating that detecting 

weak single-whisker deflection is perceptually demanding. All aspects of behavioral 

control were managed by custom Arduino-based hardware and software. Behavioral data 

were acquired with WaveSurfer (https://www.janelia. org/open-science/wavesurfer). 

 

Pharmacology  

All drugs were dissolved in physiological saline. Localized pharmacology was 

administered during behavior sessions. Drug or saline was loaded into a 1 μL Hamilton 

syringe, controlled by a syringe pump (Harvard Apparatus). Mice were placed in the 

behavior chamber and injection cannula (33G, 5 mm long) inserted into the guide 

cannula. The infusion depth was 3.3 mm. Infusion was initiated within the first 20 

behavior trials. 300 nL of drug or saline was infused at a rate of 60 nL/min. At the 

conclusion of a behavior session, the injection cannula was removed and dummy insert 

replaced.  

Systemic pharmacology was administered just prior to behavior sessions. Mice 

were briefly anesthetized (< 1 min) with 2–3% isoflurane, during which 50 μL of drug or 

saline was injected via i.p.. Mice were allowed to recover for 5 min before starting the 
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behavior session. During baseline behavioral sessions (one day before i.p. treatment), 

mice were also briefly anesthetized to account for any potential effects from anesthesia. 

 

Histology 

At the conclusion of behavioral experiments, mice with cannula implants received 

localized Fluoro-Gold infusion (0.1–1%, 300 nL) at a rate of 60 nL/min. 40–60 min later, 

mice were anesthetized with ketamine/xylazine and perfused intracardially with 4% 

paraformaldehyde, and the brains harvested and post fixed. 100 μM thick coronal 

sections were cut (Leica, VT1200s). Sections containing LC were incubated with rabbit 

anti-Tyrosine Hydroxylase (TH) antibody (Thermofisher OPA 1–04050, 1:1000), 

followed by goat anti-rabbit IgG Alexa Fluor 488 or 594 secondary antibody 

(Thermofisher A32731 or A32740, 1:1000), and mounted with DAPI mounting media 

(Vector labs). Co-localization of Fluoro-Gold and TH immunoactivity, as well as the 

cannula tract, were used to verify cannula placement.  

The expression of an immediate early gene, c-fos, was examined to assess the 

impact of localized drug treatment on LC activity. Infusions were performed in the left 

LC, with the contralateral (right) LC serving as a control. Clonidine was infused in 4 

awake mice. Yohimbine was infused in 5 mice, 2 of which received infusion under 

anesthesia, with the purpose to reduce basal LC activation and to enhance the contrast 

between the injected side and the control side. The remaining 3 mice received infusion 

during wakefulness. Saline was infused in 2 awake mice. All mice were perfused 40–60 

min post infusion. Coronal sections containing LC were first incubated with rabbit anti-c-
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fos antibody (Cell Signaling 2250S, 1:400), followed by secondary antibody 

(Thermofisher A32740, 1:400). Sections were then incubated with rabbit IgG isotype 

control (Thermofisher 31235, 1:17000) to quench non-specific signals, and subsequently 

stained for TH. Z-stack images were acquired using a confocal microscope (Leica SPE II) 

and flattened using Fiji (Schindelin et al., 2012) 

 

Data analysis 

 Behavior data were analyzed off-line with MATLAB. To account for 

the fact that some mice did not immediately engage in the task, the initial 20–40 trials 

were removed from behavior analysis. In some sessions, trials toward session end were 

also removed from analysis when mice appeared to be disengaged from the task (Hit rate 

dropped below 50%, typically after 300–400 trials). For sessions shown in Figure 1.1, we 

included an additional 20–50 trials toward session end to demonstrate a near-complete 

cessation of task performance. Decision bias/ criterion (c) and detection sensitivity (d’) 

were calculated based on Hit rate (HR) and False Alarm rate (FAR): c = z(HR) – z(FAR), 

d’ = -(z (HR) + z(FAR))/2, where z is the normal inverse cumulative distribution 

function.  

c-fos expression was analyzed using QuPath (Bankhead et al., 2017). Borders 

around the LC were manually drawn to identify regions of interest. For each mouse, 2–3 

images with the greatest TH and c-fos expressions were used to determine the minimum 

and maximum cell sizes, as well as the fluorescent intensity threshold. Individual cells 
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expressing supra-threshold TH or c-fos were detected. Results were manually verified for 

each image.  

Data were reported as mean ± s.e.m. unless otherwise noted. Statistical tests were 

by two-tailed Wilcoxon signed rank unless otherwise noted. 
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Figures and Tables 

 

Figure 1.1 Mouse behavior fluctuates within single sessions. 

(a) Trial structure (top) and the five possible trial types (bottom). (b) Left: Mean single-

session trajectories of Hit rate, CR rate, IS rate and overall performance (± s.e.m.). 

Behavioral sessions of different lengths (348 ± 20 trials, mean ± s.e.m., n = 13) are 

normalized using % total number of trials (session progression). Trajectories are 

smoothed using a moving window of 30 trials. Right: Trajectories of Hit, CR and IS rates 

averaged every 20% progression. (c) Trajectories of decision bias (c) and detection 

sensitivity (d’), based on Hit and CR rates in b. (d) Trajectory of overall performance 

(Fraction Correct shown in b, averaged every 20% progression) illustrates an inverted-U 

shape. (e)  Mean single-session trajectory of RT (± s.e.m.), averaged every 20% 

progression. (f) Mean single-session trajectory of cumulated water consumption (± 

s.e.m.), based on an estimate of 5 μL dispense per Hit trial. g. CR rate vs. Hit rate 

trajectory, based on values in b.  
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Figure 1.2 IS rate was positively correlated with Hit rate (a), and negatively correlated 

with CR rate (b). 

Dashed lines: linear fitting. 
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Figure 1.3 Lick count decreased as task progressed within sessions. 

Left: normalized single session trajectory of lick count, mean ± s.e.m. Right: averaged 

every 20% progression. Lick count is defined as the total number of licks emitted in each 

trial.
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Figure 1.4 Localized clonidine infusion impairs tactile detection.  

(a) Schematic of drug infusion setup. (b) Histological section showing LC (green) and the 

tract of the infusion cannula, overlaid with an illustration of cannula placement. (c) Left: 

Example c-fos expression (red) in the LC (green) after localized clonidine infusion. The 

contralateral LC serves as a basal level control. Right: c-fos expression was reduced 

upon clonidine infusion in 4 awake mice (p = 0.014, two-tailed paired t-test. Cell counts 

for individual mice are shown in Table 1.1). % LC activation was defined as the fraction 

of TH/c-fos double positive cells among TH positive cells. (d) Mean single-session 

trajectories for Hit (left) and CR (right) rates during baseline and clonidine sessions (± 

s.e.m.). Baseline sessions were recorded one day before infusion. Black arrow indicates 

the onset of Hit rate recovery. (e-g) Hit rate, CR rate, IS rate, Fraction Correct, RT, 

decision bias (c) and detection sensitivity (d’) for baseline (black dot, median) and 

clonidine (red dot, median) sessions. Gray lines indicate individual consecutive two-day, 

baseline-clonidine pairs. Hit rate, p = 0.002, Signed rank = 55; CR rate, p = 0.002, 

Signed rank = 0; IS rate, p = 0.002, Signed rank = 55; Frac. Corr., p = 0.0039, Signed 

rank = 54; RT, p = 0.019, Signed rank = 5; c, p = 0.002, Signed rank = 0; d’, 

p = 0.0059, Signed rank = 53. n = 10. (h) CR rate vs. Hit rate trajectory showing 

clonidine reduces motivation (low Hit rate and high CR rate), which coincides with 

mouse behavior toward the end of normal baseline sessions.  
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Figure 1.5 Drug spread approximately 400um. 

5 consecutive 100 µm coronal sections from a mouse where 300 nL Fluoro-Gold was 

locally infused. Arrows point to visible Fluoro-Gold (red) in sections 2-4. Fluoro-Gold in 

the most anterior and posterior sections (1 and 5) is very faint. 
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Figure 1.6  Two example behavior sessions of localized clonidine infusion.  

Mouse behavior tended to recover later in the session (Hit rate increased and CR rate 

decreased), indicated by the arrows. 
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Figure 1.7 Comparing the effects local clonidine and saline infusions.  

Mean Hit rate, CR rate, IS rate, Fraction Correct, RT, decision bias (c) and detection 

sensitivity (d’) for 3 consecutive days (± s.e.m.). Black: saline, n = 6; Red: clonidine, n = 

8. 
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Figure 1.8 Localized saline infusion did not affect behavior.  

Hit rate, P = 1, Signed rank = 22; CR rate, P = 0.20, Signed rank = 11; IS rate, P = 

0.13, Signed rank = 36; Frac. Corr., P = 0.16, Signed rank = 10; RT, P = 0.055, Signed 

rank = 6; c, P = 0.30, Signed rank = 13; d’, P = 0.65, Signed rank = 18. n = 9. 
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Figure 1.9 Clonidine minimally affected behavior when the infusion was outside of 

LC.  

(a) Example histological sections showing off-target infusion. The location of drug 

infusion was estimated by Fluoro-Gold (red), which is ~300 µm anterior to the LC 

(green). (b) Hit and CR rates during baseline and off-target clonidine sessions (Hit rate, 

0.85 ± 0.03 vs. 0.79 ± 0.05; CR rate, 0.78 ± 0.05 vs. 0.80 ± 0.05, mean ± s.e.m., n = 5). 
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Figure 1.10 Clonidine infusions exhibit a dose dependent trend. 

Hit rate, CR rate, decision bias (c) and detection sensitivity (d’) for baseline (black, n = 

10), 5 mM clonidine (light red, n = 5), and 10 mM clonidine (red, n = 10) sessions.  

(a) Hit rate: one-way ANOVA, F(2,22) = 23.97, P = 3.0e-6. Baseline vs. 5 mM, P = 0.70; 

Baseline vs. 10 mM, P = 3.5e-6; 5 mM vs. 10 mM, P = 4.0e-4. (b) CR rate: one-way 

ANOVA, F(2,22) = 18.69, P = 1.8e5. Baseline vs. 5 mM, P = 0.18; Baseline vs. 10 mM, 

P = 1.2e-5; 5 mM vs. 10 mM, P = 0.013. (c) Decision bias: one-way ANOVA, F(2,22) = 

26.47, P = 1.4e-6. Baseline vs. 5 mM, P = 0.36; Baseline vs. 10 mM, P = 1.2e-6; 5 mM 

vs. 10 mM, P = 6.6e-4. (d) Detection sensitivity: one-way ANOVA, F(2,22) = 4.39, P = 

0.025. Baseline vs. 5 mM, P = 0.98; Baseline vs. 10 mM, P = 0.029; 5 mM vs. 10 mM, P 

= 0.12. All post-hoc pairwise tests were Tukey-Kramer. 
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Figure 1.11 Systemic clonidine treatment impairs tactile detection. 

(a-c) Hit rate, CR rate, IS rate, Fraction Correct, RT, decision bias (c) and detection 

sensitivity (d’) for baseline (black dot, median) and clonidine (red dot, median) sessions. 

Gray lines indicate individual consecutive two-day, baseline-clonidine pairs. Hit rate, 

P = 0.016, Signed rank = 28; CR rate, P = 0.031, Signed rank = 1; IS rate, P = 0.031, 

Signed rank = 27; Frac. Corr., P = 0.016, Signed rank = 28; RT, P = 0.031, Signed 

rank = 1; c, P = 0.016, Signed rank = 0; d’, P = 0.016, Signed rank = 28. n = 7. (d) CR 

rate vs. Hit rate trajectory showing clonidine reduces motivation (low Hit rate and high 

CR rate), similar to localized infusion in Fig. 1.4h. 
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Figure 1.12 Systemic saline administration did not affect behavior.  

Hit rate, P = 0.81, Signed rank = 16; CR rate, P = 1, Signed rank = 14; IS rate, P = 

0.70, Signed rank = 16.5; Frac. Corr., P = 0.81, Signed rank = 16; RT, P = 0.69, Signed 

rank = 17; c, P = 0.58, Signed rank = 10; d’, P = 0.47, Signed rank = 19. n = 7. 
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Figure 1.13 Localized yohimbine infusion improves tactile detection.  

(a) Left: Example c-fos expression (red) in the LC (green) after localized yohimbine 

infusion. The contralateral LC serves as a basal level control. Right: c-fos expression 

was enhanced upon yohimbine infusion in 5 mice (P = 0.0033, two-tailed paired t-test. 2 

under anesthesia, black lines; 3 during wakefulness, gray lines. Cell counts for individual 

mice are shown in Table 1.2). % LC activation was defined as the fraction of TH/c-fos 

double positive cells among TH positive cells. (b) Mean single-session trajectories for Hit 

(top) and CR (bottom) rates during baseline and yohimbine sessions (± s.e.m.). Baseline 

sessions were recorded one day before infusion. (c-e) Hit rate, CR rate, IS rate, Fraction 

Correct, RT, decision bias (c) and detection sensitivity (d’) for baseline (black dot, 

median) and yohimbine (magenta dot, median) sessions. Gray lines indicate individual 

consecutive two-day, baseline-yohimbine pairs. Hit rate, P = 0.20, Signed rank = 11; CR 

rate, p = 0.0039, Signed rank = 0; IS rate, p = 0.0078, Signed rank = 44; Frac. Corr., 

p = 0.0039, Signed rank = 0; RT, p = 0.074, Signed rank = 7; c, p = 0.30, Signed 

rank = 11; d’, p = 0.0078, Signed rank = 1. n = 9. (f) CR rate vs. Hit rate trajectory 

showing yohimbine transitioned mouse behavior to a near-optimal regime (high Hit rate 

and high CR rate), similar to mouse behavior around the middle of normal baseline 

sessions. 
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Figure 1.14 Comparing the effects of local yohimbine and saline infusions. 

Mean Hit rate, CR rate, IS rate, Fraction Correct, RT, decision bias (c) and detection 

sensitivity (d’) for 3 consecutive days (± s.e.m.). Black: saline, n = 7; Magenta: 

yohimbine, n = 9.  
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Figure 1.15 Localized saline injection did not affect behavior.  

Hit rate, P = 0.32, Signed rank = 17; CR rate, P = 0.92, Signed rank = 29; IS rate, P = 

0.70, Signed rank = 32; Frac. Corr., P = 0.63, Signed rank = 22; RT, P = 0.43, Signed 

rank = 19; c, P = 0.77, Signed rank = 31; d’, P = 0.86, Signed rank = 25. n = 10. 
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Figure 1.16 Yohimbine infusions exhibit a dose dependent trend. 

Hit rate, CR rate, decision bias (c) and detection sensitivity (d’) for baseline (black, n = 

9), 10 mM yohimbine (light magenta, n = 9), and 20 mM yohimbine (magenta, n = 6) 

sessions. (a) Hit rate: one-way ANOVA, F(2,21) = 0.89, P = 0.42. Baseline vs. 10 mM, P 

= 0.48; Baseline vs. 20 mM, P = 0.53; 10 mM vs. 20 mM, P = 1.0. (b) CR rate: one-way 

ANOVA, F(2,21) = 7.36, P = 0.0038. Baseline vs. 10 mM, P = 0.021; Baseline vs. 20 

mM, P = 0.0055; 10 mM vs. 20 mM, P = 0.66. (c) Decision bias: one-way ANOVA, 

F(2,21) = 2.17, P = 0.14. Baseline vs. 10 mM, P = 0.61; Baseline vs. 20 mM, P = 0.18; 

10 mM vs. 20 mM, P = 0.45. (d) Detection sensitivity: oneway ANOVA, F(2,21) = 6.9, P 

= 0.0047. Baseline vs. 10 mM, P = 0.029; Baseline vs. 20 mM, P = 0.0061; 10 mM vs. 20 

mM, P = 0.58. All post-hoc pairwise tests were Tukey-Kramer. 
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Figure 1.17 Systemic yohimbine treatment impairs tactile detection. 

(a-c) Hit rate, CR rate, IS rate, Fraction Correct, RT, decision bias (c) and detection 

sensitivity (d’) for baseline (black dot, median) and yohimbine (magenta dot, median) 

sessions. Gray lines indicate individual consecutive two-day, baseline-yohimbine pairs. 

Hit rate, P = 1, Signed rank = 18; CR rate, P = 0.0078, Signed rank = 36; IS rate, 

P = 0.0078, Signed rank = 0; Frac. Corr., P = 0.0078, Signed rank = 36; RT, P = 0.84, 

Signed rank = 16; c, P = 0.039, Signed rank = 33; d’, P = 0.0078, Signed rank = 36. 

n = 8. (d) CR rate vs. Hit rate trajectory showing yohimbine promotes impulsivity (high 

Hit rate and low CR rate), which coincides with mouse behavior at the beginning of 

normal baseline sessions. 
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Clonidine 

Mouse 

Number 

1  2  3  4  

 Left Right Left Right Left Right Left Right 

TH 

positive 

cells 

424 406 389 252 299 325 169 178 

TH/c-fos 

double 

positive 

cells 

16 56 15 19 106 130 13 26 

c-fos 

expression 

level (%) 

3.8 13.8 3.9 7.5 35.5 40.0 7.7 14.6 

 p < 1e-5 p = 0.0021 p = 0.060 p = 0.0049 

 

Table 1.1 Quantification of c-fos expression to examine the effect of localized clonidine 

infusion on LC activity in 4 awake mice.  

Clonidine was infused in the left LC. The right LC serves as a basal level control. 

Permutation test was performed (105 iterations) to compare c-fos expression levels 

between the left and right LC in individual mice. 
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Yohimbine 

Mouse 

Number 

1  2  3  4  5  

 Left Right Left Right Left Right Left Right Left Right 

TH 

positive 

cells 

531 536 416 402 100 196 355 382 501 458 

TH/c-fos 

double 

positive 

cells 

209 106 112 12 52 51 191 153 104 48 

c-fos 

expression 

level (%) 

39.4 19.8 26.9 3.0 52.0 26.0 53.8 40.1 20.8 10.5 

 p < 1e-5 p < 1e-5 p < 1e-5 p < 1e-5 p < 1e-5 

 

Table 1.2 Quantification of c-fos expression to examine the effect of localized 

yohimbine infusion on LC activity in 5 mice.  

Yohimbine was infused in the left LC (Mouse 1 and 2: anesthesia; Mouse 3–5: awake). 

The right LC serves as a basal level control. Permutation test was performed 

(105 iterations) to compare c-fos expression levels between the left and right LC in 

individual mice. 
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Saline 

Mouse Number 1  2  

 Left Right Left Right 

TH positive 

cells 

453 442 586 577 

TH/c-fos 

double positive 

cells 

40 41 117 132 

c-fos 

expression level 

(%) 

8.8 9.3 20.0 22.9 

 p = 0.41 p = 0.051 

 

Table 1.3 Quantification of c-fos expression to examine the effect of localized saline 

infusion on LC activity in 2 awake mice.  

Saline was infused in the left LC. The right LC serves as a basal level control. 

Permutation test was performed (105 iterations) to compare c-fos expression levels 

between the left and right LC in individual mice. 
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Chapter 2 - The Locus Coeruleus Mediates Behavioral Flexibility 

 

Abstract 

Behavioral flexibility refers to the ability to adjust behavioral strategies in 

response to changing environmental contingencies. A major hypothesis in the field posits 

that the activity of neurons in the locus coeruleus (LC) plays an important role in 

mediating behavioral flexibility. To test this hypothesis, we developed a novel context-

dependent bilateral tactile detection task where mice responded to left and right whisker 

deflections in a rule-dependent manner and exhibited varying degrees of flexible 

switching behavior. Recording from optogenetically-tagged neurons in the LC during 

task performance revealed a prominent graded correlation between baseline LC activity 

and behavioral flexibility, where higher baseline activity following a rule change was 

associated with faster behavioral switching to the new rule. Increasing baseline LC 

activity with optogenetic activation improved task performance and accelerated task 

switching. Overall, our study provides strong evidence to demonstrate that LC activity 

mediates behavioral flexibility. 

 

Introduction 

 Behavioral flexibility, the ability to adapt goal-directed responses to changing 

environmental contexts and demands, is critical to the survival of organisms. For 

example, a pedestrian in New York should first look left to check incoming traffic before 

crossing a street. The same person in London would suppress this habitual response and 
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look to the right instead. Inappropriate behavioral adaptations are observed in a broad 

spectrum of psychiatric disorders and aging (Uddin, 2021). Understanding the neural 

substrates of behavioral flexibility is a major topic of systems neuroscience research.  

Several key brain structures have been implicated in supporting flexible 

behavioral switching (Devauges and Sara, 1990; Birrell and Brown, 2000; Lapiz and 

Morilak, 2006; Rich and Shapiro, 2009; Durstewitz et al., 2010; Janitzky et al., 2015; 

Martins and Froemke, 2015; Glennon et al., 2019; Bartolo and Averbeck, 2020), 

including the noradrenergic nucleus locus coeruleus (LC). A major hypothesis in the field 

posits that the activity of LC neurons plays a critical role in mediating behavioral 

flexibility (Aston-Jones et al., 1999; Aston-Jones and Cohen, 2005; Sara and Bouret, 

2012). This hypothesis is primarily built upon electrophysiological evidence from non-

human primates and rodents showing that LC responds to salient stimuli and that LC 

activity reflects behavioral states and task performance (e.g., Aston-Jones and Bloom, 

1981; Aston-Jones et al., 1994; Rajkowski et al., 1994, 2004; Usher et al., 1999; Clayton 

et al., 2004). Other studies have reported that LC activity is associated with rule changes 

(Aston-Jones et al., 1997; Bouret and Sara, 2004; Janitzky et al., 2015; Martins and 

Froemke, 2015; Glennon et al., 2019; Xiang et al., 2019). However, to the best of our 

knowledge, it is currently unknown whether and how LC activity is linked to different 

degrees of behavioral flexibility. Furthermore, no prior work has directly tested this 

hypothesis by recording and perturbing genetically-defined noradrenergic neurons in the 

LC during a rule-shift task to determine causal relationships between LC activity and 

behavioral flexibility. Answering these questions is a critical step toward unraveling the 
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molecular, cellular and circuit mechanisms underlying LC modulation of behavioral 

flexibility and cognitive functions. 

To bridge these knowledge gaps and to assess the extent to which the LC 

contributes to flexible task switching, we developed a novel context-dependent bilateral 

tactile detection task in head-fixed mice, where mice were trained to respond to left and 

right single-whisker deflections in a rule-dependent manner and exhibited varying 

degrees of flexible switching behavior within individual sessions. During task 

performance, we recorded from optogenetically-tagged noradrenergic neurons in the LC 

and established a graded relationship between LC spiking activity and flexible task 

switching. Higher behavioral flexibility (faster switching to the new rule) was 

characterized by a greater increase in baseline LC activity upon the rule change compared 

with lower behavioral flexibility (slower switching to the new rule). Increasing baseline 

LC activity with optogenetic activation led to robust improvements in task switching and 

task performance. Together, our data provide strong evidence to support that the LC is 

critical in mediating flexible behavioral switching. 

 

Results 

Mice exhibit flexible and inflexible behaviors within single sessions  

We developed a novel context-dependent bilateral tactile detection task to probe 

behavioral flexibility in head-fixed mice. There were two rules (contexts) in the task: Left 

Go and Right Go, and mice were trained to adapt to repeated rule changes within 

individual behavioral sessions (Figure 2.1a-c, Methods). On each trial, one of the two 
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whiskers (left or right C2) was stimulated. For the Left Go rule, the left whisker 

deflection was the Go stimulus and the right whisker deflection was the NoGo stimulus, 

and vice versa for the Right Go rule. Licking during a response window following 

whisker stimulation determined trial outcome (Figure 2.1b-c). Individual sessions 

typically consisted of 2-3 blocks, with each block consisting of 100-200 trials. The rule of 

the first block (Block 1) was randomly assigned, and each subsequent block had the 

alternate rule as the preceding block (e.g., Block 1: Left Go; Block 2: Right Go, Figure 

2.1a). The beginning of each block consisted of 5-10 ‘cueing trials’, where the 

presentation of the Go stimulus was paired with water delivery (Methods). Since block 1 

did not involve a rule change, subsequent analyses were focused on the blocks following 

block 1, with switch performance referring to task performance (fraction correct) in these 

blocks. The training process took several weeks (Figure 2.1d), and mice were considered 

well trained once their switch performance in block 2 was above 65% for two 

consecutive days (Chevée et al., 2021) (Methods). Mice were able to perform Left Go 

and Right Go blocks at similar levels (i.e., no apparent ‘handedness’, Figure 2.2a), so 

both types of blocks were pooled in subsequent analyses. 

We noticed that well-trained mice exhibited varying degrees of switch 

performance following a rule change (Figure 2.1e, f). To quantify the degree of flexible 

task switching, we defined a behavioral switch point where task performance in a 50-trial 

moving window surpassed a threshold of 85% (Methods). Notably, behavioral switch 

point exhibited a strong negative correlation with switch performance (Figure 2.1g). 

Since behavioral switch point followed a bimodal distribution separated around trial 50, 
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we referred to blocks with behavioral switch point below trial 50 as ‘flexible blocks’ and 

those above as ‘inflexible blocks’ (Figure 2.1h). As expected, switch performance in 

flexible blocks was significantly higher than in inflexible blocks (Figure 2.1i). To test 

whether such changes in switch performance were due to variations in motivational states 

(Berditchevskaia et al., 2016; Allen et al., 2019; McBurney-Lin et al., 2020), we did 

further analysis to show that neither flexible nor inflexible blocks were preferentially 

concentrated toward the beginning or the end of individual sessions (Figure 2.2b). 

Additionally, reaction time and number of licks were not different between flexible and 

inflexible blocks (Figure 2.2c). These results strongly suggest that motivational changes 

during a session cannot account for the differences in task switching between flexible and 

inflexible blocks. Together, our data demonstrate that mice exhibited varying degrees of 

flexible switching behavior in the novel context-dependent bilateral tactile detection task. 

 

LC spiking is monotonically linked to task switching 

Next, we recorded spiking activity from optogenetically-tagged single units in the 

LC and pupil diameter during task performance (Figure 2.3a, b).  Based on previous work 

(Aston-Jones et al., 1997; Usher et al., 1999; Yang et al., 2021), we hypothesized that the 

pre-stimulus baseline LC activity was associated with the degree of behavioral flexibility. 

To test this, we first analyzed baseline LC activity (quantified in 1-s window preceding 

whisker stimulation onset) before and after the rule change in a subset of sessions where 

both a flexible block and an inflexible block occurred (14 blocks from 7 sessions, for 

paired comparison) and found that LC spiking was elevated following the rule change 
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only in the flexible blocks (Figure 2.3c-e). That is, in blocks where mice more promptly 

adapted their responses to the new rule, baseline LC activity was transiently elevated 

following the rule change (After), compared with the baseline LC activity right before the 

rule change (i.e., at the end of the previous block - Before, Figure 2.3e, f, Methods). The 

changes in baseline activity upon the rule shift (ΔFiring rate: After – Before) was also 

higher in flexible blocks than inflexible blocks (Flexible vs. Inflexible, 0.50 ± 0.16 vs. -

0.28 ± 0.16 sp/s, p = 0.02, Figure 2.3f). Similar trends held when we included flexible 

and inflexible blocks that were not necessarily from the same sessions (i.e., unpaired 

comparison, Figure 2.4a). Importantly, changes in baseline LC activity upon the rule shift 

exhibited a graded and significant negative correlation with behavioral switch point 

(Figure 2.3g, Pearson correlation coefficient = -0.42, p = 0.0026), substantiating and 

extending the findings based on the binarized flexible and inflexible blocks. Licking 

behavior during flexible and inflexible blocks were similar (Figure 2.4b), and the trend of 

LC activity held when we only included hit trials in the analysis (Figure 2.4c, d). In 

addition, baseline activity was quantified prior to any possible licking events in a trial. 

Together, these lines of evidence strongly suggest that the observed changes in LC 

activity were not a direct effect of licking itself (Zagha et al., 2022).  

To further determine whether the observed changes in baseline LC activity 

reflected true changes in behavioral flexibility, we quantified task performance in trial 

blocks immediately preceding the identified flexible and inflexible blocks. Performance 

in blocks immediately preceding the flexible blocks (i.e., blocks with a different rule) was 

comparable to the performance in those flexible blocks. In contrast, task performance in 
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blocks immediately preceding the inflexible blocks was higher than the performance in 

the inflexible blocks (Figure 2.4e). These results strongly suggest that 1) the identified 

flexible blocks and the associated LC activity reflected true flexible task switching, such 

that mice were adapting to both rules, instead of simply following one rule; and 2) the 

identified inflexible blocks and the associated LC activity reflected true inability to 

switch to the new rule, instead of an overall lack of performance in the task. Although 

pupil diameter was bigger in the After period in both flexible and inflexible blocks, the 

changes in pupil diameter upon the rule shift (ΔPupil: After - Before) were slightly bigger 

in the flexible blocks than the inflexible blocks (Figure 2.4f), consistent with the trend of 

LC activity. Overall, our data show that baseline LC activity was correlated with the 

degree of flexible task switching, such that higher baseline activity following the rule 

change was associated with a faster behavioral adaptation to the new rule. 

 

LC activation improves task switching  

Next, to determine the causal role of LC activity in behavioral flexibility, we 

optogenetically activated LC neurons during behavior. We recruited mice that had been 

trained for >4 weeks with switch performance consistently below the 65% threshold. 

Adapted from the paradigm used in a previous study (Glennon et al., 2019), optical 

stimulation (10 Hz, 10 mW) was delivered in a 0.5-s window prior to whisker stimulation 

onset in trials following the rule change (Figure 2.5a, Methods). Channelrhodopsin-2 

(ChR2) was expressed in the LC of both test and control groups, but test group had the 

optical fiber implanted in the LC, and the control group with optical fiber implanted away 
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from the LC (Figure 2.6a). The fiber implant was confirmed by pupil responses to optical 

stimulation (Figure 2.5b, Privitera et al., 2020; Megemont et al., 2022). Switch 

performance of the test group noticeably improved upon LC stimulation compared with 

previous sessions without stimulation (Baseline vs. Stimulation: 0.52 ± 0.02 vs. 0.69 ± 

0.02 fraction correct, p = 1.6e-5), and the improvement was also present in individual 

mice (Figure 2.5c, d, f. For extended baseline periods refer to Figure 2.6b, c). The 

behavioral effects appeared to be specific to switching behavior as task performance in 

the first block (block 1) was not affected (Figure 2.6d). LC stimulation also accelerated 

task switching in the test group (Behavioral switch point, Baseline vs. Stimulation: 154 ± 

8 vs. 116 ± 13 trials, p = 0.02, Figure 2.5g). In contrast, optogenetic stimulation had no 

effect on task switching in the control group (Figure 2.5c, e-g, Figure 2.6b, c). The 

behavioral improvement in the test group appeared to be due to an increase of correct 

rejection rate, but not hit rate (Figure 2.5h, i, Figure 2.6e, f), in line with a previous report 

(Glennon et al., 2019). Licking behavior was not affected by optical stimulation thus 

cannot account for the increase in correct rejection rate (Figure 2.6g, h). In summary, 

increasing baseline LC activity with optogenetics facilitated flexible task switching. 

 

Discussion 

In this work, we set out to test the hypothesis that the LC is involved in mediating 

behavioral flexibility. We developed a novel context-dependent bilateral tactile detection 

task where head-fixed mice exhibited varying degrees of flexible task switching upon a 

rule change within single sessions. Using this task, we found that the magnitude of 
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baseline LC activity following the rule change was closely correlated with the degree of 

flexible task switching. Specifically, higher baseline activity upon the rule shift was 

associated with faster behavioral switching. Next, we optogenetically enhanced baseline 

LC activity and observed improved task performance and accelerated task switching. 

Overall, our study highlights the role of LC in behavioral flexibility and provides strong 

evidence to support that LC activity mediates flexible task switching.  

Pre-stimulus baseline LC activity exhibited a relatively small (<1 spike/s) yet 

significant increase during flexible switching, in line with prior work showing similar 

magnitude of firing rate changes (commonly referred to as tonic activity) associated with 

behavioral states or rule shifts (e.g., Aston-Jones and Bloom, 1981; Aston-Jones et al., 

1997; Usher et al., 1999; Xiang et al., 2019). Importantly, we uncovered that such activity 

exhibited a graded, negative relationship with the degree of behavioral flexibility. We 

also noted that LC neurons transiently responded to the auditory tone and whisker 

stimulation (commonly referred to as phasic activity in the literature), and found 

relatively weak relationships between such responses and task switching (Figure 2.7).  

Our perturbation data support recent work showing that activating the LC 

facilitated auditory reversal learning (Martins and Froemke, 2015; Glennon et al., 2019). 

One major distinction in our study is that the current task is essentially a continuous 

reversal task where prior to LC stimulation mice had been trained to adapt to multiple 

reversal stages (blocks) within single sessions, similar to the task structure of a recent 

study (Chevée et al., 2021). This task design allows us to assess the relationship between 

LC activity and rapid, ‘real-time’ behavioral switching within individual sessions. 
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Specifically, the association between baseline LC activity and the degree of flexible task 

switching was transient (~20 trials, equivalent to 2-3 minutes, Figure 2.3e. Also see 

Aston-Jones et al., 1997). Secondly, LC optical stimulation was delivered in a subset of 

trials (a total of ~20-30 trials per block, Methods) and the behavioral improvement was 

present from the first stimulation session (day 1, Figure 2.5c). As a result, long-term 

plasticity mechanisms, such as structural synaptic changes, are unlikely to underlie such 

rapid associations between LC activity and behavioral switching. Nevertheless, it is 

worth noting that in a recent study where LC stimulation was paired with the target tone 

in a relatively long-term fashion, rats were found to better suppress their responses to 

non-target tones (Glennon et al., 2019), consistent with an increase of correct rejection 

rate in our task. Together, these studies suggest that LC activity facilitates behavioral 

flexibility across different time scales, likely through different mechanisms.  

How does LC activity drive behavioral flexibility? This remains a major 

challenge in the field. Ample prior research has shown that noradrenergic (NA) signaling 

from the LC modulates neuronal responses to sensory stimuli in various sensory-related 

brain structures (Berridge and Waterhouse, 2003; McBurney-Lin et al., 2019). Thus, the 

transient increase of LC activity following the rule change may modulate neuronal 

responses to the new Go and/or NoGo stimulus (Devilbiss and Waterhouse, 2004; 

Devilbiss et al., 2006; Martins and Froemke, 2015; Rodenkirch et al., 2019) to better 

separate signal and noise representations. Another possibility is that LC-NA signaling 

facilitates the reshaping of the relevant stimulus representation to more effectively 

influence behavior (Ruff and Cohen, 2016, 2019). On the other hand, decades of work 
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has established the importance of the prefrontal cortex (PFC) in behavioral flexibility 

(Miller and Cohen, 2001; Le Merre et al., 2021; Uddin, 2021), and  LC-NA signaling 

heavily influences PFC functions (Arnsten and Li, 2004; Ramos and Arnsten, 2007; 

Arnsten et al., 2012). Transient changes in LC activity may dynamically modulate 

synaptic efficacy and recurrent activity in the PFC to affect top-down regulation of the 

relevant and irrelevant stimuli (Arnsten et al., 2012; Zagha, 2020) and to facilitate 

reorienting behavior (Sara and Bouret, 2012). Future experiments with simultaneous 

recordings from LC-NA and sensory/executive areas will elucidate how LC-NA activity 

modulates bottom-up processing and top-down commands to influence behavioral 

flexibility. 

 

Methods 

Mice 

All procedures were performed in accordance with protocols approved by UC 

Riverside Animal Care and Use Committee (AUP 20190031). Mice were DBH-Cre 

(B6.FVB(Cg)-Tg(Dbh-cre) KH212Gsat/Mmucd, 036778-UCD, MMRRC); Ai32 (RCL-

ChR2(H134R)/EYFP, 012569, JAX), singly housed in a vivarium with a reversed light-

dark cycle (12 hr/12 hr).  

 

Surgery 

Procedures for headpost and custom optrode microdrive implants have been 

described in detail previously (Yang et al., 2016, 2021). Briefly, 8-12 week old male and 
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female mice were implanted with titanium headposts, leaving a window open above the 

left cerebellum for subsequent tetrode implants. Custom tetrode microdrives were made 

with eight tetrode wires surrounding an optic fiber (0.39 NA, 200 um core) to make 

extracellular recordings from opto-tagged LC neurons. The microdrive was implanted 

targeting the left LC. Mice were then allowed to recover for at least 72 hours before 

beginning water restriction and behavior training.  

 

Behavior task 

Mice were water restricted to 1mL/day for at least seven days prior to behavior 

training. Behavior tasks were controlled via a custom-based Arduino hardware and 

software and acquired in WaveSurfer (https://www.janelia.org/open-science/wavesurfer), 

and one behavior session was performed per day. Mice were first trained to a modified 

version of the Go/NoGo single-whisker detection task described previously (Yang et al., 

2016; McBurney-Lin et al., 2020). In brief, mice reported whether they perceived a brief 

deflection (0.2-s, 25-Hz sinusoidal deflection) to either the right or the left C2 whisker by 

licking a water port during a 1-s response window. On Go trials, stimulation of the right 

or the left whisker was delivered in alternating blocks (e.g., first 100 trials, stimuli are 

presented to the right whisker, following 100 trials to the left, etc.). On NoGo trials, no 

whisker stimulation was delivered and mice were trained to withhold licking. Mice 

readily learned this stage within 7 days (>75% overall performance). Mice were then 

introduced to the second stage of training, in which an identical whisker deflection was 

presented in NoGo trials on the contralateral side to the Go stimulus (e.g., left stimulus: 

https://www.janelia.org/open-science/wavesurfer
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Go; right stimulus: NoGo). Similar to the first stage of training, the stimuli were 

presented in block structures, with the Go stimulus alternating from left to right whiskers. 

Early during this stage of training, a single rule switch was implemented and each block 

consisted of 200 trials. The first block rule was randomly assigned as either left Go/right 

NoGo or right Go/left NoGo. As the mouse became more proficient in switching, the 

blocks were shortened in increments of 50 trials and additional 1-2 rule changes added. 

Therefore, as mice learned the task, more rule changes were introduced into single 

sessions. The mice in this study could execute between one and three rule changes in a 

session. 

The beginning of each block consisted of a ‘cueing window’, which was a period 

of 5-10 consecutive Go trials where whisker stimulation was paired with water delivery, 

designed to facilitate adaptation to the new rule. A 0.1-s auditory cue (8 kHz, ~80 dB 

SPL) signaled the start of each trial, followed by a 1.5-s delay before whisker stimulation. 

If mice licked in this delay window, the trial was aborted and the next trial began after a 

5-10 second timeout. Ambient white noise (cut off at 40 kHz, ~80 dB SPL) was played 

continuously to mask any potential cues that can be associated with the task. Go and 

NoGo trials represented 90% of all trials. Catch trials represented the remaining 10%, in 

which no whisker stimulation was presented, and mice were trained to withhold licking. 

In Go trials, the Go stimulus for the current block was delivered, and mice were expected 

to report its presence by licking the water port within a 1-s window immediately 

following stimulus cessation. Correct responses to the Go stimulus presentation were 

qualified as ‘hit’ trials and rewarded with a water drop (~5uL). Withholding licking to the 
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Go stimulus were qualified as ‘miss’ trials. Withholding licking to the NoGo stimulus 

and in catch trials were unrewarded and qualified as ‘correct rejection’. Licking to the 

NoGo stimulus and in catch trials were qualified as ‘false alarm’ and punished with a 5-s 

timeout. If the mouse licked again within the timeout period but at least 1-s after the 

initial response, there was a subsequent 5-s punishment, with up to three consecutive 

timeouts allowed per trial. To further assist mice suppress licking to the NoGo stimulus, a 

NoGo trial was designed to follow a ‘false alarm’ trial (Aruljothi et al., 2020), and up to 4 

consecutive NoGo trials were allowed to occur. As a result, behavioral sessions typically 

consisted of more NoGo trials than Go trials (~55% vs. 45%).  

 

Electrophysiology 

Once mice reached the trained performance threshold (65%, block 2), the 

microdrive was advanced at regular intervals (75 um/day) towards LC. LC neurons were 

identified by optogenetic tagging, tail pinch response, and post-hoc lesions. Thirty-four 

single-unit recordings (cluster quality measure Lratio: 0.01 ± 0.005; firing rate: 2.44 ± 

0.30 spikes/s; percent ISI < 10 ms: 1.21% ± 0.42%) from six mice performing the 

context-dependent bilateral tactile detection task (see below) were extracted using 

MClust (Redish, 2014), along with synchronous recording of the left pupil. Optogenetic 

activation experiments were acquired from 7 mice (4 test, 3 control) that had been trained 

for >4 weeks on the bilateral task with performance consistently below the 65% 

threshold. Prior to optogenetic experiments, placement of optic fibers was assessed by 

pupil responses to optical stimulation under anesthesia (10 ms pulses, 10 Hz, 10 mW).  
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Optogenetics 

Optogenetic stimulation (10 ms pulses, 10 Hz, 10 mW) was delivered using a 450 

nm blue diode laser (UltraLasers, MDL-III-450-200mW) and controlled by WaveSurfer. 

The mating between sleeve and ferrule was covered with polymer clay to prevent light 

leakage. Stimulation of LC neurons was delivered on Go trials during a 0.5-s window 

prior to whisker stimulation onset. Video of the left pupil was acquired at 20 Hz using a 

Basler acA1300-200um camera and Pylon software. Pupil diameter was measured offline 

using DeepLabCut (Mathis et al., 2018). Electrophysiology recording, pupil tracking, and 

optogenetic stimulation were synchronized via a common TTL pulse train.   

 

Histology 

At the conclusion of all experiments, electrolytic lesions were made and brains 

perfused with PBS, followed by 4% PFA. The brains were post-fixed in 4% PFA 

overnight, then cut into 100 um coronal sections and stained with anti-Tyrosine 

Hydroxylase (TH) antibody (Thermo-fisher OPA1-04050) and anti-EGFP antibody 

(Thermo-fisher A-11039).  

 

Data analysis 

Switch performance (fraction correct) was quantified in blocks other than the first 

block (block 1) in a session. To compute the behavioral switch point in a block, task 

performance was first quantified using a 50-trial moving window. Behavioral switch 

point was defined as the beginning of the moving window within which the average task 
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performance surpassed 85% threshold (Figure 2.3 results held when using other 

thresholds between 75% and 85%, data not shown). If this criterion was never met, i.e., 

task performance in the 50-trial moving window never reached 85% threshold within the 

block, switch point was set as the total number of trials in that block. For Figure 2.1d, 

switch performance was quantified in block 2 as early training sessions only had 2 

blocks. For Figure 2.1g-i, 84 blocks from 11 mice were included. 

For Figure 2.3, baseline LC activity was quantified in a 1-s window prior to 

whisker stimulation onset. 20 trials before the rule change (i.e., last 20 trials in the 

previous block) were considered as the Before period, and 20 trials after the rule change 

were considered as the After period. For Figure 2.3d, the average firing rate in the Before 

and After periods was smoothed using a 150-ms window. Figure 2.3e quantified the 10-

trial averaged baseline firing rate for ±50 trials from the rule change. The change (Δ) in 

baseline firing rate was calculated as baseline LC activity in the Before period subtracted 

from the After period (After - Before; Figure 2.3f, g). For Figure 2.3g, 49 blocks from 6 

mice were presented, a subset of the sessions as in Figure 2.1g-i.  

In Figure 2.5, optogenetic stimulation began at the beginning of each block and 

ended 50 trials after the cueing trials. Stimulation (10-ms pulse train at 10 Hz and 10 

mW) was delivered on Go trials only, starting at 0.5 s before whisker stimulation onset 

and ending at the onset. Switch performance and switch point were quantified in block 2 

as majority of the sessions had 2 blocks. 5 consecutive baseline sessions (no stimulation) 

and 5 consecutive stimulation sessions from each mouse were included for analysis (1 

session per day). For Figure 2.5d, e, analyses were performed for individual mice 
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separately. For Figure 2.5 f-i, sessions were pooled from all mice in each condition (i.e., 

20 sessions from the test group (4 mice) and 15 sessions from the control group (3 mice) 

in each condition).  

Data were reported as mean ± s.e.m. unless otherwise noted. We did not use 

statistical methods to predetermine sample sizes. Sample sizes are similar to those 

reported in the field. We assigned mice to experimental groups arbitrarily, without 

randomization or blinding. Statistical tests were two-tailed Wilcoxon signed rank (paired) 

or rank sum (unpaired) unless otherwise noted.
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Figures 

 

Figure 2.1 A novel context-dependent tactile detection task to probe flexible task 

switching 

(a-c) Schematic of the novel context-dependent bilateral tactile detection task in head-

fixed mice (a), with illustrations of trial types (b) and trial structure (c). (d) Switch 

performance (fraction correct in block 2) during training (n = 11 mice). Dotted line 

indicates 65% threshold. (e, f) Example behavioral sessions for two mice, respectively, 

with performance in each block indicated. Left panels illustrate higher switch 

performance in block 2, and right panels illustrate higher switch performance in block 3. 

Vertical gray bars indicate rule switch and subsequent cueing trials. (g) The relationship 

between behavioral switch point and switch performance. c.c., Pearson correlation 

coefficient. (h) Histogram of behavioral switch point (84 blocks from 11 mice). We used 

50 trials (dashed line) to separate flexible and inflexible blocks. (i) Switch performance 

for flexible and inflexible blocks shown in (h). Flexible (40 blocks) vs. Inflexible (44 

blocks): 0.81 ± 0.011 vs 0.58 ± 0.022, p = 2.9e-12, rank sum = 2480. Gray dots represent 

individual blocks, blue and red dots represent mean. 
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Figure 2.2 Behavioral variables within the novel context-dependent switching task 

(a) Behavioral variables quantified for Left Go blocks (L) and Right Go blocks (R) in 

flexible (Blue, Top: L, n = 14; R, n = 26) and inflexible (Red, Bottom: L, n = 26; R, n = 

18) switches. Flexible: switch performance, L vs. R: 0.82 ± 0.02 vs. 0.81± 0.01, p = 0.71, 

rank sum = 301; Number of licks, L vs. R: 6.76 ± 0.38 vs. 7.44 ± 0.53, p = 0.42, rank sum 

= 258; Reaction time, L vs. R: 0.24 ± 0.01 vs. 0.25 ± 0.01 s, p = 0.41, rank sum = 257. 

Inflexible switches: switch performance, L vs. R: 0.54 ± 0.03 vs. 0.62 ± 0.04, p = 0.095, 

rank sum = 515; Number of licks, L vs. R: 6.66 ± 0.53 vs. 7.38 ± 0.58, p = 0.25, rank sum 

= 536; Reaction time, L vs. R: 0.30 ± 0.02 vs. 0.27 ± 0.02 s, p = 0.59, rank sum = 608. 

Gray dots represent individual blocks, red and blue dots represent mean. Number of licks 

and reaction time were quantified in hit trials. Reaction time was calculated as the 

latency from whisker stimulation onset to the time of the first lick. (b) The distribution of 

block positions within a session for the blocks shown in Fig. 2.1g-i (Top, n = 84), and the 

proportion of flexible (blue) and inflexible (red) blocks in each position within a session 

(Bottom). Block 2: Flexible vs. Inflexible: 0.47 vs. 0.53, p = 0.53, t-stat = 0.40; block 3: 

Flexible vs. Inflexible: 0.50 vs. 0.50, p = 1, t-stat = 0; block 4: Flexible vs. Inflexible: 

0.44 vs. 0.56, p = 0.64, t-stat = 0.22, Chi-squared test. (c) Comparison of lick responses 

(top) and reaction time (bottom) between flexible and inflexible blocks (40 vs. 44 blocks). 

Number of licks, Flexible vs. Inflexible: 7.20 ± 0.37 vs. 6.96 ± 0.39, p = 0.38, rank sum = 

1800; Reaction time, Flexible vs. Inflexible: 0.24 ± 0.01 vs. 0.29 ± 0.02 s, p = 0.056, rank 

sum = 1486. Gray dots represent individual blocks, blue and red dots represent mean. 
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Figure 2.3 Correlating LC activity with flexible task switching 

(a) Schematic of experimental setup during behavior (Left) and ChR2 expression in a 

DBH;Ai32 mouse (Right. TH: tyrosine hydroxylase). (b) Top: Responses of an example 

ChR2-expressing LC neuron to optical stimulation (cyan bars). Bottom: spike-sorting 

diagram and waveforms of this unit. (c) Example spike raster from an example LC unit in 

a behavior session with both a flexible (Top) and an inflexible (Bottom) block. Rows 

represent individual trials. Magenta arrows indicate the rule shift. Trials in the previous 

block are in black, and trials in the current block are in blue (flexible) or red (inflexible). 

Shaded gray areas represent the 1-s time window to quantify baseline activity. (d) 

Average PSTH of LC activity from flexible (Top, n = 7) and inflexible (Bottom, n = 7) 

switches, quantified before (last 20 trials in the previous block, Before) and after the rule 

change (first 20 trials in the new block, After). Shaded gray areas represent the 1-s time 

window to quantify baseline activity. (e) Average baseline LC activity in a 100-trial 

window centered at the rule change (arrow) for flexible (blue) and inflexible (red) 

switches (same blocks as in d). Horizontal bars indicate Before and After trial periods to 

compare baseline LC activity in d, f, g. (f) Baseline LC activity during the Before and 

After periods for flexible (Left, Before vs. After: 1.15 ± 0.25 vs. 1.65 ± 0.19 spikes/s, p = 

0.03, signed rank = 1, n = 7) and inflexible switches (Middle, Before vs. After: 1.30 ± 

0.39 vs. 1.02 ± 0.24 spikes/s, p = 0.16, signed rank = 23, n = 7). Changes in baseline 

activity (Δ Firing rate: After - Before) were higher during flexible switches than inflexible 

switches (Right, Flexible vs. Inflexible: 0.50 ± 0.16 vs. -0.28 ± 0.16 spikes/s, p = 0.02, 

signed rank = 28, n = 7). Lines represent individual paired flexible-inflexible blocks from 

the same session. Dots represent mean. (g) The relationship between behavioral switch 

point and the changes in baseline LC activity. Gray dots represent individual blocks (n = 

49). Black dots represent the paired blocks shown in (d-f). c.c., Pearson correlation 

coefficient. 
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Figure 2.4 Baseline LC spike rate is associated with behavioral flexibility across all 

sessions and across all hit trials 

(a) Baseline LC activity during the Before and After periods for flexible (Left: Before vs. 

After: 2.31 ± 0.31 vs. 2.60 ± 0.30 spikes/s, p = 0.03, signed rank = 109.5, n = 28) and 

inflexible (Middle: Before vs. After: 1.81 ± 0.38 vs. 1.43 ± 0.20 spikes/s, p = 0.10, signed 

rank = 163, n = 21) switches. Changes in baseline activity (ΔFiring rate: After - Before) 

were higher during flexible switches than inflexible switches (Right: Flexible vs. 

Inflexible: 0.29 ± 0.12 vs. -0.38 ± 0.26 spikes/s, p = 0.0074, rank sum = 833).  

(b) Changes in number of licks (Left: Δ# licks, After – Before, Flexible vs. Inflexible: 0.79 

± 0.52 vs. 0.56 ± 0.62, p = 0.96, t-stat = -0.05, n = 6) and reaction time (Right: ΔRT, 

Flexible vs. Inflexible: 0.03 ± 0.04 vs. 0.03 ± 0.02 s, p = 0.83, t-stat = 0.22, n = 6) for the 

paired flexible-inflexible blocks shown in Fig. 2.3d-f. (c) Changes in baseline LC activity 

for the paired flexible-inflexible blocks (n = 6) as in Fig. 2.3d-f (Left, Flexible vs. 

Inflexible: 0.56 ± 0.36 vs. -0.18 ± 0.18 spikes/s, p = 0.041, t-stat = 2.16, two-tailed t-test) 

and all blocks (n = 47) as in Fig. 2.4a (Right, Flexible vs. Inflexible: 0.51 ± 0.20 vs. -0.15 

± 0.17 spikes/s, p = 0.037, rank sum = 722) quantified in hit trials only. For b and c, 

there were no hit trials during the Before period of 2 blocks from the original full dataset 

(n = 49), and they were removed from analyses. 1 block was included in the original 

paired analysis (n = 7), so the associated flexible-inflexible pair was removed from 

analyses. (d) The relationship between behavioral switch point and the changes in 

baseline LC activity quantified in hit trials only as shown in (c). Conventions are as in 

Fig. 2.3g. (e) Left: Comparison of task performance quantified in blocks immediately 

preceding the flexible blocks (Previous) and quantified in the flexible blocks (Current). 

Previous vs. Current: 0.82 ± 0.02 vs. 0.81 ± 0.01, p = 0.29, signed rank = 157, n = 28. 

Right: Comparison of task performance quantified in blocks immediately preceding the 

inflexible blocks (Previous) and quantified in the inflexible blocks (Current). Previous vs. 

Current: 0.82 ± 0.02 vs. 0.57 ± 0.03, p = 5.9e-5, signed rank = 0, n = 21. (f) Pupil 

diameter during the Before and After periods for flexible (Left, Before vs. After: -0.10 ± 

0.06 vs. 1.05 ± 0.09 s.d., p = 4.7e-6, signed rank = 404, n = 28) and inflexible (Middle, 

Before vs. After: 0.045 ± 0.08 vs. 0.93 ± 0.13 s.d., p = 1.8e-4, signed rank = 188, n = 19) 

switches. Changes in pupil diameter (ΔPupil diameter: After - Before) was higher during 

flexible switches than inflexible switches (Right, Flexible vs. Inflexible: 1.15 ± 0.10 vs. 

0.88 ± 0.11 s.d., p = 0.044, rank sum = 751). 2 inflexible blocks with poor pupil tracking 

were excluded from this analysis. Pupil diameter was calculated as the average pupil 

diameter during a baseline pupil window. The baseline pupil window was defined as a 1-

s window starting 1.5 s after the start of the baseline LC window, based on the time lag 

between LC activity and pupil response (Yang et al., 2021). 
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Figure 2.5 Determining the causal link between LC activity and flexible task switching 

(a) Schematic of optogenetic LC stimulation during task performance. (b) Example pupil 

responses to optical stimulation for a test (black) and control (gray) mouse. (c) Group 

average switch performance for the test (black) and control (gray) groups during 

baseline (5 consecutive days prior to stimulation) and optical stimulation (5 consecutive 

days with stimulation, cyan) sessions. Day -1 represents the last day without stimulation. 

Day 1 represents the first day with stimulation. (d) Switch performance for individual 

mice in the test group (n = 4), compared between baseline (black) and stimulation 

sessions (cyan). Baseline vs. Stimulation, Mouse #1: 0.46 ± 0.04 vs. 0.64 ± 0.03, p = 

0.008; Mouse #2: 0.47 ± 0.04 vs. 0.63 ± 0.03, p = 0.004; Mouse #3: 0.57 ± 0.04 vs. 0.76 

± 0.05, p = 0.012; Mouse #4: 0.59 ± 0.02 vs. 0.72 ± 0.03, p = 0.024. Permutation test.  

(e) Switch performance for individual mice in the control group (n = 3), compared 

between baseline (gray) and stimulation sessions (cyan). Baseline vs. Stimulation, Mouse 

#5: 0.50 ± 0.05 vs. 0.48 ± 0.05, p = 0.80; Mouse #6: 0.51 ± 0.03 vs. 0.46 ± 0.02, p = 

0.24; Mouse #7: 0.53 ± 0.03 vs. 0.58 ± 0.01, p = 0.18. Permutation test. (f) Comparison 

of switch performance for test (Left) and control (Right) groups between baseline and 

stimulation sessions. Baseline vs. Stimulation, Test group: 0.52 ± 0.02 vs. 0.69 ± 0.02, p 

= 1.6e-5, rank sum = 250, n = 20; Control group: 0.51 ± 0.02 vs. 0.51 ± 0.02, p = 1.0, 

rank sum = 232, n = 15. Black, dark gray and cyan dots represent mean. (g) Comparison 

of behavioral switch point for test (Left) and control (Right) groups between baseline and 

stimulation sessions. Baseline vs. Stimulation, Test group: 154 ± 8 vs. 116 ± 13 trials, p 

= 0.02, rank sum = 495, n = 20; Control group: 164 ± 7 vs. 156 ± 8 trials, p = 0.23, rank 

sum = 262, n = 15. Black, dark gray and cyan dots represent mean. (h) Comparison of 

hit rate for test (Left) and control (Right) groups between baseline and stimulation 

sessions. Baseline vs. Stimulation, Test group: 0.90 ± 0.03 vs. 0.87 ± 0.03, p = 0.56, rank 

sum = 432, n = 20; Control group: 0.83 ± 0.03 vs. 0.85 ± 0.04, p = 0.79, rank sum = 

162, n = 15. Black, dark gray and cyan dots represent mean. (i) Comparison of correct 

rejection rate for test (Left) and control (Right) groups between baseline and stimulation 

sessions. Baseline vs. Stimulation, Test group: 0.37 ± 0.02 vs. 0.56 ± 0.03, p = 2.4e-4, 

rank sum = 274, n = 20; Control group: 0.40 ± 0.04 vs. 0.32 ± 0.04, p = 0.15, rank sum 

= 268, n = 15. Black, dark gray and cyan dots represent mean. 
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Figure 2.6 Optogenetic activation of LC drives robust increase in performance without 

affecting licking behaviors 

(a) Three histological sections showing the LC (green) and the optical fiber tract from a 

test (Top, LC stimulation) and a control (Bottom, off-LC stimulation) mouse, respectively.  

(b) Left: Group average switch performance for the test and control groups during an 

extended baseline period (10 consecutive days prior to stimulation) and optical 

stimulation period (5 consecutive days, cyan). Day -1 represents the last day without 

stimulation. Day 1 represents the first day with stimulation. Right: Switch performance 

during the 10-day baseline period for the test (n = 40 blocks) and control (n = 30 blocks) 

groups (Test vs. Control: 0.52 ± 0.02 vs. 0.51 ± 0.02, p = 0.62, rank sum = 255).  

(c) Switch performance for individual mice (as in Fig. 2.5d, e), but compared between a 

10-day baseline period and 5-day stimulation period (cyan) for the test (Left, n = 4; 

Baseline vs. Stimulation, Mouse #1: 0.48 vs. 0.64, p = 0.013; Mouse #2: 0.44 vs. 0.63, p 

= 0.001; Mouse #3: 0.58 vs. 0.76, p = 0.008; Mouse #4: 0.53 vs. 0.72, p = 0.0060, 

Permutation test) and control (Right, n = 3; Mouse #5: 0.52 vs. 0.48, p = 0.57; Mouse 

#6: 0.50 vs. 0.46, p = 0.31; Mouse #7: 0.50 vs. 0.58, p = 0.060, Permutation test) groups.  

(d) Comparison of task performance in block 1 between Baseline (n = 20) and 

Stimulation (n = 20) sessions for the test group (Baseline vs. Stimulation: 0.67 ± 0.03 vs. 

0.70 ± 0.02, p = 0.54, rank sum = 387). (e) Hit rate (Left) and correct rejection rate 

(Right) for individual mice in the test group (n = 4). Hit rate, Baseline vs. Stimulation, 

Mouse #1: 0.94 vs. 0.97, p = 0.45; Mouse #2: 0.77 vs. 0.66, p = 0.44; Mouse #3: 0.99 vs. 

0.96, p = 0.49; Mouse #4: 0.88 vs. 0.87, p = 0.90, Permutation test; Correct rejection 

rate, Baseline vs. Stimulation, Mouse #1: 0.34 vs. 0.40, p = 0.32; Mouse #2: 0.32 vs. 

0.62, p = 0.023; Mouse #3: 0.37 vs. 0.62, p = 0.036; Mouse #4: 0.45 vs. 0.58, p = 0.024, 

Permutation test. (f) Same as in (e) but for the control group (n = 3). Hit rate, Baseline 

vs. Stimulation, Mouse #5: 0.79 vs. 0.81, p = 0.21; Mouse #6: 0.96 vs. 0.87, p = 0.18; 

Mouse #7: 0.74 vs. 0.77, p = 0.71, Permutation test; Correct rejection rate, Baseline vs. 

Stimulation, Mouse #5: 0.44 vs. 0.27, p = 0.10; Mouse #6: 0.29 vs. 0.20, p = 0.13; Mouse 

#7: 0.47 vs. 0.48, p = 0.88, Permutation test. (g) Comparison of changes in number of 

licks (Left, Δ# Licks, Before - After) and reaction time (Right, ΔRT) between baseline (n 

= 20) and stimulation (n = 20) sessions for the test group. Δ# Licks, Baseline vs. 

Stimulation: 1.48 ± 0.37 vs. 1.10 ± 0.33, p = 0.49, rank sum = 425; ΔRT, Baseline vs. 

Stimulation: 0.06 ± 0.02 vs. 0.01 ± 0.02 s, p = 0.13, rank sum = 455. For stimulation 

sessions, the change (Δ) was calculated by subtracting the variable (# licks or RT) 

quantified in hit trials during optical stimulation trials from the variable quantified in hit 

trials during the last 50 trials of the previous block (i.e., no optical stimulation). For 

baseline sessions, no optical stimulation was delivered, and the change (Δ) was 

calculated by subtracting the variable quantified in hit trials during the first 50 trials 

following the rule change from the variable quantified in hit trials during the last 50 

trials of the previous block. (h) Same as in (g) but for the control group. Left: Changes in 

number of licks, Baseline vs. Stimulation: 1.53 ± 0.37 vs. 0.81 ± 0.28, p = 0.17, rank sum 

= 266. Right: Changes in reaction time, Baseline vs. Stimulation: 0.06 ± 0.02 vs. 0.06 ± 

0.02 s, p = 0.80, rank sum = 239.  
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Figure 2.7 Phasic LC responses exhibit a weak correlation to task switching 

(a) Changes in LC responses to whisker stimulation (Before - After) in hit trials during 

flexible and inflexible blocks (Left: paired Flexible vs. Inflexible: 1.14 ± 1.24 vs. -2.16 ± 

1.01 spikes/s, p = 0.14, t-stat = 1.75, n = 6, two-tailed t-test; Right: unpaired Flexible vs. 

Inflexible: 1.41 ± 0.63 vs. -1.37 ± 0.66 spikes/s, p = 0.012, rank sum = 783, n = 47). LC 

responses to whisker stimulation were quantified in a 100-ms window beginning at 

stimulus onset, subtracted from LC activity quantified in a 0.5-s baseline window ending 

at stimulus onset. There were no hit trials during the Before period for 2 blocks from the 

original full dataset (n = 49), and they were removed from this analysis. 1 block was 

included in the original paired analysis (n = 7), so the associated flexible-inflexible pair 

was removed from this analysis. (b) The same as in (a) but for LC responses to the 

auditory tone (Left: paired Flexible vs. Inflexible: -1.45 ± 0.55 vs. -0.44 ± 0.34, p = 0.11 

spikes/s, signed rank = 4, n = 7; Right: unpaired Flexible (n = 28) vs. Inflexible (n = 21): 

-1.21 ± 0.38 vs. -0.26 ± 0.27 spikes/s, p = 0.042, rank sum = 599, n = 49). Tone 

responses were quantified in a 300-ms window beginning at tone onset, subtracted from 

LC activity quantified in a 0.5-s baseline window ending at tone onset.  
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Abstract 

Pupil diameter is often treated as a non-invasive readout of activity in the locus 

coeruleus (LC). However, how accurately it can be used to index LC activity is not 

known. To address this question, we established a graded relationship between pupil size 

changes and LC spiking activity in mice, where pupil dilation increased monotonically 

with the number of LC spikes. However, this relationship exists with substantial 

variability such that pupil diameter can only be used to accurately predict a small fraction 

of LC activity on a moment- by- moment basis. In addition, pupil exhibited large session- 

to- session fluctuations in response to identical optical stimulation in the LC. The 

variations in the pupil–LC relationship were strongly correlated with decision bias- 

related behavioral variables. Together, our data show that substantial variability exists in 

an overall graded relationship between pupil diameter and LC activity, and further 

suggest that the pupil–LC relationship is dynamically modulated by brain states, 

supporting and extending our previous findings (Yang et al., 2021). 
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Introduction 

Fluctuations of brain states, such as arousal and attention, strongly impact sensory 

processing, decision- making, and animal behavior (Harris and Thiele, 2011; Lee and 

Dan, 2012; Thiele and Bellgrove, 2018; Petersen, 2019; McCormick et al., 2020). It is 

thus critical to understand the neural substrates of brain states and how state changes can 

account for the variability embedded in neuronal and behavioral data (Cano et al., 2006; 

Poulet and Petersen, 2008; Polack et al., 2013; Fu et al., 2014; Zagha and McCormick, 

2014; Lee et al., 2020). Changes in pupil diameter under constant luminance are tightly 

linked to states of arousal and attention (McGinley et al., 2015a; Joshi and Gold, 2020). 

Dynamic pupil responses are associated with membrane potential fluctuations, sensory 

evoked responses, salience detection, error estimation, decision- making, and task 

performance (Kahneman and Beatty, 1966; Bijleveld et al., 2009; Nassar et al., 2012; de 

Gee et al., 2014; de Gee et al., 2020; Reimer et al., 2014; Vinck et al., 2015; McGinley et 

al., 2015b; Lee and Margolis, 2016; Schriver et al., 2018; Schriver et al., 2020; Kucewicz 

et al., 2018; Ebitz and Moore, 2019). As a result, pupil diameter has been widely used to 

monitor brain states and their neural substrates. 

A multitude of neural circuits have been implicated in mediating brain state and 

pupil size changes, most notably the neuromodulatory systems (Yu and Dayan, 2005; Lee 

and Dan, 2012; Thiele and Bellgrove, 2018; Joshi and Gold, 2020). The locus coeruleus 

(LC)–noradrenergic system has long been thought to play a critical role in controlling 

arousal and attention (Aston- Jones et al., 1999; Berridge and Waterhouse, 2003; Aston- 

Jones and Cohen, 2005; Sara, 2009; Sara and Bouret, 2012), and LC activity closely 
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tracks brain states and cognitive processes (Foote et al., 1980; Aston- Jones and Bloom, 

1981; Berridge and Foote, 1991; Aston- Jones et al., 1994; Rajkowski et al., 1994; Usher 

et al., 1999; Takahashi et al., 2010; Carter et al., 2010; Eschenko et al., 2012; Vazey and 

Aston- Jones, 2014; Kalwani et al., 2014; Varazzani et al., 2015; Bouret and Richmond, 

2015; Fazlali et al., 2016; Swift et al., 2018). Importantly, work mainly in the past decade 

has provided correlative and causal evidence linking pupil size changes to LC activity 

(Rajkowski et al., 1994; Murphy et al., 2014; Varazzani et al., 2015; Joshi et al., 2016; 

Reimer et al., 2016; de Gee et al., 2017; Liu et al., 2017; Breton- Provencher and Sur, 

2019; Hayat et al., 2020; Privitera et al., 2020), leading to the increased utilization of 

pupil diameter as a non-invasive readout of LC (Aston- Jones and Cohen, 2005; Gilzenrat 

et al., 2010; Preuschoff et al., 2011; Konishi et al., 2017; Gelbard- Sagiv et al., 2018; 

Zhao et al., 2019; Aminihajibashi et al., 2020; Clewett et al., 2020). However, a few 

recent studies demonstrated that the correlation between pupil and LC could be neuron- 

and task epoch- specific (Joshi et al., 2016; Breton- Provencher and Sur, 2019; Yang et 

al., 2021), raising the possibility that pupil diameter can be dissociated from LC activity. 

To the best of our knowledge, we do not know to what extent pupil diameter is linked to 

LC activity. More importantly, we do not know whether and how pupil diameter can be 

used to make accurate inferences of LC activity on a moment- by- moment basis.  

To address these questions, we recorded spiking activity from optogenetically 

tagged LC neurons simultaneously with pupil diameter in head- fixed mice trained to 

perform a tactile detection task (McBurney- Lin et al., 2020; Yang et al., 2021). We 

established a graded relationship between pupil and LC, where pupil dilation increased 
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monotonically with LC spiking activity. However, this relationship exists with substantial 

variability such that pupil size changes can only accurately predict a small fraction of LC 

spiking on a moment- by- moment basis. Using optogenetics to activate LC neurons, we 

showed that pupil responses exhibited large session- to- session fluctuations to identical 

optical stimulation, despite stable LC responses. Notably, decision bias- related 

behavioral variables explained the variations in the pupil–LC relationship. Together, our 

data show that substantial variability exists in an overall positive relationship between 

pupil diameter and LC activity, and that only under limited conditions can pupil be used 

as an accurate real- time readout of LC. Our work further suggests that brain states 

dynamically modulate the coupling between pupil and LC. 

 

Results 

The magnitude of the pupil-LC relationship varies considerably 

We recorded spiking activity from optogenetically tagged single units in the LC 

together with pupil diameter in head- fixed mice during behavior (Figure 3.1a). To 

quantify a graded relationship between pupil size changes and LC spiking, we first 

grouped adjacent spikes into individual clusters (Hahn et al., 2010; Yu et al., 2017) based 

on each unit’s median interspike interval (Figure 3.1b, Figure 3.2, Methods). The 

magnitude of pupil responses following a spike cluster (quantified in a 6- s window from 

cluster onset) progressively increased with cluster size (the number of spikes in a cluster, 

Figure 3.1c, d). The latency of peak pupil diameter did not systematically vary with 

cluster size and ranged between 2.5 and 4 s (Figure 3.3). This latency is consistent with 
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our previous report (Yang et al., 2021). Overall, we found a positive, monotonic 

relationship between peak pupil diameter and LC cluster size in the majority of paired 

recordings (linear regression R2>0.6 in 13 out of 19 paired recordings, Figure 3.1e), in 

line with previous findings in non-human primates (Varazzani et al., 2015; Joshi et al., 

2016). Similar relationships held when pupil responses were quantified as % changes 

from baseline (Cazettes et al., 2021) or the time derivatives of pupil (Reimer et al., 2016; 

Yang et al., 2021; Figure 3.4). However, substantial variations existed in the relationship 

(linear slopes ranging from 0.12 to 0.51. 0.24 ± 0.11, mean ± standard deviation [SD], n 

= 13), indicating variable couplings between pupil and LC neurons.  

 

Pupil diameter accurately represents a small proportion of LC activity 

Although pupil diameter exhibited an overall monotonic relationship with LC 

spiking, it did not necessarily warrant pupil diameter being an accurate readout of LC 

activity. We tested the extent to which pupil size changes can be used as a proxy for LC 

activity, that is, can we use pupil diameter to make accurate inferences of LC spiking on a 

moment- by- moment basis? We asked how well an ideal observer (Green and Swets, 

1966) can predict LC cluster size given the associated peak pupil responses (Methods). 

Receiver- operating- characteristic (ROC) analysis showed that as cluster size increased, 

peak pupil diameter can better predict LC activity (Figure 3.1f, g, Figure 3.5). However, 

only peak pupil diameter associated with large clusters (≥5–6 spikes) can achieve a 

performance threshold of d’ = 1 (translates to ~0.75 area under the curve Simpson and 

Fitter, 1973, Figure 3.1g). Since larger clusters occurred less frequently (Figure 3.1d, h, 
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Figure 3.6), our data suggest that pupil dilation cannot accurately represent the majority 

of LC spiking activity but can serve as a good proxy for the infrequent (<10%) and strong 

LC activity in real time (Figure 3.1h).  

 

Only large pupil events accurately predict LC spiking in real-time 

Perhaps what is more interesting (and useful) is to assess whether we can directly 

use pupil diameter to infer the ‘ground truth’ – LC activity, without recording from LC. 

To do so, we first detected pupil dilation events based on zero- crossings of pupil 

derivatives (Joshi et al., 2016; Figure 3.7a) and quantified LC spike counts immediately 

preceding each dilation event (Methods). Compared with the analyses in Figure 3.1, this 

method did not require prior knowledge of LC activity for identifying pupil responses 

and yielded a similar pupil–LC relationship (Figure 3.8). Overall, LC spike counts were 

monotonically associated with pupil dilation amplitudes (Figure 3.7b–d). However, a 

wide range of spike counts preceded pupil events of similar sizes (Figure 3.7b, c). We 

asked how well an ideal observer can predict pupil dilation events given the associated 

LC activity and found that as pupil dilations became larger, LC spike counts could make 

better predictions on a moment- by- moment basis. However, only LC activity preceding 

the infrequent (<10%), large dilation events (>1.5–2 SD, Figure 3.9) performed beyond 

75% threshold (Figure 3.7e). Finally, we tested how well we can use the detected pupil 

dilation events to predict LC activity. Similar to the previous results (Figure 3.1g), we 

found that only large pupil events can achieve good predictions (Figure 3.7f). Taken 

together, our data show that pupil diameter and LC spiking are well correlated in a graded 
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manner and that the infrequent (<10%) but strong (>1.5–2 SD) pupil dilation events can 

be used to accurately and reliably predict LC activity in real time.  

 

Pupil responses to optogenetic stimulation exhibit substantial variability 

Our data presented so far were based on paired pupil–LC recordings, each 

consisting of a single opto- tagged LC unit. Next, we sought to test whether pupil size 

changes better reflect population- level LC activity instead of single neurons. To this end, 

we optogenetically activated groups of LC neurons and quantified the evoked pupil 

responses. Based on the stimulation parameters, we estimated an excitable volume on the 

order of 0.05–0.1 mm3, containing hundreds of LC neurons (Figure 3.10a, b, Figure 3.11, 

Methods). In a subset of experiments, the putatively same LC units were tracked 

(typically 1–5 days), based on opto- tagging, spike clustering, and waveform comparison 

(Figure 3.10c, d). Waveforms from the putatively same units were more similar than the 

waveforms from the putatively different units (Figure 3.10e–g). These putatively same 

units responded similarly to optical stimulation in different sessions (Figure 3.10h), 

suggesting a consistent transduction of optical stimulation to LC spiking activity. In 

contrast to stable LC responses, the same pupil exhibited variable dilations to optical 

stimulation under awake, non-task performing conditions (Figure 3.12a, b). Importantly, 

baseline pupil diameters were similar (0.71 vs. 0.75 mm, Figure 3.13) and thus cannot 

explain the differences in evoked pupil responses. Group data from multiple mice further 

demonstrated that significant session- to- session fluctuations of pupil responses were 

prevalent but not directional (solid lines in Figure 3.12c, d), that is, pupil responses in an 
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earlier session (session 1) were not consistently higher or lower than in a later session 

(session 2). Therefore, such session- to- session fluctuations were not observable from 

group comparisons (Figure 3.14, Privitera et al., 2020). To further test whether the 

variable pupil responses were due to (1) weak LC stimulation with 10 ms pulses, or (2) 

strong spontaneous pupil fluctuations during wakefulness, we performed the following 

experiments. First, we evoked pupil responses with stronger stimulation (50 ms pulses 

instead of 10 ms) in the awake condition. While baseline pupil diameters were similar 

between sessions, evoked pupil responses still fluctuated significantly (Figure 3.12e, f). 

In a subset of experiments, pupil exhibited substantial fluctuations in two sessions just 

several hours apart (4–6 hr, magenta arrows in Figure 3.12c–f). Further analysis showed 

that across- session variability of pupil responses was comparable to within- session 

variability (Figure 3.16, Methods). In addition, for the paired sessions that exhibited 

significantly different responses to optical stimulation (solid lines in Figure 3.12c–f), 

only a small subset exhibited larger across- session variability than within- session 

variability (2 pairs out of 12 under 10 ms condition, and 3 pairs out of 11 under 50 ms 

condition, Methods). Next, we stimulated LC with 10 ms pulses under anesthesia (2% 

isoflurane) to minimize spontaneous pupil fluctuations (Figure 3.16). Evoked pupil 

responses were noticeably larger compared with the awake condition in the example 

recordings, possibly due to a more constricted baseline pupil size under anesthesia 

(Figure 3.12g, h, left vs. Figure 3.12a, b, 0.3 vs. 0.7 mm). Nevertheless, pupil responses 

to optical stimulation exhibited substantial session- to- session fluctuations (Figure 3.12g, 

h). Additional examples of a simultaneously recorded LC unit and pupil diameter in 
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responses to optical stimulation are in Figure 3.17. In summary, pupil responses showed 

large session- to- session fluctuations to identical LC stimulation.  

 

State-dependent variables may explain dynamic LC-pupil coupling 

What may underlie the variable pupil responses? We found that the variations in 

the relationship between peak pupil diameter and LC cluster size (as in Figure 3.1e) were 

strongly correlated with hit rate and decision bias during task performance (Figure 3.18a). 

This effect was not likely due to linear fitting of non-linear relationships (all linear fits 

are of R2 > 0.85. 0.92 ± 0.05, mean ± SD, n = 9), and the results held when the analysis 

of pupil–LC relationship was restricted to non-licking periods only (Figure 3.18b, 

Methods). Therefore, although mice licked more during sessions of higher hit rate and 

lower decision bias, the results cannot be fully explained by a potentially stronger pupil–

LC coupling during licking periods. Based on these findings, we conclude that decision 

bias- related behavioral variables could explain, at least in part, the variations in the 

pupil–LC relationship. Since fluctuations of these behavioral variables reflect state 

changes such as impulsivity, motivation, and task engagement (Dickinson and Balleine, 

1994; Mayrhofer et al., 2013; Berditchevskaia et al., 2016; Allen et al., 2019; McBurney- 

Lin et al., 2020), our results suggest that the coupling between pupil and LC is state 

dependent. 
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Discussion 

In the current study, we have shown that pupil diameter has an overall positive 

and monotonic relationship with LC spiking activity. However, substantial variability 

exists in this relationship that only the infrequent and large pupil dilation events (>1.5–2 

SD amplitude, <10% occurrence) can accurately predict LC spiking on a moment- by- 

moment basis. In addition, pupil responses exhibit large session- to- session fluctuations 

to identical optical stimulation in the LC. Decision bias- related behavioral variables 

could explain the variations in the pupil–LC relationship. Together, our results strongly 

caution treating pupil dilation as a real- time readout of LC activity. Averaging multiple 

repeats/trials of similar pupil responses would yield a much more accurate prediction of 

LC activity.  

We used two methods to establish the pupil–LC relationship: detecting LC 

activity then linking to the following pupil responses (Figure 3.1); and detecting pupil 

dilation then linking to the preceding LC activity (Figure 3.4). Both methods yielded 

similar pupil–LC relationships with the conclusion that only the infrequent, large pupil 

responses can accurately predict LC spiking on a moment- by- moment basis. Large pupil 

or LC responses have been reported to correlate with a variety of task- related processes, 

including sensory cue, decision formation, positive feedback, choice bias, and action 

(Rajkowski et al., 1994; Usher et al., 1999; Kalwani et al., 2014; Bouret and Richmond, 

2015; de Gee et al., 2017; de Gee et al., 2020; Schriver et al., 2020; Yang et al., 2021). In 

light of this, our work suggests that the infrequent but strong pupil dilation events can be 

used as an accurate inference of LC activation in response to sensory stimuli and 
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decision- making processes. However, as discussed below, in general pupil and LC likely 

respond to task- related processes differently, leading to variations in their relationship.  

Recent evidence has uncovered considerable heterogeneity within the LC nucleus, 

including molecular compositions, physiological properties, released transmitters, and 

projection targets (Robertson et al., 2013; Chandler et al., 2014; Chandler et al., 2019; 

Schwarz and Luo, 2015; Schwarz et al., 2015; Kempadoo et al., 2016; Hirschberg et al., 

2017; Uematsu et al., 2017; Totah et al., 2018; Borodovitsyna et al., 2020). Our data 

support these findings (Figure 3.19). Therefore, it is possible that pupil diameter is 

dynamically coupled with different LC subgroups that are differentially engaged during 

cognitive processes. However, this is insufficient to explain the session- to- session 

fluctuations of pupil responses to LC stimulation, since we likely activated a 

heterogenous group of LC neurons that exhibited similar session- to- session responses to 

optical stimulation.  

The fact that the putatively same neurons tracked across days exhibited similar 

responses to optical stimulation cannot fully establish the long- term stability of 

population LC response because slow changes in the tissue due to tetrode/optical fiber 

implant (gliosis, inflammation, etc.) could alter light transmission to the neurons that 

were not recorded. However, several lines of evidence in our study did not favor this 

possibility: (1) Pupil responses in a later session did not systematically or progressively 

differ from an earlier session (e.g., consistently larger or smaller, Figure 3.14); (2) 

Significant pupil response variability can be observed in sessions that were a few hours 

apart (Figure 3.12); (3) Across- session variability of pupil responses was largely 
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comparable to within- session variability (Figure 3.16). However, optogenetic stimulation 

tends to synchronize neuronal activity, which may not reflect the physiological condition 

(Totah et al., 2018). Future experiments with the ability to record from multiple opto- 

tagged LC neurons simultaneously will further investigate the relationship between pupil 

diameter and population- level LC activity.  

During wakefulness, the state of the brain is constantly fluctuating, both in the 

presence and absence of external stimuli (Kenet et al., 2003; Fox et al., 2006; Fox and 

Raichle, 2007; Sakata and Harris, 2009; Luczak et al., 2009; Berkes et al., 2011; Harris 

and Thiele, 2011; Mohajerani et al., 2013; Romano et al., 2015; Petersen, 2019; 

McCormick et al., 2020). Pupil response profiles can reflect different behavioral 

processes (Schriver et al., 2020), and pupil responses also can be dissociated from 

cognitive processes (Podvalny et al., 2019). Our data extend these observations, 

supporting that LC and pupil respond to behavioral and cognitive variables differently 

(Yang et al., 2021). 

Fluctuations of hit rate and decision bias reflect state changes such as impulsivity, 

motivation, and task engagement (Dickinson and Balleine, 1994; Mayrhofer et al., 2013; 

Berditchevskaia et al., 2016). Although mice licked more during high motivation or high 

engagement trials (Berditchevskaia et al., 2016; Allen et al., 2019; McBurney- Lin et al., 

2020), our data show that licking alone cannot account for the tight correlation between 

the variations of the behavioral variables and the variations in the pupil–LC relationship 

(Figure 3.18), suggesting that pupil–LC coupling is brain state dependent. 
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How may brain states modulate pupil–LC coupling? Pupil size changes have been 

linked to activity in other brain areas and neuromodulatory systems, including the medial 

prefrontal cortex, the inferior colliculus, and cholinergic signaling (Joshi et al., 2016; 

Reimer et al., 2016; Okun et al., 2019; Kucyi and Parvizi, 2020; Pais- Roldán et al., 2020; 

Sobczak et al., 2021). A recent study found that pupil responses to dorsal raphe 

stimulation exhibited task uncertainty- dependent variations (Cazettes et al., 2021). 

Therefore, it is possible that in high motivation/engagement states, multiple circuits 

including the LC synergistically influence pupil size changes, resulting in the apparently 

stronger pupil–LC coupling. Future experiments are needed to elucidate how pupil and 

LC interact with these brain circuits during different behavioral contexts and cognitive 

processes. Another possibility is that higher engagement states may be intimately 

associated with more ‘uninstructed’ movements as revealed by recent work (Musall et al., 

2019), which can drive robust neuronal activity throughout the brain (Musall et al., 2019; 

Steinmetz et al., 2019; Stringer et al., 2019; Salkoff et al., 2020). Future studies with 

comprehensive movement monitoring will determine whether more frequent movements, 

both task- related and task- unrelated, during periods of high motivation/engagement 

underlie the stronger pupil–LC coupling. 

 

Methods 

Mice 

All procedures were performed in accordance with protocols approved by UC 

Riverside Animal Care and Use Committee. Mice were DBH- Cre (B6.FVB(Cg)- 
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Tg(Dbh- cre) KH212Gsat/Mmucd, 036778- UCD, MMRRC); Ai32 (RCL- 

ChR2(H134R)/EYFP, 012569, JAX), or DBH- Cre injected with AAV5- EF1α- DIO- 

hChR2(H134R)- EYFP (UNC Vector Core), singly housed in a vivarium with reverse 

light–dark cycle (12 hr each phase).  

 

Surgery 

Male and female mice of 8–12 weeks were implanted with titanium head posts as 

described previously (Yang et al., 2016). Procedures for microdrive construction and LC 

recording have been described previously (Yang et al., 2021). Briefly, custom 

microdrives with eight tetrodes and an optic fiber (0.39 NA, 200 µm core) were built to 

make extracellular recordings from LC neurons. Microdrive was implanted in the left LC.  

 

Electrophysiology 

LC neurons were identified by optogenetic tagging of DBH+ neurons expressing 

ChR2, tail pinch response, and post hoc electrolytic lesions (Yang et al., 2021). For 

Figures 3.1 and 3.7, 19 single unit recordings (cluster quality measure Lratio: 0.01 ± 

0.005; firing rate: 1.65 ± 0.25 spikes/s; percent ISI <10 ms: 0.11% ± 0.1%) from 7 mice 

performing the single- whisker detection task (see below) were extracted using MClust 

(Redish, 2014), among which six recordings were from our previous dataset (Yang et al., 

2021). For Figure 3.10, 5 units from 5 mice were tracked over time (between 1 and 5 

days). For Figure 3.12, 68 pupil sessions (34 baseline pupil- matched session pairs) to LC 
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stimulation were acquired from 8 mice, 4 of which were implanted with an optical fiber 

only (0.39 NA, 200 µm core), and the time between sessions 1 and 2 was 4.4 ± 0.9 days.  

 

Optogenetics 

Electrophysiology, pupil tracking, and optogenetic stimulation were synchronized 

via a common TTL pulse train. The mating sleeve connecting two ferrules was covered 

with black tape to prevent light leak. An ambient blue LED was used to constrict the 

pupil and to mask any potential light leak. <15 mW (RMS) of blue light was measured at 

the tip of optical fiber. We estimated an excitable volume on the order of 0.05–0.1 mm3 

for a 30° cylindrical cone based on 10- mW light power, 2.5 mW/mm2 excitation 

threshold and 1.4 refractive index of brain tissue (Boyden et al., 2005; Sun et al., 2012) 

(brain tissue light transmission calculator: https://web.stanford.edu/group/dlab/cgi-

bin/graph/chart.php), containing hundreds of neurons in the LC. Stimulation patterns 

were delivered every 10–30 s and randomized.  

 

Behavior task 

Behavior task was controlled by BControl (C. Brody, Princeton University) or 

custom- based Arduino hardware and software as described previously (Yang et al., 

2016; Yang et al., 2021; McBurney- Lin et al., 2020). In brief, mice were trained to 

perform a head- fixed, Go/NoGo single- whisker detection task, in which mice reported 

whether they perceived a brief deflection (0.5 s, 40 Hz or 0.2 s, 25 Hz sinusoidal 

deflection) to the right C2 whisker by licking toward a water port. A 0.1- s auditory cue 
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(8 kHz tone, ~80 dB SPL) was introduced starting 1–1.5 s before stimulus onset. During 

all sessions, ambient white noise (cutoff at 40 kHz, ~80 dB SPL) was played through a 

separate speaker to mask any other potential auditory cues associated with movement of 

the piezo stimulator. Video of the left pupil (ipsilateral to LC recording and stimulation) 

was acquired at 50 Hz using a PhotonFocus camera and StreamPix 5 software, or at 20 

Hz using a Basler acA1300- 200 µm camera and Pylon software. 450 nM blue diode 

lasers (UltraLasers, MDL- III- 450–200 mW) controlled by WaveSurfer (https://www. 

janelia.org/open-science/wavesurfer) were used for optogenetic stimulation.  

 

Histology 

At the conclusion of the experiments, brains were perfused with PBS followed by 

4% paraformaldehyde, postfixed overnight, then cut into 100-μm coronal sections and 

stained with anti- tyrosine hydroxylase antibody (Thermo Fisher OPA1- 04050).  

 

Data analysis 

For Figure 3.1, in each recording if the interval between two adjacent spikes was 

shorter than median inter- spike interval of that unit, the spikes were grouped into a single 

cluster. Using other time windows (0.1–0.5 s) to group spikes did not affect this analysis 

for the majority of recordings (data not shown). Peak pupil dilation was defined as the 

absolute maximum value in a 6- s window following the onset of each cluster (time of the 

first spike). ROC analysis in Figure 3.1f–h was performed between peak pupil diameter 
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associated with clusters of a given size and number- matched, randomly selected pupil 

diameter.  

For Figure 3.4, pupil traces were first smoothed with a 500 ms window to avoid 

false- positive slope detections. Pupil slopes were then estimated every 200 ms, and a 

pupil dilation event was defined as the maximum pupil size between sequential positive 

zero- crossings of the slopes (Joshi et al., 2016). For each dilation event, LC spikes were 

quantified in a −2 to −4 s window from the event. Using a −1 to −3 s window did not 

affect this analysis (data not shown). Pupil dilation events falling in a bin of 0.3 SD were 

considered of similar sizes. ROC analysis in Figure 3.4e was performed between LC 

spike counts associated with pupil dilation events of a similar size and LC spike counts 

associated with number- matched, randomly selected pupil sizes. ROC analysis in Figure 

3.4f was performed the same way as in Figure 3.1.  

For Figure 3.12, pupil responses in each session were first bootstrapped 100 times 

with replacement to estimate the mean and confidence interval. Pupil responses to the 

same optical stimulation were pooled from the two different sessions, and then randomly 

assigned to session 1 or 2 with replacement. The reported p value represented the 

proportion of iterations where mean peak pupil responses from the two permutated 

sessions exceeded the observed difference from 1000 iterations.  

For  Figure 3.16, across- session variability (standard deviation of peak pupil 

responses) was estimated by resampling trials pooled from all sessions in each condition. 

The iteration of resampling matched the total number of sessions in that condition. To 

test whether within- session variability was similar to across- session variability for 
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individual session pairs which exhibited significantly different pupil responses, we first 

estimated the distribution of across- session variability by resampling trials pooled from 

both sessions for 1000 iterations and examined whether the variability of individual 

sessions fell outside 5% of the distribution.  

For Figure 3.18, 9 recordings (out of 13 shown in Figure 3.1e) from 4 mice during 

behavior were included with >100 trials and R2 > 0.6. For Figure 3.18b, LC clusters 

occurring within ±0.5 s from each licking event were excluded from analyzing the pupil– 

LC relationship as in Figure 3.1e. This window was chosen based on previous results that 

LC spiking peaked within a few hundred milliseconds of licking onset (Yang et al., 

2021).  

Data were reported as mean ± standard error of the mean unless otherwise noted. 

We did not use statistical methods to predetermine sample sizes. Sample sizes are similar 

to those reported in the field. We assigned mice to experimental groups arbitrarily, 

without randomization or blinding. 
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Figure 3.1 Correlating LC activity to pupil responses. 

(a) Left: schematic of experimental setup for simultaneous pupil and LC 

recording/optical stimulation in head-fixed mice. Lightning bolt: light pulse. Right: 

expression of ChR2 in a DBH;Ai32 mouse (dopamine beta hydroxylase, DBH; ChR2-

EYFP: green; tyrosine hydroxylase, TH: red). (b) Example simultaneously recorded LC 

spike raster and z-scored pupil diameter. Vertical black lines represent individual spikes. 

Horizontal magenta lines indicate spike clusters. (c) Example LC spike cluster-triggered 

pupil responses for cluster sizes 1, 4, and 7. (d) Mean LC cluster-triggered pupil 

responses (± standard error of the mean [SEM]) for cluster sizes 1 through 8 with 

occurrence (%) indicated in an example recording. (e) Left: the relationship between 

peak pupil diameter and LC cluster size for each paired recording. Curves with linear 

regression R2 > 0.6 are in black (n = 13), <0.6 in red (n = 4). Two recordings with 

limited cluster sizes (<3) were not suitable for linear regression and not included here. 

Right: histogram of the linear slopes for curves with R2 > 0.6. For f–h, the 13 recordings 

with R2 > 0.6 were included. (f) Histograms of area under the curve (AUC) values when 

using peak pupil diameter to predict the associated cluster sizes 1, 4, and 7. Magenta dot: 

mean. (g) Group mean AUC values when using peak pupil diameter to predict the 

associated cluster sizes 1 through 8. (h) Replot of (g) by showing the occurrence 

(abscissa) associated with each cluster size (gray scale). 



 129 

 
 

Figure 3.2 Example LC neuron spike characteristics. 

(a) Distribution of inter-spike interval, average waveform (top) and spike sorting 

diagram (bottom) of 3 example recordings with median ISI (left to right: 0.20 s, 0.29 s, 

0.36 s) and spike duration (left to right: 0.23 ms, 0.84 ms, 1.25 ms). Spike duration was 

quantified from trough to peak after-hyperpolarization (AHP). (b) Distribution of median 

inter-spike interval for 19 recordings. (c) Distribution of R2 values from linear regressing 

pupil-LC relationship in Fig. 3.1e (n = 17. 2 recordings with limited cluster sizes (< 3) 

were not suitable for linear regression and not included). 
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Figure 3.3  The relationship between the latency of peak pupil diameter and LC cluster 

size. 

c.c., Pearson correlation coefficient.  
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Figure 3.4 The pupil-LC relationships hold when using different methods for 

quantifying pupil responses. 

The relationship between pupil size changes and LC spike cluster when pupil responses 

were quantified as % changes from baseline (a), time derivative (b) or using a shorter 

time window (3-s, c). Curves with linear regression R2 > 0.6 are in black, < 0.6 are in 

red. Specifically, 13 recordings were identified with R2 > 0.6 in (a), and all were the 

same as the 13 recordings with R2 > 0.6 in Fig. 3.1e. 9 recordings were identified with R2 

> 0.6 in (b), and 8 out of 9 were from the 13 recordings in Fig. 3.1e. 12 recordings were 

identified with R2 > 0.6 in (c), and all were from the 13 recordings in Fig. 3.1e. In 

addition, only in 1 out of the 13 recordings (with R2 > 0.6 in Fig. 3.1e) did the number of 

spikes occurring after a given cluster (in-between spikes) significantly correlate with LC 

cluster size or peak pupil diameter, and overall, the in-between spikes did not strongly 

correlate with LC cluster size (correlation coefficient = 0.35, P = 0.39) or peak pupil 

diameter (correlation coefficient = 0.29, P = 0.48). Together, these results strongly 

suggest that the in-between spikes did not significantly contribute to the variability of the 

pupil-LC relationship. 
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Figure 3.5 Group mean AUC values when using peak pupil diameter to predict the 

associated cluster size 1 through 8 from all recordings (n = 19). 
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Figure 3.6 Group mean probability distribution of LC spike clusters (n = 19). 
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Figure 3.7 Reverse correlating pupil responses to LC activity. 

(a) Example pupil–LC traces showing the detected pupil dilation events (blue arrows) 

based on zero-crossing of pupil derivatives. (b) Probability distributions of LC spike 

counts associated with pupil dilation events of similar sizes in an example recording. 

Magenta dot: mean. Pupil dilation events were binned every 0.3 standard deviation (SD). 

(c) Group mean probability distributions of LC spikes associated with pupil dilation 

events of similar sizes. Mean occurrences (%) of pupil dilation events were indicated. (d) 

Group mean relationship between LC spike counts and pupil dilation events binned every 

0.3 SD from 0 to 3 SD. (e) Group mean area under the curve (AUC) values when using 

LC spike counts to predict the associated pupil dilation events binned every 0.3 SD from 

0 to 3 SD. (f) Group mean AUC values when using the detected pupil dilation events to 

predict the associated LC spike counts 1 through 8, similar to Fig. 3.1g. 
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Figure 3.8 Group mean relationship between peak pupil diameter and LC spike counts.  

Relationships based on 1) clustering LC spikes then identifying the associated peak pupil 

responses (blue, Fig. 3.1), and 2) detecting pupil dilation events then identifying the 

preceding LC spike counts (red, Fig. 3.7Figure 3.7). 
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Figure 3.9 Group mean probability distribution of the detected pupil dilation events (n 

= 19). Pupil dilation events were binned every 0.3 s.d.  
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Figure 3.10 LC responses to optogenetic stimulation. 

(a) Example LC histological section illustrating optical fiber implant and the estimated 

excitable volume (light gray cone). Estimates were based on 10-mW laser power, 2.5 

mW/mm2 excitation threshold, 1.4 refractive index, and a 30° cylindrical cone. (b) 

Example spiking activity (vertical lines) from an opto-tagged LC unit in response to 10-

ms blue pulse trains at different frequencies. (c) Example traces (top, middle) and 

waveforms (bottom) from a putatively same LC unit in response to optical stimulation 

(cyan bars) in two different sessions (3 days apart). Black and blue indicate an earlier 

and a later session (sessions 1 and 2), respectively. Waveforms from the two sessions 

were highly similar with Pearson correlation coefficient (c.c.) = 0.97. (d) Spike sorting 

diagrams corresponding to the two sessions shown in (c). The unit was identified in Ch1. 

(e) Waveforms from another putatively same unit in two sessions (1 day apart, waveform 

c.c. = 0.95). (f) Waveforms from the 2 units shown in (c) and (e) were less similar 

(session 1 unit 1 vs. session 1 unit 2, c.c. = 0.75). (g) Among the tracked 5 units, 

waveforms from the putatively same units in sessions 1 and 2 (Same) were more similar 

than waveforms from the putatively different units in session 1 (Different. Same vs. 

Different, Pearson correlation coefficient (c.c.), 0.96 ± 0.02 vs. 0.82 ± 0.07, mean ± 

standard deviation (SD), p = 6.6e−4, two-tailed rank sum test). Gray dots: individual 

pair. Black dots: group mean. (h) Responses from the putatively same units to optical 

stimulation (S1 vs. S2) during awake, non-task performing (4 units, left) and anesthetized 

(5 units, right) conditions. p > 0.05 for each S1 vs. S2 comparison, permutation test. 

Evoked spike counts were quantified in response to (1) single 50 ms pulse (solid black 

line, 4 units); or (2) four 10 ms pulses at 10 Hz (solid gray line, 2 units); or (3) eight 10 

ms pulses at 5 Hz (dashed gray line, 2 units). 
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Figure 3.11 The evoked LC neuron responses to varying stimulation parameters. 

Number of evoked spikes from an opto-tagged LC unit in response to optical stimulation 

using different laser power (single 10-ms pulse; Left), or different pulse width (single 

pulse; Right). Error bars may be too small to be visible. 
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Figure 3.12 Pupil responses to LC optogenetic stimulation. 

(a) Example responses from the same pupil to LC stimulation in two awake, baseline 

pupil-matched sessions (left and right) aligned to the onset of optical stimulation of four 

10 ms pulses at 10 Hz. Thin curves: individual responses; thick curves: mean. Baseline 

pupil diameter S1 vs. S2, 0.71 vs. 0.75 mm. p values were based on permutation test. (b) 

Same as in (a), except that optical stimulation was eight 10 ms pulses at 10 Hz. (a, b) 

were from the same recording. (c) Group data showing pupil responses to optical 

stimulation of four 10 ms pulses at 10 Hz in awake, baseline pupil-matched sessions (12 

paired sessions from 6 mice). To aid visualization, pupil responses in session 2 were 

normalized to session 1. Unnormalized data in Fig. 3.14. Dots: mean peak pupil 

responses. Vertical lines: 95% confidence interval. Solid lines indicate significant 

difference (p < 0.05, permutation test). Session 1 always preceded session 2. Magenta 

arrows indicate same-day comparison. (d) Group data showing pupil responses to 

optical stimulation of eight 10 ms pulses at 10 Hz in awake, baseline pupil-matched 

sessions (11 paired sessions from 7 mice). Unnormalized data in Fig. 3.14. Conventions 

are as in (c). (e, f) Left: example pupil responses from one recording. Conventions are as 

in (a, b), except that optical stimulations consisted of 50 ms pulses instead of 10 ms, and 

that pupil responses from the two sessions were overlaid. Baseline pupil diameter S1 vs. 

S2, 0.83 vs. 0.80 mm. Right: group pupil responses as in (c, d), except that optical 

stimulations consisted of 50 ms pulses instead of 10 ms. 9 paired sessions from 7 mice in 

(e), and 9 paired sessions from 7 mice in (f). Magenta arrows indicate same-day 

comparison. (g, h) Left: example pupil responses from one recording. Conventions are as 

in (a, b), except that the mouse was under anesthesia (2% isoflurane), and that pupil 

responses from the two sessions were overlaid. Baseline pupil diameter S1 vs. S2, 0.31 

vs. 0.35 mm. Right: group pupil responses as in (c, d), except that mice were under 

anesthesia. 7 paired sessions from 3 mice in (g), and 8 paired sessions from 3 mice in (f). 
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Figure 3.13 Raw pupil traces for the 2 sessions used in Figure 3.12a, b. 
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Figure 3.14 Unnormalized group pupil responses as shown in Figure 3.12c, d.  

Session-to-session fluctuations were not observable from group comparisons. P = 0.38, n 

= 12 for (a) and P = 0.63, n = 11 for (b). Magenta arrows indicate same-day 

comparison. 
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Figure 3.15 The variability of pupil responses to LC optical stimulation within 

individual sessions (Within) was comparable to that of across sessions (Across) in 

awake mice.  

Across-session variability was estimated by resampling from pooled trials from all 

sessions in each condition. The repeats of resampling matched the number of sessions in 

that condition.  
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Figure 3.16 Spontaneous pupil diameter in awake and anesthetized mice. 

(a) The amplitude of spontaneous pupil dilation events in awake, non-task performing 

condition was larger than in anesthetized condition (5 sessions from 3 mice in each 

condition, P = 0.0079, two-tailed rank sum test). Grey dots: individual sessions. Red and 

black dots: group mean. (b) The frequency of significant spontaneous pupil dilation 

events (> 0.3 s.d.) was higher in awake, non-task performing condition than in 

anesthetized condition (5 sessions from 3 mice in each condition, P = 0.0079, two-tailed 

rank sum test). Grey dots: individual sessions. Red and black dots: group mean.  
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Figure 3.17 Example electrophysiology and pupil recordings in two sessions from the 

same mouse. 

Simultaneous recording of an LC unit waveform (a), spike responses (b) and pupil 

diameter (c) during optogenetic stimulation (10-ms pulse train: 4 pulses at 10 Hz (Top) 

and 8 pulses at 5 Hz (Bottom) under anesthesia). Baseline pupil diameter S1 vs. S2, 0.34 

vs. 0.32 mm. 
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Figure 3.18 Pupil–LC coupling is correlated with decision-bias-related variables. 

(a) The variations in the relationship between peak pupil diameter and LC cluster size 

(linear slopes in Fig. 3.1e) were strongly correlated with Hit rate (left) and decision bias 

(right, n = 9). c.c., Pearson correlation coefficient. (b) The relationships in (a) held when 

pupil–LC slopes were quantified in non-licking periods only. 

https://elifesciences.org/articles/70510#fig1
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Figure 3.19 Spike characteristics for all LC neurons. 

(a-b) ISI distribution and waveform from all recordings, ranked by increasing median 

ISI. Pupil-LC relationship with R2 > 0.6 (as in Fig. 3.1e) in (a, n = 13), and the 

remaining in (b, n = 6). All waveforms were plotted on the same scales as shown in the 

first panel. Each trial lasted 5-6 s, which likely contributed to the peak on the right side 

of some ISI distributions (e.g., magenta arrow in the last panel of (b)). (c) Average firing 

rate vs. spike duration (trough to peak AHP). Black dots represent the group in (a), grey 

dots represent (b). We note that both narrow and wide waveforms were present, 

supporting recent work (Totah et al., 2018). We did not quantify the width of four 

waveforms in (a, indicated by *) as their reversed polarity with prominent initial positive 

deflection indicated that the recording sites were in the more distal axonal or dendritic 

regions of neurons where mixed-ion capacitive current could become more profound 

(Gold et al., 2006; Rall & Shepherd, 1968; Sun et al., 2021). Their firing rates were 

between 1 and 3 spikes/s. 

 

 




