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The orchestration of diffuse actions is essential for the efficient functioning and behavior 

of animals. Information processing across the central nervous system is regulated and 

coordinated by small groups of neurons in the brain that express neurochemicals known 

as neuromodulators. The modulator norepinephrine is important for regulating arousal 

and attention. Norepinephrine modulates many sensory systems, including the central 

auditory system. Here we examined the modulatory effects of norepinephrine in the 

principal midbrain auditory nucleus, the inferior colliculus (IC). Using calcium imaging, 

we found that norepinephrine modulates the physiology of cells in the IC. We observed 

increases in intracellular calcium in cells across the inferior colliculus. This effect is 

mediated by all three adrenergic receptor subtypes. Noradrenergic effects were not 



 

observed in excitatory neurons in the IC. We also examined cellular expression of 

adrenergic receptor-encoding mRNA using fluorescent in situ hybridization. We found 

expression of α1, α2A, and β2 receptor-encoding mRNA throughout the IC. We observed 

similar levels of expression of α1 and α2A receptor-encoding mRNA across the IC, while 

β2 receptor-encoding mRNA was expressed in a higher proportion of cells in the outer 

subregions of the IC. Co-expression of adrenergic receptor-encoding mRNA was 

greater than expected. Together, this research provides the first evidence for 

noradrenergic modulation of the inferior colliculus and furthers our understanding of the 

expression of adrenergic receptors in the auditory midbrain. 
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Chapter 1.  Introduction 

The orchestration of diffuse actions is essential for the efficient functioning and behavior 

of animals. In mammals, activity across the central nervous system gives rise to complex 

psychological processes such as mood, arousal, attention, and motivation. The cognitive 

state of an animal influences and directs its interaction with the world. This widespread 

function across the central nervous system is regulated and coordinated by small groups 

of neurons that express neurochemicals known as neuromodulators. To accomplish this, 

the neuromodulatory centers send far-reaching projections throughout the central 

nervous system1. While the regulatory functions of each central neuromodulatory system 

often overlap and interact2, these systems can be defined based on which modulatory 

neurotransmitter they express and release onto downstream targets. Central nervous 

system neuromodulators include acetylcholine, the monoamines – dopamine, 

epinephrine, norepinephrine, serotonin, and histamine – and a variety of neuropeptides. 

Each of these neuromodulatory systems plays a role in controlling arousal, motivation, 

reward, and mood through actions throughout the brain. 

 

1.1 Norepinephrine in the central nervous system 

 

Noradrenergic cells in the mammalian brain are grouped into nuclei in the medulla and 

pons of the brainstem3. These noradrenergic nuclei were shown to project to multiple 

regions in the brain4–6. The A1 region projects to hypothalamus, nucleus of the solitary 

tract, and periambigual area and is involved in regulating autonomic and endocrine 
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systems7.  The A5 region is also important for autonomic regulation and projects to the 

amygdala, hypothalamus, periaqueductal gray, parabrachial area, nucleus of the solitary 

tract, and thalamus8. Many noradrenergic regions (A5, A6, A7) project to the spinal cord 

as well, for the regulation of cardiovascular activity, pain sensation, and other autonomic 

functions9. The noradrenergic group A6, also called the locus coeruleus (LC), is unique 

in that its projections are spread widely throughout the forebrain in addition to lower areas 

and is the sole source of norepinephrine in the cerebral cortex10,11 (Figure 1.1). 

 

Figure 1.1: Noradrenergic projection pathways of the locus coeruleus of the mouse 

Schematic diagram of the locus coeruleus and the major pathways of noradrenergic innervation 
in the brain of the mouse. Only some of the targets of noradrenergic projections are labeled. 
Adapted from Kandel et al. 201212 and Waterhouse and Navarra 201913. 

 
 
The LC has been the principal focus of research on noradrenergic nuclei in the brain. The 

modulatory actions of the LC have been linked to arousal and the sleep-wake cycle14,15, 

memory16–18, sensory processing13,19–21, and attention22,23. Many neuromodulatory 

neurons in the brain are spontaneously active, including the LC24. The tonic activity of LC 

neurons changes throughout the course of the day, entrained by the circadian system of 

the superchiasmatic nucleus. The activity of LC neurons is greatest during wakefulness, 

reducing with slow wave sleep and becomes almost completely silent during REM 
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sleep14,25,26. EEG-detected activity increases with higher rates of firing in the LC27. The 

LC’s noradrenergic projections are unmyelinated28 and consequently have slower 

conduction velocities than other, myelinated axons. Taken together, these early studies 

of LC structure and function suggested a role in brain-wide tuning of arousal and 

alertness, where increased release of norepinephrine during wakefulness increases 

cortical activity and promotes greater engagement and arousal with the environment. 

 

Recordings of LC activity in behaving animals showed that patterns of LC firing were more 

complex than simple increases and decreases in tonic firing rates and emphasized a 

greater role in attention and reward-driven behavior. In behavioral tasks where an animal 

must detect and correctly respond to a stimulus that results in reward, LC neurons showed 

transient increases in firing following the presentation of the stimulus but preceding the 

behavioral response23,29. LC neurons also rapidly change their responses to match 

changes in salient stimuli, such as when stimulus-reward pairing is altered mid-

experiment. The shifts in LC behavior occur before the animal shifts its response behavior 

to match the new environmental conditions. The transient responses to task-relevant 

stimuli does not occur when the animal was presented with task-irrelevant stimuli. These 

observations led to the adaptive gain hypothesis of LC and central norepinephrine. The 

transient increases in LC firing – phasic activity – is hypothesized to temporarily increase 

activity in the cortex to enhance the behavioral response to the current task. Tonic activity 

of the LC is thought to enhance disengagement from the current behavioral task and 

control overall levels of arousal. This was based on results that showed increased 

baseline tonic activity in the LC increased distractibility and lowered behavioral task 
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performance23,30. Tonic LC activity can inhibit or promote exploration of the behavioral 

environment to ensure that more lucrative opportunities are not missed15. LC activity and 

task performance results from  

  

the interplay between phasic spikes of firing that promote attention and responses and 

tonic baseline firing that promotes overall alertness but can override the phasic firing to 

find alternative behavioral responses when too high or result in lethargy when too low. 

These patterns in LC activity are similar to the Yerkes-Dodson law of performance and  

arousal that was developed in the early 1900s. Low levels of arousal leads to poor task  

 

Figure 1.2: Yerkes-Dodson curve for locus coeruleus activity and task performance 

Schematic showing the relationship between LC activity and task performance observed in 
behaving animals. Low levels of steady LC activity are associated with overall low levels of task 
engagement and attention. Moderate levels of LC activity are ideal for task performance, and 
phasic LC responses dominate. High levels of tonic activity in the LC results in hyper-arousal 
and poor task performance and higher levels of explorative behavior. Adapted from Aston-
Jones and Cohen 200515. 
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performance due to disengagement and low levels of energy. Performance is ideal when 

arousal levels are moderate but can become poor again with high levels of arousal. Higher 

levels of arousal lead to distractibility from the current task, resulting in poor performance 

but increased exploration for alternative behaviors to maximize efficiency (Figure 1.2). 

 

The wider behavioral roles of noradrenergic release in the brain depend on 

neuromodulatory actions at the cellular level. Norepinephrine is synthesized by the 

enzyme dopamine β-hydroxylase (DBH) from the precursor dopamine, a neuromodulator 

itself31. Noradrenergic projections of the LC likely release norepinephrine by both 

traditional synaptic and extrasynaptic (volume) transmission methods28,32. Volume 

transmission is the release of norepinephrine widely into extracellular space, increasing 

the number of post-synaptic targets and time the neuromodulator can exert its influence. 

Noradrenergic modulation is accomplished through binding to 7-transmembrane g-

protein coupled receptors (GPCRs)33–35. GPCRs affect intracellular function by activating 

or inhibiting second messenger pathways. Adrenergic receptors can be split into three 

groups, as defined by their effects on second messenger systems: α1, α2, and β. α1 

adrenergic receptors have three subtypes (α1A, α1B, and α1D) that are coupled to the Gq/11 

protein. Binding and activation of α1 adrenergic receptors activates the phospholipase C 

and phosphatidyl inositol pathways, which in turn activates protein kinase C and the 

mobilization and release of intracellular stores of calcium, which then can cause 

numerous, long-lasting cellular changes36,37. α2 adrenergic receptors have three subtypes 

(α2A, α2B, and α2C) that are coupled to Gi proteins. Binding and activation of α2 adrenergic 

receptors reduces the activity of adenylyl cyclase (AC), resulting in lowered levels of 
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intracellular cyclic adenosine monophosphate (cAMP)37. Finally, β adrenergic receptors 

have three subtypes (β1, β2, and β3). These adrenergic receptors are coupled to the Gs 

protein and activation of this second messenger results in increased activity of AC and 

cAMP levels37,38.  

 

All three adrenergic receptor subtypes are expressed in numerous brain regions and can 

alter multiple neuronal properties, both intrinsic and synaptic. For example, β adrenergic 

receptors in hippocampal CA1 pyramidal neurons directly reduce the slow after-

hyperpolarization that follows the generation of action potentials by inhibiting the calcium-

induced potassium current. This effect requires the intracellular increase in cAMP that is 

the result of β adrenergic receptor activation39–41. α adrenergic receptor activity in the 

cortex increases spontaneous inhibitory post synaptic currents detected in GABAergic 

neurons42, illustrating one of the many synaptic effects adrenergic receptors can have in 

the brain. Adrenergic receptors are also commonly expressed in astrocytes and other glia 

in the brain and can affect their function. Noradrenergic release in the cortex increases 

astrocyte activity and is thought to enhance the responsiveness of astrocytes to local 

cortical neuron activity43. The wide range of physiological modulation actions 

norepinephrine performs in the brain reflects the many functional and behavioral roles of 

noradrenergic modulation in the central nervous system. 

 

Norepinephrine is critical for an animal’s ability to attend to and make decisions about 

their environment. Focusing on and selecting relevant sensory information is an important 

factor of efficient attention and the decisions regarding an animal’s environment. 
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Norepinephrine modulates the processing of multiple sensory modalities, including 

auditory, visual, gustatory, olfactory, and somatosensory systems13. In general, 

norepinephrine in central sensory processing areas increases neuronal responses to 

stimuli and alters excitatory and inhibitory synaptic activity to increase signal-to-noise 

ratios19,44–47. Noradrenergic neuromodulatory actions have been observed throughout the 

central auditory system, from the brainstem to the cortex, with the notable exception of 

the midbrain auditory nucleus, the inferior colliculus. 

 

1.2 The ascending auditory system 

 

The auditory system is responsible for the detection, transduction, processing, and 

conscious awareness of the differences in air pressure we interpret as sound48,49 (Figure 

1.3). Sound is transduced from oscillations in air pressure to electrical signals in the 

cochlea of the inner ear. Mechanosensory hair cells detect movements of the basilar 

membrane, which vibrates in tune with pressure that is transferred from sound to the fluid 

that fills the cochlea. The auditory nerve carries these signals to the cochlear nuclei of the 

brainstem, where it enters the central auditory system. Before connecting with the 

cochlear nuclei, the auditory nerve splits into ascending and descending pathways50,  
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Figure 1.3: Ascending pathways of monoaural auditory stimuli 

Diagram of the central auditory centers. Arrows represent the connections and pathways of 
auditory stimuli originating from a single cochlea. DCN: dorsal cochlear nucleus, PVCN: 
posteroventral cochlear nucleus, AVCN: anteroventral cochlear nucleus, LSO: lateral superior 
olivary nucleus, MSO: medial superior olivary nucleus, MNTB: medial nucleus of the trapezoid 
body, VNLL: ventral nucleus of the lateral lemniscus, DNLL: dorsal nucleus of the lateral 
lemniscus. 
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providing a small preview to the computational and functional specializations that  

exist in the areas of the central nervous system. The cochlear nuclei maintain the  

organization that is established in the cochlea51. The neuronal representations of auditory 

stimuli are spatially organized based on the frequency of those auditory stimuli, where 

cellular representations of similarly pitched stimuli are close to each other. This is  

known as tonotopic organization, an organizational pattern that continues through the  

ascending auditory pathways. The divergent pathways of auditory processing in the 

cochlear nuclei give rise to different neuronal representations of sound in the brainstem,  

despite the uniform source from the auditory nerve52. These differences are created by 

the differing populations of auditory nerve targets53,54 and the introduction of lateral 

inhibitory circuits that emphasize certain features of the auditory stimulus55. The cochlear 

nuclei do not operate independently and are the targets of a variety of descending 

modulatory projections, including norepinephrine56. In the dorsal cochlear nucleus (DCN), 

norepinephrine quiets spontaneously firing inhibitory interneurons57. This in turn lowers 

background levels of inhibition in the DCN but enhances inhibitory glycinergic synaptic 

transmission via disinhibition. This effect of norepinephrine in the DCN is hypothesized to 

contribute to the filtering of auditory stimuli in the DCN. 

 

The cochlear nuclei project to a multitude of targets, including the olivary complex and 

the inferior colliculus (IC). The olivary complex builds upon the computations of the 

cochlear nuclei and is best known for integrating the monoaural inputs from the bilateral 

cochlear nuclei into binaural signals that specialize in the spatial detection of sounds58. 

The lateral superior olive compares the intensity of auditory stimuli from each ear to 
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calculate location, while the medial superior olive compares the frequency and timing of 

binaurally represented auditory stimuli59. These processes also represent a change from 

the uniformly excitatory inputs of the auditory nerve to more complex representations of 

stimuli built on multiple excitatory and inhibitory pathways60 that begins in the cochlear 

nuclei. The building of more detailed auditory processing from inputs of prior nuclei is a 

theme that continues throughout the ascending auditory system. The olivary complex is 

sensitive to noradrenergic modulation, with norepinephrine reducing excitatory 

glutamatergic synaptic transmission in the afferent connections between the ventral 

cochlear nucleus and the lateral superior olive61. This provides another example of 

noradrenergic modulation in the central auditory system. 

 

The ascending projections of the olivary complex and cochlear nuclei make up a fiber 

bundle known as the lateral lemniscus. While some of these pathways project directly to 

the midbrain IC, some terminate in a series of three nuclei known as the nuclei of the 

lateral lemniscus (dorsal; DNLL, intermediate; INLL, and ventral; VNLL)62–64 which then 

in turn send projections to the IC. The VNLL is a component of the monoaural information 

stream, receiving input primarily from the contralateral cochlear nucleus and ipsilateral 

olivary complex62. The DNLL receives binaural information from bilateral olivary 

complexes and contralateral cochlear nuclei and likely enhances the spatial detection of 

stimuli. Less studied in comparison to the cochlear nuclei and olivary complex, the nuclei 

of the lateral lemniscus are a center for the further refinement of ascending information. 
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Auditory information in the thalamus is represented in the medial geniculate nucleus 

(MGN or MGB). The MGN is composed of three subregions, the ventral, dorsal, and 

medial divisions of the MGN. The ventral portion of the MGN is the primary auditory region 

of the MGN65,66, receiving ascending input from the central nucleus of the inferior 

colliculus (ICc) and descending inputs from the auditory cortex67,68. The ventral portion of 

the MGN is tonotopically organized, similar to its ascending inputs. Outputs of the ventral 

MGN primarily target the ipsilateral auditory cortex (A1). The dorsal and medial portions 

of the MGN are more eclectic in their inputs and outputs. The medial portion of the MGN 

receives inputs from the ICc and external cortex of the inferior colliculus (ICx)67, a portion 

of the IC that is more multimodal than the ICc. The medial MGN also receives non-

auditory input from a variety of sources, including the vestibular system69 and 

somatosensory processing regions, directly and indirectly via the ICx. The medial MGN 

sends afferents to a wider region of targets compared to the ventral MGN, including the 

auditory cortex70, the amygdala71, and other non-auditory cortical regions72. The dorsal 

MGN receives input mainly from the dorsal cortex of the inferior colliculus (ICd)67. Activity 

in the dorsal MGN is implicated in auditory learning. Neurons in the dorsal MGN show 

stimulus specific adaptation (Antunes et al 2010) and can show increased 

responsiveness to auditory stimuli that are paired with an aversive stimulus73. The dorsal 

MGN projects to secondary auditory cortical regions that are near the primary auditory 

cortex74. Similar to other thalamic neurons, neurons in the MGN are sensitive to 

norepinephrine, responding to norepinephrine application with decreases or increases in 

their spontaneous firing rates75,76.  
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The primary auditory cortex (A1) is the final destination of the primary stream of ascending 

auditory information. It is similar to other cortical regions, being composed of six distinct 

layers. Layers III and IV receive inputs from the ventral MGN and layers I and VI receive 

inputs from the medial MGN77. Of note here, layers V and VI are the sources of 

descending projections to the inferior colliculus78,79. The primary auditory cortex also 

project to numerous other regions. The primary auditory cortex is surrounded by non-

primary auditory cortical regions, which receive inputs from the MGN as well as from the 

core of A1. The function of the auditory cortex, primary and nonprimary regions, is 

complex, integrating all of the components of stimuli extracted along the ascending 

pathway. While the superior olive is the first area in the ascending pathway that calculates 

the spatial origin of sounds, the auditory cortex is where that information is coalesced for 

higher cognitive functions. The auditory cortex is modulated by norepinephrine and this 

interaction has been the subject of multiple studies. Norepinephrine application in the 

auditory cortex improves frequency tuning in response to pure tones80,81. If auditory 

stimuli are paired with artificial stimulation of the locus coeruleus, neurons in the auditory 

cortex showed increases and decreases in frequency tuning that lasted for up to 15 

minutes82. Norepinephrine has been shown to affect inhibitory synaptic transmission in 

the auditory cortex, with α2 and β adrenergic receptors facilitating GABAergic post-

synaptic currents while α1 receptor mediated activity decreases responses to GABAergic 

synaptic activity83. Norepinephrine modulation in the IC has also been linked to auditory 

cortex responses during rewarding behavioral tasks. Following pairing of LC stimulation 

with the presentation of a rewarding auditory cue, areas of the auditory cortex that were 
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initially unresponsive begin showing activity when the animal is presented with the 

conditioned auditory stimulus84. 

 

The nuclei of the ascending auditory pathway compose a complex sensory processing 

network that demonstrates increasing complexity and feature detection from the initial 

mechanotransduction of sound into electrical signals in the cochlea to higher cognitive 

processing in the cortex (Figure 1.3). Many of the components of this system receive 

noradrenergic projections from the locus coeruleus and are modulated by norepinephrine. 

1.3 The inferior colliculus 

The primary midbrain nucleus of the central auditory pathway is the inferior colliculus (IC). 

The IC is a site of integration of the divergent pathways of auditory processing that  

arise in the brainstem. Nearly all of the ascending auditory pathways converge and make 

synapses in the IC, with only a small portion or axons bypassing it to the MGN85,86 (Figure 

1.3). The IC also receives extensive descending projections from the auditory cortex and 

MGN. Morphologically, the IC is composed of two bilateral lobes on the  

dorsal surface of the midbrain. Each lobe of the IC can be divided into three subregions, 

based on the patterns on ascending and descending inputs, neuronal composition, and 

function. These subregions are the central nucleus (ICc), the dorsal cortex (ICd), and the 

external cortex (ICx) (Figure 1.4). Neurons in the IC show an increased complexity of 

responses to auditory stimuli in comparison to brainstem auditory nuclei, indicating that 

the IC functions as a distinct processing center itself and more than a simple site of relay. 

For example, the IC is the first nucleus in the ascending auditory pathway that shows 

specialization for vocalizations87–90. 
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The ICc is required for hearing91 and is the primary auditory nucleus of the IC. The ICc 

receives the majority of the ascending auditory afferents, including projections from 

multiple subregions the cochlear nucleus92,93, lateral superior olive, medial superior 

olive94, and all of the nuclei of the lateral lemniscus95. These inputs are glutamatergic, 

GABAergic, and glycinergic62,96. Each ICc also receives input from the contralateral IC97. 

The ascending fibers and dendrites of intrinsic ICc neurons form layers in the ICc. 

Ascending projections that carry information regarding auditory stimuli of specific 

frequency ranges merge in the same layer of the ICc, even if those projections originate 

in different brainstem nuclei. Thus, the laminar structure of the ICc is formed. The layers 

of the ICc are known as isofrequency layers and contain neurons that show high levels 

of responsiveness to similar frequencies of auditory stimuli. The isofrequency layers that 

are more dorsal show the strongest responses to auditory stimuli of low frequencies. 

Layers more ventral and medial show representations of progressively higher stimulus 

frequencies98. The neurons of the ICc contribute to the laminar structure as well. 80% of 

neurons in the ICc are classified as “disc-shaped”, and have dendritic and axonal 

projections that do not cross isofrequency lamina98. The remaining 20% of neurons are 

classified as “stellate” cells. Stellate neuron projections readily cross laminae, presumably 

coordinating activity across multiple isofrequency layers. There are numerous intrinsic 

connections within the ICc and other IC subregions99. The ICc sends projections primarily 

to the ipsilateral auditory thalamus, MGN100–102. 
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Further categorization of ICc neurons remains elusive. Neurochemically, 30% of ICc 

neurons are GABAergic, with the remaining 70% glutamatergic103. GABAergic neurons in 

the ICc show variation in cell body size, and can be divided into four groups104–106. Despite 

this, glutamatergic and GABAergic neurons in the ICc do not show distinct types of 

responses to auditory stimulation107. Electrophysiologically, ICc neurons show a variety 

of responses to depolarizing current injection108,109. Both disc-shaped and stellate 

neurons in the ICc can project either intrinsically within the IC or to the MGN and the same 

is the case for ICc glutamatergic and GABAergic neurons. No correlations between 

intrinsic electrophysiological properties, neurotransmitter expression, cell morphology, or 

projection pattern have yet been firmly established. Some success in categorizing IC 

neurons has been seen using expression of vasoactive intestinal peptide (VIP) 

 

Figure 1.4: The subregions of the inferior colliculus 

Diagram of the inferior colliculus and its subregions. ICc: central nucleus, ICd: dorsal cortex, 
ICx, external cortex. D: dorsal, L: lateral, V: ventral, M: medial. 
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expression. VIP cells in the IC exhibit a uniform type of firing, are glutamatergic, and show 

similar patterns in projections110. 

 

The dorsal cortex of the IC (ICd) has is less well studied than the ICc. Neurons in the ICd 

form layers but not the isofrequency-specialized layers of the ICc111. The ICd receives no 

direct input from the ascending auditory fibers from the auditory brainstem or lemniscal 

nuclei but receives extensive intrinsic connections from the rest of the IC112. The ICd 

receives large descending inputs from the auditory cortex as well79, which are likely the 

primary drivers of auditory stimulus-evoked responses in ICd neurons113. The function of 

the ICd is also relatively unexplored, however links have been made between the ICd and 

attention to auditory stimuli114 and the auditory startle reflex111. ICd neurons also show 

strong responses to novel stimuli and stimulus-specific adaptation, indicating the ICd 

might show specialization for detecting novel auditory stimuli115,116. 

 

The external cortex of the IC (ICx) is a site of multimodal integration The ICx receives 

inputs from intrinsic IC connections, the somatosensory regions of the dorsal column 

nuclei and spinal trigeminal nucleus117, superior colliculus, and auditory cortex79. The 

somatosensory inputs to the ICx appear to be especially important, accounting for a 

simplistic representation of body position in ICx neurons118. There have been suggestions 

of a map of auditory space being represented in the mammalian ICx119, similar to what 

has been established in the homologous lateral dorsal mesencephalic nucleus of the 

owl120,121. The IC also projects to the superior colliculus, which is important for orientation 

behaviors and visual attention. It is likely that the somatosensory and auditory information 
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integrated in the ICx assists with behavioral responses and orientation. Throughout the 

ICx, distinct groupings of neurons have been described. These patches of neurons have 

been identified based on their staining for a variety of metabolic and neurotransmitter 

markers, including glutamic acid decarboxylase-76 (GAD-67, a marker of GABAergic 

neurons), acetylcholinesterase (AChE), parvalbumin, nicotinamide adenine dinucleotide 

phosphate-diaphorase (NADPH-d), and cytochrome oxidase122. These patches coincide 

with somatosensory input terminations, and largely do not overlap with auditory inputs to 

the ICx. 

 

1.4 Neuromodulation in the IC 

 

Due to its role as a site of integration of ascending and descending inputs, the IC has long 

been hypothesized to be a location for efficient neuromodulation. Serotonergic (5-HT) 

fibers are present in the IC123,124 and originate in the raphe nucleus. Serotonin alters ICc 

neuron responses to tones125 and shifts response latencies126. Serotonin also reduces 

GABAergic synaptic activity in the IC127 and robustly increases spontaneous GABAergic 

post-synaptic currents in slices of IC128. Interestingly, serotonin release in the IC is greater 

and faster in male mice exposed to an unfamiliar male compared with exposure to a 

familiar male129. These results suggest an interaction between social experiences and 

serotonergic modulation of auditory processing. Dopamine is also present in the IC130,131. 

Unlike serotonin, which arises from the primary serotonergic center of the brainstem, 

dopamine innervation of the IC originates from a thalamic dopaminergic region, the 

subparafascicular region (SPF)131 instead of the principal dopaminergic centers, the 
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ventral tegmental area (VTA) or substantia nigra. Dopamine is released in the IC with 

electrical or optogenetic stimulation of the SPF132 but its function remains unknown. When 

applied during presentation of auditory stimuli, dopamine alters the response rate, timing, 

and bursting of IC neurons133. Acetylcholine is also present in the IC, originating in the 

midbrain tegmental nuclei134. Cholinergic agonists bimodally affect responses to tones in 

IC neurons135 but further exploration has not been completed. Overall, the IC is a rich 

target of modulatory systems in the mammalian brain. An exception in modulatory 

research in the IC is norepinephrine. 

 

1.5 Norepinephrine in the IC 

 

Little is currently understood of noradrenergic modulation in the IC. Projections from the 

locus coeruleus that are immunoreactive for DBH were found in the IC123,136. Evidence of 

adrenergic receptors in the IC has come from studies utilizing autoradiographic binding 

and in situ hybridization. Binding studies indicated the presence of α1 and α2 adrenergic 

receptors in the IC but not β137–140. In situ hybridization studies were able to assess 

distributions of adrenergic receptor subtypes more accurately and reported low levels of 

α1 mRNA in the IC141,142. A later study utilizing a transgenic mouse line driving a reporter 

gene under the control of the α1A promoter showed high expression levels in the IC143. 

α2A and α2C receptor encoding mRNA is expressed in the IC144. Consistent with 

autoradiographic binding studies, no expression of β1 or β2 has been described in the 

IC145. These anatomical studies focused on brain-wide expression patterns of adrenergic 

receptors, with few examining expressions at cellular-level resolution and none examining 
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co-expression of one or more adrenergic receptor subtypes (i.e. between α2, α2, and β).  

Despite evidence for the presence of presynaptic and postsynaptic mechanisms enabling 

noradrenergic modulation in the IC, the topic remains unexplored. 

 

The functional roles of the IC and noradrenergic modulation show several overlaps. 

Norepinephrine is important for attention and novel stimuli orientation. Similarly, the ICx 

and ICd subregions have been implicated in modulating auditory attention and orientation 

to auditory stimuli Norepinephrine modulates other auditory processing centers in the 

brainstem, thalamus, and cortex. These regions receive projections from the LC, similar 

to the IC. Given the role of norepinephrine in modulating sensory processing in numerous 

locations in the brain, across sensory modalities, it is likely norepinephrine is providing a 

similar function in the IC. 

 

Here, I detail experiments examining noradrenergic modulation in the mouse inferior 

colliculus. I used widefield calcium imaging to investigate how norepinephrine modulates 

calcium activity in cells of the IC. I used tri-channel in situ hybridization to examine the 

expression patterns of adrenergic receptors in the IC to understand where and in what 

combination cells in the IC express adrenergic receptors. 
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Chapter 2. Noradrenergic modulation of intracellular calcium 

in the mouse inferior colliculus 

 

2.1 Abstract 

Norepinephrine is a modulator of diverse processes in the brain, with roles in arousal, 

attention, memory, and fear. Norepinephrine modulates multiple sensory processing 

modalities in the brain, including the auditory system. The central noradrenergic 

modulatory region, the locus coeruleus, projects noradrenergic fibers to the principal 

auditory midbrain region, the inferior colliculus (IC). We examined the modulatory effects 

of norepinephrine in the IC using widefield calcium imaging. We found that norepinephrine 

reliably and robustly increases intracellular levels of calcium in cells in the IC. This 

occurred in all three subregions of the IC, with greater effects observed in the external 

subregions of the IC. Norepinephrine’s effects were mediated by all three adrenergic 

receptor subtypes (α1, α2, and β). α1 receptor-mediated effects were indirect, requiring 

intact purinergic signaling. α2 and β receptor-mediated effects were direct. All of the 

observed effects of norepinephrine did not require action potentials but were prevented 

by the exclusion of extracellular calcium. We found that the effects of norepinephrine did 

not occur in excitatory neurons in the IC. Together, these results provide the first evidence 

for the modulatory actions of norepinephrine in the IC, implicating noradrenergic 

modulation in auditory processing. 
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2.2 Introduction 

Modulation of sensory processing is an important mechanism by which the central 

nervous system can adapt incoming information to differing internal and external states. 

 

 Norepinephrine is a powerful neuromodulator that is released widely throughout the brain 

and is implicated in a broad range of functions, such as arousal, attention, and memory. 

The locus coeruleus (LC), provides the majority of noradrenergic fibers that project 

throughout the mammalian brain1,2. Norepinephrine can modulate sensory processing as 

well, with effects on the majority of central sensory processing systems, including visual, 

olfactory, somatosensory, gustatory, and auditory3. Norepinephrine modulates synaptic 

activity in the auditory cortex4–7 resulting in improved signal relative to noise. Pairing the 

presentation of an auditory stimulus with stimulation of the LC results in facilitation of 

auditory cortical responses8, highlighting the links between attention and noradrenergic 

modulation. In the auditory brainstem, norepinephrine is critical for development of lateral 

superior olive networks9 and increases signal-to-noise ratio in the dorsal cochlear 

nucleus10. 

 

 The inferior colliculus (IC) is the primary auditory nucleus of the mammalian midbrain. 

The IC functions as a relay and integration site for nearly all ascending auditory signals 

and receives descending projections from multiple regions, including the auditory cortex 

and thalamus11–15. The merging of ascending auditory information gives rise to an 

increased complexity of neuronal responses to auditory stimuli. As a gatekeeper for 

ascending and descending auditory pathways, the IC is positioned to be a powerful site 
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of broad modulatory effects. Dopamine exerts diverse actions on tone-evoked responses 

in IC neurons16. Serotonin affects the timing of auditory responses in IC neurons17–19 and 

changes inhibitory synaptic activity20.  

 

Little is currently known of norepinephrine’s actions in the IC. The IC contains fibers that 

express dopamine β-hydroxylase (DBH), the enzyme required for the synthesis of 

norepinephrine. The vast majority of DBH-positive fibers in the IC originate from the locus 

coeruleus21. Neural activity in the IC has been linked to LC activity via pupil diameter, 

suggesting noradrenergic release in the IC during bouts of increased LC activity22.  

 

Here we examine the effects of norepinephrine application in brain slices of the IC using 

calcium imaging. We find that norepinephrine evokes intracellular calcium increases 

throughout the IC, with larger amplitude effects observed in the external cortices of the 

IC. These effects are mediated by all three noradrenergic receptor subtypes (α1, α2, and 

β), with distinct patterns of activity elicited by activation of each subtype. These results 

implicate a diverse role for noradrenergic modulation in the IC. 

 

2.3 Materials and methods 

Animals 

All procedures were done in accordance with the University of Washington Institutional 

Animal Care and Use Committee. Male and female CBA/CaJ mice aged postnatal day 12 

through 15 were used for all experiments. Mice were housed with foster mothers until the 

day of experiments, under a 12:12 light dark cycle with unlimited access to food and 
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water. Mice expressing GCaMP6s under the control of Camk2a-cre were bred by crossing 

Camk2a-cre/ERT2 (Jackson labs catalog number 012362) with Ai162D (TIT2L-GC6s-

ICL-tTA2, Jackson labs catalog number 031562). Pups aged 10 days were injected 

intraperitoneally with tamoxifen (1 mg in corn oil vehicle, Sigma) to induce cre expression. 

Camk2a-GCaMP6s pups were then sacrificed five to eight days later for experiments. 

 

Brain slice preparation 

Mice were anesthetized by isoflurane inhalation and quickly decapitated. Brains were 

removed and transferred to an ice-cold slicing solution composed of (in mM): sucrose 

(180), KCl (2.5), MgCl2 (7.5), NaH2PO4·H2O (1), NaHCO3 (26.2), glucose (11), CaCl2 

(0.5), HEPES (20), and ascorbate (5). The slicing solution osmolarity was adjusted to 300 

mOsm by addition of sucrose and was bubbled with a 95% O2/5% CO2 mixture for the 

duration of slicing. Brains were blocked rostral to the IC and coronal slices of the IC were 

made using a vibrating microtome (Leica). Slices were made at 250 μm thickness. Some 

slices were bisected into hemispheres to increase experimental yield per animal. Slices 

were transferred using a glass pipette to warmed recovery solution composed of (in mM): 

NaCl (94), KCl (2.5), MgSO4·7H2O (1.3), NaH2PO4·H2O (1), NaHCO3 (26.2), glucose 

(11), CaCl2 (2.5), HEPES (20), and ascorbate (5). The recovery solution osmolarity was 

300 mOsm and was bubbled with a 95% O2/5% CO2 mixture at room temperature for the 

duration of the recording day. Slices were rested for a minimum of 45 min before use in 

experiments. 
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Calcium imaging 

After resting, slices were transferred to a small petri dish containing 0.07% pluronic 

(Sigma), 1 μM Fluo-4 AM (Invitrogen), and recovery solution that was continuously 

bubbled with 95% O2/5% CO2 for calcium indicator dye loading. The slices were loaded 

for 40 minutes then returned to the original recovery bath until recording. For recording, 

slices were transferred to a bath that was continuously perfused with warmed (30° C) 

bath solution containing (in mM): NaCl (119), KCl (2.5), MgSO4·7H2O (1.3), 

NaH2PO4·H2O (1), NaHCO3 (26.2), glucose (11), and CaCl2 (2.5). The bath solution 

osmolarity was 300 mOsm and bubbled with a 95% O2/5% CO2 mixture for the duration 

of experiments. A bath solution containing zero calcium and EGTA was composed of (in 

mM): NaCl (119), KCl (2.5), MgSO4·7H2O (3.8), NaH2PO4·H2O (1), NaHCO3 (26.2), 

glucose (11), and EGTA (0.5). Slices were secured using a small patch of porous 

membrane (12 micron, Nucleopore) and a platinum harp. Slices were allowed to rest for 

10 minutes in the recording bath prior to the start of an experiment. Experiments were 

performed using a Nikon AZ100 upright microscope with AZ Plan Fluor 2x objective. 

Photomultipliers or 2x or 3x in the light path were used to frame the IC and maximize the 

tradeoff between area recorded and cellular resolution. Recordings were captured at one 

frame per second at a resolution of 1920x1440 pixels using an ORCA-Flash2.8 camera 

(Hamamatsu) and NIS-elements (Nikon) software. Drugs for pharmacological 

manipulations were bath applied with the following concentrations: Norepinephrine (10 

μM, Sigma), cirazoline (30 μM, Tocris), clonidine (50 μM, Sigma), isoproterenol (15 μM, 

Sigma), prazosin (10 μM, Tocris), yohimbine (20 μM, Sigma), propranolol (30 μM, Tocris), 

tetrodotoxin (TTX, 500 nM, Calbiochem), NBQX (10 μM, Tocris), DL AP-V (50 μM, 
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Sigma), SR-95531 (GABAzine, 10 μM, Sigma), strychnine (1 μM, Sigma), suramin (150 

μM, Sigma), PPADS (50 μM, Tocris), forskolin (10 μM, Sigma), TTAP-2 (20 μM, Alomone 

labs), nifedipine (50 μM, Sigma), ATP (100 μM, Sigma), Carbenoxolone (100 μM, Sigma). 

 

SR101 

For labeling of astrocytes, slices were loaded with sulforhodamine 101 (SR101, Sigma). 

Immediately following slicing, slices were placed in a small petri dish containing recovery 

solution with 1 μM SR101, warmed to 34°C. This loading protocol effectively labels 

astrocytes23 Slices were loaded for 20 minutes before a brief wash in recovery solution 

and transfer to a recovery chamber. Slices were then allowed to rest for an additional 10 

minutes before normal Fluo-4 loading and subsequent recordings. During imaging of 

SR101 loaded slices, SR101 fluorescence images were taken before and after Fluo4 

imaging and compared for movement. Slices that exhibited inconsistencies attributed to 

swelling and/or movement between the two SR101 images were not used for analysis. 

 

Data analysis 

All imaging analysis was performed with FIJI24 and Matlab (Mathworks). 

Captured time courses were first exported from NIS-elements (Nikon) as image stacks 

for further processing in ImageJ. Time course stacks were then spatially down sampled 

by a factor of 2. Masks of the inferior colliculus were then drawn by hand to limit analysis 

to the IC.  
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Constrained non-negative matrix factorization (CNMF) was then performed as described 

in Pnevmatikakis et al, 201625. The Matlab implementation of this analysis was used. This 

analysis allowed for objective detection of cells and neuropil captured in our time courses 

based on fluctuations in calcium and resulting indicator fluorescence.  

Specifically, temporal and spatial components of cells and neuropil were first estimated, 

along with background components. We utilized the ‘greedy’ method provided by 

Pnevmatikakis and colleagues, followed by HALs refinement. First estimations of spatial 

and temporal components were then further refined by using initial spatial estimates to 

build a subsequent set of temporal components, and initial temporal components to build 

a subsequent set of spatial components. At this point, cellular components were 

correlated with raw fluorescence activity to estimate their accuracy in representing the 

raw data. Overlapping spatial components that had similarly correlated temporal activity 

were then merged. Spatial and temporal components were then refined again, before 

being ordered based on the maximum values in their spatial and temporal components. 

ΔF/F values were then measured for each cellular component. 

 

Primary functions used: preprocess_data, initialize_components, 

update_spatial_components, update_temporal_components, classify_comp_corr, 

merge_components, order_ROIs, and extract_DF_F. plot_contours and 

plot_components_GUI were also used for aid in analysis and data visualization. 

 

Component ΔF/F traces were used for all subsequent measurements. Initial estimates of 

the number of spatial components were high (~1000), often resulting in a large number 
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of spurious components detected. To select non-spurious components for further 

analysis, we calculated the sum of the absolute values of differences within each ΔF/F 

trace to eliminate components that showed little to no (< 1%) total change in fluorescence. 

All presented data were measured from the selected ΔF/F traces. 

Mean ΔF/F increases for each slice experiment were measured by calculating the 

difference in maximum mean ΔF/F during drug application vs baseline period for across 

all components. Baseline period was defined as the initial 10-20 seconds of each time 

series (~10% of the full duration). ΔF/F peak values were calculated as the difference 

between peak ΔF/F and baseline for each component. ΔF/F halfwidths were calculated 

by measuring the width of the ΔF/F response at half peak ΔF/F value, and in some cases 

were truncated due to sustained increases that surpassed the length of recording. This 

was the case for primarily the IC surface noradrenergic effects and rarely observed within 

the ICc, ICx, and ICd subregions. Component distance from edge was calculated by 

measuring the distance from the centroid coordinates of each CNMF-detected component 

and nearest edge of the IC mask region of interest (ROI) drawn initially to limit analysis 

to the IC. 

 

Subregion specific effects were assessed by limiting measurements of CNMF-detected 

components to manually determined IC subregions. Subregion ROIs were drawn based 

on comparison of anatomical markers in slices to a reference atlas (Allen brain institute) 

and borders discernible by variations in Fluo4 loading. 
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We measured overlap between agonist-evoked ΔF/F increases and SR101 label 

manually. For examining overlap between agonist effects, only slices where effects were 

observed from each adrenergic receptor agonist were used. 200 by 200 pixel regions of 

ICc, ICx, and ICd were cropped and CNMF-detected components were overlaid using 

custom Matlab scripts for manual assessment of the number of overlapping components. 

For SR101 overlap, we used ImageJ functions to find SR101 ROIs. First, a gaussian blur 

with a radius of 2 pixels was applied. Next, background was subtracted using the rolling 

ball technique (radius = 10 pixels). Images were then thresholded and ROIs detected with 

a minimum area of 10 pixels to help eliminate spurious ROIs arising from trapped air 

bubbles or other artifacts. SR101 ROIs were then imported into Matlab and overlaid with 

CNMF-detected components for manual counting of overlap. 

 

Statistical analysis and plotting 

All images shown were made using Matlab or ImageJ. All data plots were made using 

GraphPad Prism. All statistical analyses were made using GraphPad Prism. Unless 

otherwise noted, individual slices and hemislices were treated as independent 

observations. Images presented in figures represent maximum-intensity z-projections 

produced in ImageJ, unless otherwise noted. 

2.4 Results 

Norepinephrine elicits calcium increases throughout the inferior colliculus 

To examine the effects of norepinephrine in the inferior colliculus (IC), we bath applied 

norepinephrine to coronal slices of IC loaded with Ca indicator while imaging. 

Norepinephrine application (10 μM) reliably produced increases in calcium in the IC with 
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a mean ΔF/F increase of 5.8% (n=15, p-value < 0.001, one-sample T test) (Figure 2.1). 

The norepinephrine effect was observed in all subregions of the IC as well as the external 

surface of the IC (Figure 2.1a). To quantify the differences in norepinephrines effects in 

the subregions of the IC, we selected 5 slices where the subregions were able to be  

 

Figure 2.1: Norepinephrine evokes calcium increases in the IC 

A: ΔF/F max projection of norepinephrine’s (10 μM) effects in a representative coronal slice of 
IC. Scale bar = 100 microns. B: Carpet plot of ΔF/F responses in detected regions of interest 
across time of the representative effect shown in A. Each row represents a ROI’s change in 
fluorescence over time coded by color. Total time = 180 s. C: Upper: Mean trace of ΔF/F 
responses shown in B with standard error of the mean cloud in red. Lower: Histogram of the 
peak ΔF/F effects observed in the representative effect shown in A and B. n = 881. D: Left: 
Crop of the max projection ΔF/F image shown in A with CNMF-detected ROIs outlined in red. 
Scale bar = 15 microns. Right: ΔF/F traces over time of the ROIs shown on the right. E: 
Summary plot of all mean ΔF/F responses to norepinephrine application. Error bars represent 
mean ± standard error of the mean. F: Summary of mean ΔF/F responses to norepinephrine 
application across IC subregions in 5 slices with well-defined subregions. ICc: central nucleus 
ICx: external cortex, ICd: dorsal cortex.  
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differentiated by anatomical landmarks visible due to baseline fluorescence of the calcium 

indicator After measuring subregion-specific ΔF/F, greater increases in fluorescence in 

response to norepinephrine were observed in the dorsal cortex of the IC (ICd) (mean  

7.74%, n=5) and external cortex of the IC (ICx) (mean 7.74, n=5) than in the primary 

auditory processing central nucleus (ICc) (mean 3.67%, n=5). ΔF/F increases in the ICd 

and ICx were not significantly different (p-value > 0.999, Tukey’s multiple comparisons) 

but both were significantly greater than the ΔF/F increase observed in the ICc (p-values 

0.0337 and 0.0337 respectively, Tukey’s multiple comparisons). 

 

Norepinephrine-evoked responses exhibit different time courses. 

We observed that cells on the external surface of the IC and in the ICx and ICd subregions 

showed longer-lasting responses to NE application than did cells in the ICc (Figure 2.1b). 

We measured the half-width of ΔF/F responses and observed a clear bimodal  

distribution (Figure 2.2a). Examining the time course of ΔF/F responses of these two 

populations revealed different responses to norepinephrine (Figure 2.2b). Examining the 

spatial distribution of ROIs with respect to their halfwidths confirmed that longer lasting 

ΔF/F responses were concentrated on the edges and surface of the IC (Figure 2.2c, d, e). 

Across slices, halfwidths were the shortest in the ICc (mean 25.14s, n=5) and longer in 

the ICx (58.82s, n=5) and ICd (mean 44.12s, n=5). ICc halfwidths were significantly 

shorter than ICx halfwidths (p-value = 0.0232, Tukey’s multiple comparisons) (Figure 2.2f). 

Differing responses to norepinephrine suggested the presence of multiple types of 

norepinephrine-sensitive cells in the IC. 
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Figure 2.2: Noradrenergic effects are longer in the exterior regions of the IC 

A: Histogram of ΔF/F response halfwidths in a representative experiment. n= 717. B: Mean 
ΔF/F traces with standard error of the mean clouds of ΔF/F responses with halfwidths greater 
than 100s in yellow, and less than 50s in blue. C: Image of coronal slice of IC from which ΔF/F 
responses shown in A, B, D, E were recorded. Scale bar = 100 microns. D: ΔF/F ROIs plotted 
spatially in the IC with halfwidth color coded (range 0 – 140 s). E: ΔF/F responses plotted with 
distance from IC edge by halfwidth F: Summary mean halfwidths of ICc, ICx, and ICd IC 
subregions. Error bars represent mean ± standard error of the mean. Mean ICc halfwidths were 
significantly lower than ICx halfwidths. 
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Norepinephrine’s effects in the IC are direct 

We next examined whether the observed effect of norepinephrine on cells in the IC was 

direct by applying norepinephrine in the presence of TTX and inhibitors of synaptic 

transmission. Norepinephrine-evoked calcium increases were not blocked by 500 nM 

TTX (mean 8.213%, n=4) (Figure 2.3a, b), indicating that voltage gated sodium channels 

and action potential generation are not required for the observed calcium signal.  

 

Figure 2.3: Norepinephrine’s effects on IC cells is direct 

A: Traces of mean ΔF/F responses with standard error of the mean clouds of norepinephrine 
application in the presence of: control ACSF, 500 nM TTX, fast glutamatergic, GABAergic, and 
glycinergic synaptic blockers (NBQX 10 μM, AP-V 50 μM, GABAzine 10 μM, and strychnine 1 
μM), purinergic receptor antagonists (suramin 150 μM, PPADS 50 μM), and gap junction 
blocker carbenoxolone (100 μM). B: Summary dot plots of mean ΔF/F responses to NE 
application in the conditions listed above. Error bars represent mean ± standard error of the 
mean. 
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Interestingly, the average fluorescence increase in the presence of TTX appeared to be 

greater than without. The IC is known to contain GABAergic, glutamatergic, and 

glycinergic synapses that originate from intrinsic and extrinsic sources. We applied NBQX 

(10 μM), AP-V (50 μM), GABAzine (10 μM), and strychnine (1 μM) to slices of IC before 

the addition of norepinephrine. These synaptic blockers did not result in a significant 

change in norepinephrine-induced calcium transients (mean = 4.32%, n=3) (Figure 2.3a, 

b). To our knowledge, purinergic signaling has not been observed in the IC but has been 

linked to noradrenergic modulation elsewhere in the brain. Blocking purinergic signaling 

with the nonspecific P2 antagonists suramin and PPADs (150 μM and 50 μM)  

did not significantly alter norepinephrine’s effects in the IC (mean 6.73%, n=3) (Figure 

2.3a, b). The gap junction inhibitor carbenoxolone also did not have an appreciable effect 

on norepinephrine-evoked calcium responses (mean 7.13%, n=3) (Figure 2.3a, b). 

Norepinephrine application in the presence of TTX, fast synaptic blockers, purinergic 

blockers or carbenoxolone did not differ significantly from control conditions (p-values of 

0.096, 0.566, 0.903, and 0.709 respectively, Tukey’s multiple comparisons test). 

 

An antagonist cocktail of α1, α2, and β adrenergic receptor blockers eliminated 

norepinephrine’s effects 

There is evidence for the expression of multiple adrenergic receptors in the IC, including 

α1 subtypes and α2 subtypes. To test whether the effect of norepinephrine is mediated 

by adrenergic receptors, we applied norepinephrine in the presence of a cocktail of 

adrenergic receptor antagonists. Broadly, adrenergic receptors are divided into three 

types, α1, α2, and β. We blocked all three receptors with a combination of the α1  
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antagonist prazosin (10 μM), α2 antagonist yohimbine (20 μM), and β antagonist 

propranolol (30 μM). The cocktail of adrenergic receptor antagonists fully blocked the 

calcium increases in response to norepinephrine application (mean 0.01%, n=6, p-value 

< 0.0001) (Figure 2.4). This confirms that the observed activity with norepinephrine 

application is mediated by adrenergic receptors. 

 

α1, α2, and β adrenergic agonists elicit calcium responses in the IC 

To examine which adrenergic receptors mediate the effects of norepinephrine, we applied 

subtype specific adrenergic receptor agonists. Surprisingly, we observed fluorescence  

 

Figure 2.4: Noradrenergic receptor antagonists block norepinephrine’s effects in the IC 

A: Representative ΔF/F response of NE application in the presence of α1 receptor antagonist 
prazosin (10 μM), α2 receptor antagonist yohimbine (20 μM), and β receptor antagonist 
propranolol (30 μM) in a coronal slice of the IC. ΔF/F max projection superimposed with raw 
fluorescence for anatomical reference. Scale bar = 100 microns. B: Carpet plot of ΔF/F 
responses in detected regions of interest across time of the representative effect shown in A. 
Each row represents a ROI’s change in fluorescence over time coded by color. Total time = 90 
s. C: Mean trace of ΔF/F responses shown in A and B with standard error of the mean cloud in 
red. D: Summary of mean ΔF/F responses in control conditions and with a cocktail of adrenergic 
receptor antagonists.  
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Figure 2.5: α1, α2, and β receptor specific agonists elicit calcium increases in the IC 
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increases with activation of any of the three adrenergic receptor subtypes (Figure 2.5). 

The α1 agonist cirazoline (30 μM) (Figure 2.5a, b, c, d), α2 agonist clonidine (50 μM) 

(Figure 2.5e, f, g, h), and β agonist isoproterenol (15 μM) (Figure 2.5i, j, k, l) each elicited 

a significant increase in calcium signal (α1 : mean 3.88%, n=23, p-value < 0.0001, α2: 

mean 1.26%, n=10, p-value=0.002, β: mean 3.945%, n=25, p-value < 0.0001, one sample 

t-tests). On average, activation of α2 receptors produced the smallest increase in 

fluorescence, while α1 and β agonists elicited more moderate increases. These agonist-

induced signals were all smaller than those caused by NE application (α1 : p-value=0.015, 

α2: p-value < 0.0001, β: p-value=0.017, Tukey’s multiple comparisons test) and α1 and β 

agonists differed significantly from α2 (p-values=0.003 and 0.002 respectively, Tukey’s 

multiple comparisons test) while not being significantly different from each other (p-

Figure 2.5 continued. A-D: Representative effects of α1 adrenergic receptor agonist (cirazoline 
30 μM) in the IC. A: ΔF/F max projection superimposed with raw fluorescence for anatomical 
reference. Scale bars = 100 microns. B: Carpet plots of ΔF/F responses in detected regions of 
interest across time of the representative effect shown in A. Each row represents a ROI’s 
change in fluorescence over time coded by color. Total time = 120 s. C: Mean trace of 
cirazoline-induced ΔF/F responses shown in A with standard error of the mean cloud in red. D: 
Histogram of the peak ΔF/F effects observed in the representative effect shown in A. n = 982. 
E-H: Representative effects of α2 adrenergic receptor agonist (clonidine 50 μM) in the IC. E: 
ΔF/F max projection superimposed with raw fluorescence for anatomical reference. Scale bars 
= 100 microns. F: Carpet plot of responses in ROIs detected from the representative effect 
shown in E. Total time = 120 s. G: Mean trace of clonidine-induced ΔF/F responses shown in 
E with standard error of the mean cloud in red. H: Histogram of peak ΔF/F effects observed in 
the representative effect shown in E. n = 320. I-L: Representative effects of β adrenergic 
receptor agonist (isoproterenol 15 μM) in the IC. I: ΔF/F max projection superimposed with raw 
fluorescence for anatomical reference. Scale bars = 100 microns. J: Carpet plot of responses 
in ROIs detected from the representative effect shown in I. Total time = 120 s. K: Mean trace 
of isoproterenol-induced ΔF/F responses shown in I with standard error of the mean cloud in 
red. H: Histogram of peak ΔF/F effects observed in the representative effect shown in I. n = 
527. M: Summary of mean ΔF/F responses elicited by NE or agonist application. Error bars 
represent mean ± standard error of the mean. N: Summary of mean ΔF/F responses multiplied 
by total ROI area observed in NE or agonist application. Error bars represent mean ± standard 
error of the mean. 
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value=0.999, Tukey’s multiple comparisons test). Similar average ΔF/F values can be 

obtained from differing numbers of cells. To account for this  

possibility, we compared the products of average ΔF/F and total CNMF-detected 

component area for each agonist. Similar trends were exhibited while comparing ΔF/F * 

total area values to solely ΔF/F values, confirming that α1 and β agonist applications 

produced larger ΔF/F effects across more cells in the IC than did α2 receptors. 

 

α1, α2, and β adrenergic agonists differentially activate subregions of the IC 

Subregions of the IC perform different functions in auditory processing. We next 

examined whether noradrenergic receptor specific agonists affected IC subregions 

differently (Figure 2.6). We observed that α1 receptor activation was more evenly 

distributed across all three IC subregions (ICc mean 3.22%, n=5, ICx mean 4.26%, n=5, 

ICd mean 3.96%, n=5, p-value=0.308, one-way ANOVA) (Figure 2.6a, b, c). α1 receptor 

agonist application also replicated the IC external surface effect (Figure 2.5a, Figure 2.6a) 

previously noted with norepinephrine application (Figure 2.1a).  α2 receptor agonist-

evoked activity was consistently weak, with its limited effects spread across the IC (ICc 

mean 1.61%, n=5, ICx mean 1.88%, n=5, ICd mean 1.72%, n=5, p-value=0.953, one-way 

ANOVA) (Figure 2.6a, b, c). Interestingly, α2 effects were concentrated near the borders 

between the ICc and ICx or ICd (Figure 2.6a). β receptor specific agonist elicited effects 

were concentrated in the ICx and ICd while being significantly lower in the ICc (ICc mean 

2.56%, n=5, ICx mean 5.91%, n=5, ICd mean 6.76%, n=5, p-value=0.018, one-way 

ANOVA) (Figure 2.6a, b, c). Controlling for total ROI area, the patterns of adrenergic 

agonist activation hold, with α1 activity being widespread throughout the IC, α2 activity  
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Figure 2.6: Adrenergic specific agonists excite different populations of cells in the IC with little 

overlap 

A: ΔF/F responses of three adrenergic receptor agonists in a coronal slice of IC. Max 
projections of each agonist-elicited ΔF/F effect superimposed. Scale bar = 100 microns. 
Brightness and contrast adjusted independently for each agonist-elicited ΔF/F effect.  B: 
Histograms of peak ΔF/F effects shown in A across IC subregions. C: Summary of peak mean 
ΔF/F responses in IC subregions. n = 5 for each subregion. Summary of peak mean ΔF/F 
responses multiplied by total ROI area across IC subregions. n = 5 for each subregion. E: 
Example crops of IC subregions and maximum agonist-elicited ΔF/F effect projected and  
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weak and focused on the borders of ICc, and β activity being limited to the ICx and ICd 

subregions (α1 p-value=0.539, α2 p-value=0.822, β p-value=0.0048, one-way ANOVAs)  

(Figure 2.6d). Different adrenergic receptors exert spatially distinct patterns of calcium 

activity in the IC. 

 

α1, α2, and β adrenergic agonists activate largely distinct populations of IC cells 

Despite the gross differences in spatial patterns of adrenergic receptor action, there is 

some level of agonist-specific activity in all three subregions of the IC. We next asked if 

cells in each IC subregion had calcium responses provoked by more than one 

noradrenergic receptor agonist. We applied all three agonists to seven slices of IC and 

examined to what extent the agonist-evoked patterns of activity overlapped. Overall, we 

found small fractions of overlap between agonist-induced effects (α1+α2: mean 0.05 

n=18, α1+β: mean 0.09 n=22, α2+β: mean 0.07 n=18, α1+α2+β: mean 0.01 n=18). The 

least amount of overlap occurred between the α1 and α2 adrenergic receptors  and more 

occurring in between α1 and β receptors and α2 and β receptors (p-value = 0.001, one-

way ANOVA).  There were small amounts of agonist-induced activity overlap in all three 

IC subregions, with the largest amount of overlap occurring in the ICd, and least amount 

in the ICc (ICc: mean 0.03 n=25, ICx: mean 0.04m n=29, ICd: mean=0.11, n=22, p-value 

= 0.0003, one-way ANOVA) (Figure 2.6f). These results show that while largely distinct 

populations, some cells show calcium increases in response to application of more than 

one adrenergic receptor. 

 

Figure 2.6 continued. superimposed. Scale bars = 20 microns. Brightness and contrast 
adjusted independently for each agonist-elicited ΔF/F effect. F: Summary of agonist ΔF/F effect 
overlap across IC subregions. n = 5 for each subregion. 
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Figure 2.7: α1 effects in the IC require purinergic signaling and extracellular calcium 

A: Summary plot of mean ΔF/F responses of α1 agonist cirazoline (30 μM) in the presence of 
TTX (500 nM), synaptic blockers (NBQX 10 μM, AP-V 50 μM, GABAzine 10 μM, and strychnine 
1 μM), purinergic antagonists (suramin 150 μM, PPADS 50 μM), 0 mM Ca2+ ACSF with 0.5 mM 
EGTA, and L-type calcium channel blocker nifedipine (50 μM). Error bars represent mean ± 
standard error of the mean. B: Summary mean ΔF/F responses to norepinephrine (10 μM), 
cirazoline, and ATP (100 μM). Error bars represent mean ± standard error of the mean. C: 
Representative ΔF/F response of ATP application in coronal slices of the IC. Scale bar = 100 
microns. D: Carpet plot of ΔF/F responses in detected regions of interest across time of the 
representative effect shown in A. Each row represents a ROI’s change in fluorescence over 
time coded by color. Total time = 170 s. E: Mean trace of ΔF/F responses shown in C and D 
with standard error of the mean cloud in red. F: Histogram of the peak ΔF/F effects observed 
in the representative effect shown in C and D. n = 1014. 
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α1 receptor mediated activity requires purinergic signaling and extracellular 

calcium 

We next tested if α1 receptor specific agonist-induced activity was direct and required 

extracellular calcium (Figure 2.7). Blocking action potentials with TTX had no effect (mean 

4.67%, n=4, p-value=0.961, Tukey’s multiple comparisons). Blocking fast synaptic 

transmission also did not affect the response to norepinephrine (mean 4.11%, n=6, p-

value=0.999, Tukey’s multiple comparisons). Broad inhibition of P2 receptors significantly 

decreased activity produced in the IC by application of the α1 specific agonist (mean 

0.38%, n=4, p-value=0.002, Tukey’s multiple comparisons), indicating that an 

intermediate purine release is required for the observed calcium effects.  Zero calcium, 

EGTA-containing ACSF lowered the average ΔF/F increase significantly (mean 0.09%, 

n=5, p-value=0.0002, Tukey’s multiple comparisons).  Surprisingly, pretreatment of slices 

with the L-type blocker nifedipine often led to a slow and steady increase in fluorescence. 

Despite this unexpected effect of L-type blockade, α1 agonist evoked ΔF/F increases 

were not reduced (mean 3.88%, n=5, p-value > 0.999, Tukey’s multiple comparisons). 

We next tested whether an agonist of P2 receptors could produce a similar effect to what 

is observed with α1 receptor activation. Application of ATP (100 μM) elicited a widespread 

calcium increase, similar to that observed with α1 agonist application (Figure 2.7b, c). 

Interestingly, we found that the overall level of fluorescence increased more with ATP 

application than with α1 agonist (mean 6.18%, n=6, p-value=0.006, Tukey’s multiple 

comparisons), similar to the level of response observed with norepinephrine (p-

value=0.894, Tukey’s multiple comparisons) (Figure 2.7b). Our results indicate that 
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intracellular calcium modulation by α1 adrenergic receptors requires purinergic signaling 

and extracellular calcium. 

 

α2 and β receptor mediated activity is direct, produces faster transient calcium 

responses, and requires extracellular calcium 

Neither α2 nor β receptor mediated activity was significantly reduced by preventing the 

generation of action potentials with TTX (α2 mean 1.10%, n=4, p-value=0.858; β mean 

5.77%, n=2, p-value=0.709, Tukey’s multiple comparisons) or blocking fast synaptic 

transmission (α2 mean 1.23%, n=4, p-value=0.949; β mean 2.78%, n=6, p-value=0.688, 

Tukey’s multiple comparisons) (Figure 2.8a, b). Additionally, β receptor mediated activity 

was unaffected by the presence of nonspecific purinergic blockers (mean 6.56%, n=4, p-

value=0.176, Tukey’s multiple comparisons) (Figure 2.8b), in contrast to α1 receptor 

mediated activity (Figure 2.7a). Pretreatment of slices with zero calcium, EGTA-containing 

ACSF lowered the responses to α2 and β agonists significantly (α2 mean -0.3%, n=2, p-

value=0.036, β mean 0.8%, n=5, p-value=0.036, Tukey’s multiple comparisons) (Figure 

2.8a, b). The L-type calcium channel blocker nifedipine did not affect the average 

response to α2 and β receptor agonists significantly (α2 mean 0.03%, n=4, p- 

value=0.054; β mean 2.35%, n=4, p-value=0.451, Tukey’s multiple comparisons) (Figure 

2.8a, b). The average length of α2 and β responses as measured by halfwidth were 

significantly shorter than responses elicited by norepinephrine and α1 agonist 

applications (NE mean 52.07 s, n=5; α1 mean 58.63 s, n=5; α2 mean 18.8 s, n=5, p-

value=0.001; β mean 29.94 s, n=5, p-value=0.036, Tukey’s multiple comparisons) (Figure 

2.8c). 
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Figure 2.8: α2 and β receptor mediated effects are direct and shorter-lived than α1 effects and 

require extracellular calcium 

A, B: Summary plot of mean ΔF/F responses of α2 agonist clonidine (A) and β agonist 
isoproterenol (B) in the presence of TTX (500 nM), synaptic blockers (NBQX 10 μM, AP-V 50 
μM, GABAzine 10 μM, and strychnine 1 μM), 0 mM Ca2+ ACSF with 0.5 mM EGTA, and L-type 
calcium channel blocker nifedipine (50 μM). Error bars represent mean ± standard error of the 
mean. Additionally, isoproterenol was tested against nonspecific purinergic receptor blockade 
(suramin 150 μM, PPADS 50 μM). C: Summary of mean ΔF/F response halfwidths elicited by 
NE, a1, a2, or B agonist application. D: Summary of mean ΔF/F responses evoked by β agonist 
isoproterenol or forskolin application. 
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Forskolin produces a weaker effect in IC cells compared to β receptor specific 

activation 

β adrenergic receptor activity is canonically mediated through activation of the Gs GPCR 

subunits and subsequent increase in adenylyl cyclase (AC) activity that results in 

increased levels of intracellular cAMP. Forskolin is a modulator of AC that causes an 

increase in AC activity and cAMP production. We hypothesized that the observed effects 

accompanying β adrenergic receptor activation were due to its actions via Gs and AC. 

We applied forskolin to slices of the IC and found a significant transient increase in ΔF/F 

(mean 1.63%, n=6, p-value=0.042, one sample T-test). Surprisingly, the forskolin effect 

had an average calcium increase that was smaller than the effect of β receptor application 

(p-value=0.049, unpaired T-test) (Figure 2.8d). These results suggest that the Gs - AC 

second messenger pathway is not solely responsible for mediating the effects of β 

receptor activation in the IC. 

 

Camk2a expressing cells do not contribute to the observed noradrenergic effects 

Calcium/calmodulin-dependent protein kinase II alpha (Camk2a) is an important regulator 

of glutamatergic signaling in the brain. We asked whether Camk2a-expressing cells in the 

IC are sensitive to norepinephrine by crossing mice that express cre recombinase under 

the control of the Camk2a promoter with mice that express the  
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Figure 2.9: Camk2a expressing cells in the IC do not exhibit calcium increases in response to 

norepinephrine 

A: Representative image of a coronal slice of IC from an animal expressing GCaMP6s under 
the control of Camk2a. Scale bar = 100 microns. B: Traces of ΔF/F responses in matching 
hemispheres of Camk2a - GCaMP6s IC, one also loaded with Fluo-4. C: Summary data of 
mean ΔF/F responses to norepinephrine application in Camk2a-GCaMP6s slices without and 
with additional Fluo-4 loading. Error bars represent mean ± standard error of the mean. 
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genetically encoded calcium sensor GCaMP6s in a cre-dependent manner. We found 

Camk2a-expressing cells across the IC (Figure 2.9a). No increases in fluorescence were 

detected with application of norepinephrine to GCaMP6s expressing slices (mean -

0.28%, n=7, p-value=0.120, one-sample T test) (Figure 2.9c). Camk2a-GCaMP6s slices 

were exposed to ACSF containing high potassium (20 mM) to control for slice health. 

High potassium ACSF elicited large calcium increases in Camk2a-GCaMP6s slices 

(mean 52.93%, n=4, p-value=0.040, one-sample T test). Some Camk2a-GCaMP6s slices 

of IC were loaded with Fluo-4, and in these slices norepinephrine elicited a significantly 

greater response than what was observed in GCaMP6s-expressing slices with no Fluo4 

(mean 3.98%, n=3, p-value < 0.0001, unpaired T test) (Figure 2.9b, c). Putatively 

excitatory, Camk2a-expressing cells in the IC do not exhibit calcium increases in 

response to norepinephrine. 

 

Adrenergic effects are not solely neuronal or astrocytic 

Norepinephrine increases intracellular calcium in astrocytes in multiple regions of the 

brain26–30. Fluo4 loads into glia as well as neurons. We examined if the observed effects 

of noradrenergic agonist application occurred in astrocytes by loading slices with 

sulforhodamine 101 (SR101) followed by Fluo4. SR101 preferentially labels astrocytes in 

the brain, with minimal loading into other cell types23. We compared overlap of agonist-

evoked ΔF/F signals and SR101 in small patches of the IC that showed strong signals 

from both channels. Because apparent overlap could reflect two cells at distinct depths in 

the slice, we determined the expected rate of overlap assuming random 
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Figure 2.10: A portion of norepinephrine-sensitive cells in the IC are astrocytes 

A: Representative image of SR101 loading in a coronal slice of the IC. Scale bar = 100 microns. 
B: Percentages of overlap between SR101 ROIs and CNMF-detected ΔF/F components. Error 
bars represent mean ± standard error of the mean. 

 

 placement of astrocytes and cells exhibiting a calcium response to noradrenergic 

agonist.   We did so by determining the degree of overlap using astrocyte and calcium-

response components from different fields of view. We found that mean overlap 

percentage for α1 and β receptor mediated activity and astrocyte label was significantly 

greater than the space-offset control (α1 mean 12.25%, n=5, p-value < 0.0001, β mean 

14.83%, n=4, p-value < 0.0001, Tukey’s multiple comparisons test) while α2 receptor 

mediated activity did not differ significantly from the control (mean 6.31%, n=2, p-value = 

0.204) (Figure 2.10). These results indicate that a subset of astrocytes is sensitive to 

norepinephrine in the IC but the majority of cells responding to norepinephrine are not 

astrocytes. 
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2.5 Discussion 

These findings show that norepinephrine evokes intracellular calcium increases in the 

mouse inferior colliculus. These effects occur throughout all subregions of the IC. 

Agonists of the three adrenergic receptor subtypes elicit responses, suggesting that the 

noradrenergic effect is an amalgamation of responses arising from activity mediated via 

all three adrenergic receptor subtypes. Each adrenergic agonist produced differing spatial 

and temporal patterns of calcium increases with small levels of cellular overlap. These 

results show that norepinephrine is well placed to modulate auditory processing the IC. 

 

The IC can be divided into three anatomically and functionally distinct subregions and 

norepinephrine elicits different effects across all three. Norepinephrine shows the 

smallest level of calcium increase in the primary auditory region of the IC, the central 

nucleus. The ICc receives the bulk of ascending auditory information and is the source of 

thalamic-directed outputs. The ICc also receives comparably fewer dopamine β-

hydroxylase (DBH) positive fibers that originate in the locus coeruleus21. α1 receptor-

mediated activity is responsible for the majority of activity observed in the ICc. The 

relatively lower levels of calcium increase in the ICc could indicate lower levels of 

modulatory action. Alternatively, the nature of the ICc and its collated ascending auditory 

information means any level of modulatory activity in the ICc could have wide-ranging 

effects. 

 

In contrast, average ΔF/F values were greater in the ICd and ICx regions of the IC. The 

ICd receives descending projections from the auditory cortex and is important for the 
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generation of auditory stimulus driven defensive behavior31. It also receives projections 

from the contralateral IC32. The ICd also shows a denser innervation of fibers from the 

locus coeruleus, aligning with the higher levels of activity we have observed. β receptor-

mediated effects evoked the largest calcium increases in the ICd out of the three 

adrenergic receptor subtypes. Modulation of cells and/or synapses that are the targets of 

the corticofugal projections from the auditory cortex could allow for tuning the level of 

control the auditory cortex can exert. 

 

The ICx also exhibited higher average ΔF/F responses than the ICc. β receptor-mediated 

effects evoked the largest calcium increases in the ICx. This effect appeared to be limited 

to the more superficial layers of the ICx, layers 1 and 233. These ICx layers receive 

multimodal innervation from the superior colliculus, dorsal columns, and trigeminal 

nuclei34 as opposed to contributions from ascending projections that terminate in the 

deeper layer 3 of the ICx (also called the ventrolateral nucleus)33. Studies suggest that 

the ICx is organized into cellular patches, which have higher levels of GAD, NADPH-d, 

parvalbumin, acetylcholinesterase, and cytochrome oxidase35. We observed some 

nonuniformity in the pattern of norepinephrine and beta agonist, but not in discrete 

patches as described previously for GAD, NADPH-d, and other ICx markers. The lack of 

modular patterning in adrenergic beta-receptor mediated activity indicates that 

modulation by the locus coeruleus is likely not organized compartmentally the ICx.  

Modulation of the more multimodal ICx likely contributes to norepinephrine’s brain-wide 

roles in arousal and attention. Together, the effects observed in the ICx and ICd indicate 
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that the role of norepinephrine in the IC is not limited to modulating ascending auditory 

information. 

 

ΔF/F effects elicited by α2 specific agonists were more limited than those elicited by α1 

and β receptor agonists. Small effects were observed in every subregion of the IC but 

most consistently and strongly on the outer edges of the ICc. These regions constitute 

the borders of the ICc with the ICx and ICd. It is difficult accurately defining the edges of 

the ICc with its neighbors which in turn is difficult to correlate activity observed during 

calcium recording to specifically the ICc border as opposed to a balance of ICc and 

ICx/ICd responses. The relative smaller amplitudes of α2 receptor mediated effects make 

reaching conclusions regarding its neuromodulator potential challenging. 

 

It is important to note that neuromodulatory actions of norepinephrine do not necessarily 

result in fluctuations of intracellular calcium and would therefore be undetectable using 

calcium indicators. This fact makes it likely that we are underestimating the number of 

cells, synapses, and neuropil that may be affected by norepinephrine.  

 

Interestingly, we observed little overlap in adrenergic receptor-mediated ΔF/F effects 

among different receptor subtypes. In the ICc, α1 receptor mediated effects were 

significantly greater than α2 and β receptor-mediated effects, making the lack of overlap 

unsurprising. In the ICx and ICd, overlap was significantly greater than zero but 

nonetheless the majority of cells did not show ΔF/F increases to more than one adrenergic 

receptor-specific agonist. Technically, overlap assessment is imperfect, given the multiple 
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cellular layers that contribute to images. This makes overassessment of overlap likely, 

suggesting that our measurements are an overestimation of true overlap between these 

populations of cells. A possible source of underestimation of overlap is the possibility that 

sequential application of agonists leads to cross-desensitization among receptor 

subtypes. 

 

Increases in calcium were also observed in cellular regions in the surface of the IC. These 

responses were distinct from what was observed in the rest of the IC via the coronal view 

of the IC slice. The activity observed in surface regions exhibited longer halfwidths, often 

not returning to baseline for several minutes after washout of norepinephrine. These 

responses were mimicked by the application of α1 receptor agonists. The superficial 

location of these responses suggests they are meningeal and are less likely to contribute 

directly to auditory processing. Unlike in the periphery, α1A and α1B adrenergic receptors 

are not expressed in cerebral blood vessels36, making it unlikely that this surface effect is 

the response of blood vessels to noradrenergic application. 

 

Noradrenergic effects are not significantly affected by the inhibition of action potential 

generation with TTX. Average levels of ΔF/F appeared to be higher in the presence of 

TTX, although not significantly, perhaps suggesting a contribution of spontaneous activity. 

The lack of a similar increased effect with blockade of fast glutamatergic, GABAergic, and 

glycinergic synaptic transmission or purinergic signaling makes spontaneous activity 

contributions at the circuit level unlikely however. While we cannot fully rule out 

contributions of gap junctions to indirect effects of norepinephrine, carbenoxolone did not 
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have any detrimental effect on norepinephrine-evoked activity. These results suggest that 

noradrenergic modulation of action-potential driven circuit activity in GABAergic and 

glutamatergic neurons does not indirectly cause the observed increases in calcium. 

 

While broad activation of adrenergic receptors with norepinephrine is resistant to any 

synaptic blockade, α1 receptor-mediated activity is prevented with co-treatment with non-

specific purinergic receptor antagonists (Figure 2.7). Noradrenergic and purinergic 

signaling have been linked in other brain regions37,38. Purinergic receptors have been 

shown to mediate calcium influx in astrocytes39. Purinergic antagonist-mediated blockade 

of α1 receptor-mediated calcium increases indicate that α1 receptors are not directly 

causing calcium increases in all the cells observed in control conditions. Elimination of 

extracellular calcium resulted in a significant decrease of effect with α1 receptor agonist 

application, suggesting that increases in cytosolic calcium are likely the result of primarily 

P2X receptors. P2X receptors are nonspecific cation channels that allow for the flow of 

calcium down its electrochemical gradient, which could explain the inhibited effects of α1 

agonists in zero calcium conditions. It is also possible that P2Y receptors are mediating 

the purinergic effects seen, as zero calcium conditions could block the release of purines 

from α1 sensitive cells. These results provide the first evidence of a connection between 

purinergic and noradrenergic activity in the IC. 

 

α2 and β receptor-mediated effects in the IC are direct. We find no significant effects of 

TTX or synaptic blockade indicating that it is likely that the observed cellular increases in 

calcium are occurring in cells that express α2 and β receptors. α2 and β receptors do not 
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contribute to the superficial, long lasting effects seen with norepinephrine and α1 agonist 

application, and overall show shorter ΔF/F responses. α2 and β receptor activity can lead 

to the opening of extracellular membrane bound calcium channels. We find that α2 

agonist effects do not persist in the absence of extracellular calcium, and β agonist effects 

are similarly inhibited. The L-type calcium channel blocker nifedipine reduces the 

observed effects of α2 and β agonist applications but not to significant degrees, making 

it unclear if L-type calcium channels are necessary for α2 and β agonist mediated effects. 

L-type calcium current has been measured in the IC and shown to be involved in 

regulating IC responses to intensity of stimuli40.  

 

Stimulation of adenylyl cyclase by forskolin produces similar effects seen with β agonist 

application but with a lower average amplitude of ΔF/F increase. β receptors canonically 

mediate their effects via Gs and subsequent activation of adenylyl cyclase and increased 

levels of cAMP. Recent evidence indicates that β receptors can activate phospholipase 

C and release calcium from internal stores41. A combination of canonical and non-

canonical second messenger pathways by β adrenergic receptors could account for the 

moderate effects of forskolin and β agonists in the presence of zero calcium extracellular 

ACSF or L-type calcium channel blockers. 

 

Norepinephrine has been shown to increase intracellular calcium levels in astrocytes via 

the activity mediated through α1 and β adrenergic receptors26,28,30. Fluo-4 AM loads into 

astrocytes in addition to neurons. We observed a small amount of overlap in the spatial 

patterning of agonist-evoked ΔF/F responses and SR101 labeled astrocytes. Greater 
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levels of overlap were observed in α1 and β receptor-mediated activity. Astrocytes have 

been shown to affect synaptic signaling and plasticity42. While we observed only small 

levels of astrocytic ΔF/F increases, it is possible astrocytes in the IC are providing similar 

functional roles as to what has been observed elsewhere in the brain. 

 

We used calcium/calmodulin dependent protein kinase 2 alpha (CaMk2a) expression as 

a marker for excitatory neurons43 in the IC. An estimated 70% of the neurons in the IC 

are glutamatergic, with the remaining 30% being GABAergic44. Previous tracing 

experiments have shown that glutamatergic neurons in the cortices of the IC (ICd and 

ICx) receive more inputs from the locus coeruleus compared to GABAergic neurons45. 

Here, we find no norepinephrine-elicited ΔF/F increases in CaMk2a positive cells, 

indicating that excitatory neurons in the IC are not targets of direct noradrenergic 

modulation. GABAergic neurons in the ICc are a combination of inhibitory interneurons 

and projection neurons that target the auditory medial geniculate nucleus46. 

Norepinephrine has been shown to have modulatory effects on GABAergic signaling in 

the auditory cortex7 and these results suggest a similar role in the IC.  

 

This work provides evidence for a role for noradrenergic modulation in the mammalian 

auditory midbrain. The spatial patterns of direct noradrenergic activity in the IC make it 

likely that norepinephrine is playing a role in controlling ascending and descending 

projections through the IC. The modulation of auditory sensory information in the IC could 

play a role in the greater modulation of attention and arousal throughout the brain by the 

locus coeruleus and noradrenergic release. 
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Chapter 3. Distribution and co-expression of adrenergic 

receptor-encoding mRNA in the mouse 

inferior colliculus 

 

3.1 Abstract 

Adrenergic receptors are important mediators of adrenergic and noradrenergic 

modulation in the brain. Previous studies have provided evidence for the expression of 

adrenergic receptors in the midbrain auditory nucleus, the inferior colliculus (IC), but have 

not examined the cellular patterns of expression in detail. Here, we utilize multi-channel 

fluorescent in situ hybridization to detect the expression of adrenergic receptor-encoding 

mRNA in the mouse inferior colliculus. We found expression of α1, α2A, and β2 receptor-

encoding mRNA throughout all areas of the IC. We observed similar levels of expression 

of α1 and α2A receptor-encoding mRNA across the IC, while β2 receptor-encoding mRNA 

was expressed in a higher proportion of cells in the outer subregions of the dorsal cortex 

of the IC (ICd) and external nucleus of the IC (ICx). To account for developmental 

changes in noradrenergic receptor expression, we measured expression levels in mice 

aged P15, P20, and P60. We observed no changes in levels of expression across these 

ages, indicating noradrenergic modulatory potential is likely mature by P15. By utilizing 

multi-channel fluorescent in situ hybridization, we measured co-expression of α1, α2A, 

and β2 receptor-encoding mRNA. We found greater proportions of cells in the IC that 

expressed no adrenergic receptor-encoding mRNA, α1 and α2A adrenergic receptor-

encoding mRNA, and α1, α2A, and β2 receptor-encoding mRNA than predicted. These 

data suggest a coordinated pattern of adrenergic receptor expression in the IC and 
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provide the first evidence for adrenergic receptor expression and co-expression in the 

subregions of the mouse auditory midbrain. 

3.2 Introduction 

The interior colliculus (IC) is the primary auditory region of the mammalian midbrain. 

Nearly all of the ascending auditory information that originates from the brainstem and 

lateral lemniscus is integrated in the IC before projection to the medial geniculate nucleus 

of the thalamus1–3. The IC is made up of bilateral spherical lobes on the dorsal surface of 

the midbrain. Each lobe is constructed of a central subregion (central nucleus: ICc), which 

receives the bulk of ascending projections, wrapped in layered tissue that makes up the 

dorsal cortex (ICd) and external cortex (ICx)4. The IC also receives extensive descending 

projections from the auditory cortex5, thalamus6, and nonauditory sensory regions7,8. The 

IC also receives neuromodulatory input. The subparafascicular nucleus of the thalamus 

supplies dopaminergic input to the IC9. IC serotonergic projections originate in the 

raphe10,11.  

 

Noradrenergic fibers in the IC originate in the locus coeruleus10. While there is evidence 

for the presence of noradrenergic fibers in the IC, adrenergic receptors in the IC have not 

been examined in detail. Adrenergic receptors can be broadly classified into three groups, 

α1, α2, and β. Each receptor type can be further broken down into subtypes, based on 

molecular genetic origin (α1A, α1B, and α1D; α2A, α2B, and α2C; β1, β2, and β3) with 

each group mediating its modulatory effects through the same second messenger system 

(Gq, Gi, and Gs, respectively). Patterns of adrenergic receptor expression have been 

examined across the brain with a variety of techniques, many indicating expression of 
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adrenergic receptors in the IC. Detection of α1 subtypes in the IC has been mixed. 

Detection of adrenergic receptor mRNA using in situ hybridization has provided no 

evidence for expression of α1A and α1B and weak expression of α1D12,13. A transgenic 

model that expressed a fluorophore under the control of the α1A promoter showed 

expression in the IC14. α2 adrenergic receptors are likely expressed in the IC. Studies 

using the binding of labeled pharmacological ligands have shown α2 signal in the IC15.  

Using in situ hybridization, a study showed moderate levels of α2A and α2C expression16. 

Little evidence for β adrenergic receptors has been found, with autoradiographical17 and 

in situ hybridization18,19 results suggesting little to no expression in the IC. 

 

Studies of adrenergic receptor expression have focused on patterns of expression across 

the entire brain. While these techniques are excellent for measuring the broad expression 

patterns of adrenergic receptors, they often do not provide cellular resolution. Moreover, 

these studies to not address differential expression across the different IC subregions. 

Thus, evidence about adrenergic expression in the IC is mixed. Here, we examined the 

expression and overlap of α1, α2A, and β2 adrenergic receptors in the IC with triple-

channel fluorescent in situ hybridization. We found strong levels of expression of α1 and 

α2A receptor-encoding mRNA and weaker levels of β2 mRNA. These levels did not 

significantly differ across age (P15, P20, and P60) and α1 and α2A expression did not 

differ across IC subregions. β2 expression was weaker in the ICC compared to ICx and 

ICd subregions. We observed higher levels of overlap among receptor subtype than 

would be predicted by chance, indicating that cells in the IC are likely to express multiple 

adrenergic receptors. 
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3.3 Materials and methods 

Animals 

All procedures were approved by the University of Washington Institute for Animal Care 

and Use Committee. CBA/CaJ mice of both sexes (9 male, 4 female) across ages P15, 

P20, and P60 (n = 5, 4, 4 respectively) were used for these experiments. Mice were 

anesthetized with isoflurane (inhalation) and euthanized by decapitation. Brains were 

quickly removed, flash frozen, and embedded in Tissue-Tek OCT compound (Sakura 

Finetek). Brains were cryosectioned and 20-μm thick coronal sections were mounted on 

SuperFrost Plus slides (Fisher Scientific). 

 

Fluorescent in situ hybridization 

Sections were fixed in 4% paraformaldehyde for 30 minutes at 4° C and dehydrated in 

ethanol. Fluorescent in situ hybridizations (FISH) were accomplished using Advanced 

Cell Diagnostics RNAScope and hybridization protocols followed according to the 

manufacturer’s specifications. In brief, sections were then air dried at room temperature 

and then treated with protease for 15 minutes. Hybridization probes were then applied 

and amplified. Probes were purchased from Advanced Cell Diagnostics. A combination 

of 3 α1 adrenergic receptor probes (subtypes α1A, α1B, and α1D) was custom made by 

Advanced Cell Diagnostics. α2A receptor probe (ACD Catalog 425341). β2 receptor 

probe (ACD Catalog 449771). Following FISH, sections were stained with a fluorescent 

Nissl (NeuroTrace – Invitrogen N21479) at a dilution of 1:50 for 30 minutes and rinsed 
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before being coverslipped with Fluoromount-G (Southern Biotech) and stored at 4°C until 

imaging. 

 

Imaging 

FISH-treated sections were imaged using a Leica SP8 confocal microscope. Images were 

captured with a 10x objective and 63x oil-immersion objective. Section overviews were 

first created using multiple 10x objective captured images and stitched together for 

confirmation of IC presence and identification of IC subregion using the fluorescent Nissl 

stain (Figure 3.1). Following identification of IC subregions, z-stacks were collected with a 

63x objective. High power z-stacks were 185x185 microns in size, 0.9 microns in 

thickness with a resolution of 1024 x 1024 pixels. The four fluorescent channels were 

imaged sequentially with excitation wavelengths of 405, 488, 594, and 647 nm. Laser  

power was adjusted for maximum signal for each excitation wavelength. Subregion high-

power z-stacks were collected from 3 sections per animal. 

 

 

Figure 3.1: Fluorescent Nissl stain shows IC anatomy 

A: Stitched 10x objective micrograph of fluorescent Nissl stain. Scale bar = 500 microns. B: 
Diagram of IC subregions. 
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Image analysis 

Detection of in situ probe signal was accomplished using the FIJI distribution20 of 

ImageJ21 and Matlab (Mathworks). 

 

Images were first imported into FIJI for detection of Nissl stain and receptor mRNA 

expression. Fluorescent channels were separated and converted to TIF stacks. Maximum 

intensity projections of each channel were then created. Nissl maximum intensity 

projections were blurred with a gaussian filter (radius = 5 pixels) and thresholded. The 

watershed function was then used to separate overlapping Nissl signals. Regions of 

interest (ROIs) were then detected to specify Nissl-defined cells and borders. In situ probe 

channels were thresholded to reduce background signal and ROIs representing in situ 

fluorescent probe signal were detected using the Analyze Particles function. 

 

Nissl and probe ROIs were imported into Matlab for quantification and scoring. We 

followed Advanced Cell Diagnostics guidelines for scoring RNAscope results. Cells were 

scored based on the number of probe ROIs (“dots”) that overlapped each Nissl-derived 

ROI. A score of 0 was given to Nissl ROIs that contained no probe ROIs. A score of 1 

was given to Nissl ROIs that contained 1-3 probe ROIs. Scores of 2-4 were given to cells 

that contained 4-9, 10-15, and greater than 15 probe ROIs, respectively. For 

quantification of results, we considered only cells that had a score of 2 or greater for 

analysis. Some Nissl overlap was too severe to separate with the watershed calculation. 

To control for this, we used only Nissl ROIs that had an area of 500 to 10,000 pixels. This 
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range captured single cell ROIs while excluding too small ROIs that were the result of 

weak Nissl signal and clusters of cells whose Nissl stains could not be differentiated. 

 

Proportions of cells that expressed each probe were calculated by dividing the number of 

Nissl ROIs that had a score greater than 2 by the total number of Nissl ROIs for each field 

of view. Once scored for signal originating from each probe, overlaps of probe signals 

were detected for each Nissl-derived ROI. Proportions of cells that showed different 

overlaps were calculated by dividing the number of Nissl ROIs that had scores greater 

than 2 for different probes (or none) by the total number of Nissl ROIs for a given field of 

view. 

 

Statistics and plotting 

All plots were made using GraphPad Prism (GraphPad Software). With the exception of 

the chi-squared test, all statistical analyses were performed in GraphPad Prism. The chi-

squared test was performed using the chi2gof() function in Matlab R2019a (Mathworks). 

 

Example images shown were created using ImageJ, with brightness and contrast 

adjusted to highlight probe and Nissl signals. Only ROIs that passed thresholding were 

shown. 

 

For calculating the predicted proportions of overlap, we took the products of total 

proportion of cells that exhibited a condition. For example, to calculate the predicted 

proportion of cells that would express no adrenergic mRNA, we multiplied the proportion 
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of cells that showed no α1 mRNA, no α2 mRNA, and no β2 mRNA. These predictions 

were used for comparison with the measured proportions of cells that showed various 

overlaps in a chi-squared test. 

 

3.4 Results 

α1 adrenergic receptor mRNA is expressed throughout the IC 

Due to conflicting reports of α1 adrenergic receptor mRNA in the IC (CITES), we used a 

combination of mRNA probes that labeled α1A, α1B, and α1D α1 adrenergic receptor 

mRNA was detected in Nissl-body defined cells in all subregions of the IC (Figure 3.2). No 

significant difference in the proportion of cells that exhibited α1 mRNA expression was 

detected between ages P15, P20, and P60 (means 0.477, 0.547, and 0.565, respectively, 

p-value = 0.253, one-way ANOVA) (Figure 3.2e). α1 adrenergic receptor mRNA was 

similarly represented in the ICc, ICd, and ICc regions. No significant differences were 

observed in the proportion of cells in each IC subregion that showed α1 adrenergic 

receptor mRNA (means 0.464, 0.517, and 0.553, respectively, p-value = 0.284, one-way 

ANOVA). We also observed strong signal in the dense surface layer of the IC (Figure 

3.2d). 
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Figure 3.2: α1 adrenergic receptor mRNA is expressed throughout the IC 

A-D: Representative high-power micrographs of α1 mRNA and fluorescent Nissl stain. Scale 
bars = 10 microns. Not the clustering of α1 mRNA around Nissl-labeled cells. E: Summary plot 
of fraction of cells that exhibited α1 mRNA expression over the three age groups. F: Summary 
plot of fraction of cells that expressed α1 mRNA in ICc, ICd, and ICx subregions. Summary plot 
bars represent the mean ± standard error of the mean. Also included is the ICx + edge. Note 
the high α1 mRNA label in the Nissl-rich outer layer. 

 

α2A adrenergic receptor mRNA is expressed throughout the IC 

α2A adrenergic receptor mRNA was found in all IC subregions and at all ages tested 

(Figure 3.3). We found similar proportions of α2A mRNA positive cells in the IC of animals 

aged P15, P20, and P60 (means 0.315, 0.332, and 0.354, respectively, p = 0.768, one-
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way ANOVA) (Figure 3.3e). No significant differences were observed in the proportions of 

α2A mRNA expressing cells in the ICc, ICd, and ICx subregions (means 0.252, 0.35, 

0.335, respectively, p = 0.234, one-way ANOVA) (Figure 3.3f). Moderate levels of α2A 

mRNA positive cells were observed in the surface layer of IC (Figure 3.3d). 

 

Figure 3.3: α2A adrenergic receptor mRNA is expressed throughout the IC 

A-D: Representative images of overlap of α2A mRNA and fluorescent Nissl stain. Scale bars = 
10 microns. Note the clustering of α2A mRNA around Nissl-labeled cells. Overall, fewer cells 
showed α2A expression in comparison to α1. E: Summary plot of fraction of cells that expressed 
α2A mRNA across the three age groups. F: Summary plot of fraction of cells that expressed α2A 

mRNA in ICc, ICd, and ICx subregions. Summary plot bars represent the mean ± standard error 
of the mean. Also included is the ICx + edge. 
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Figure 3.4: β2 adrenergic receptors show low levels of expression in the ICd and ICx subregions 

A-D: Representative images of overlap of β2 mRNA and fluorescent Nissl stain. Scale bars = 
10 microns. Note the low levels of clustering and expression throughout. E: Summary plot of 
fraction of cells that expressed β2 mRNA across the three age groups. F: Summary plot of 
fraction of cells that expressed β2 mRNA in ICc, ICd, and ICx subregions. Summary plot bars 
represent the mean ± standard error of the mean. Also included is the ICx + edge. Average 
fraction of β2 mRNA expressing cells in the ICc was significantly lower than cells in the ICx + 
edge (p-valye = 0.025, one-way ANOVA, Tukey’s multiple comparisons test). 
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β2 adrenergic receptor mRNA expression is greatest in the ICx 

We found low levels of β2 mRNA in all subregions of the IC (Figure 3.4). Across ages P15, 

P20, and P60, we observed no significant differences in the proportions of β2 mRNA 

expressing cells (means 0.058, 0.123, and 0.103, respectively, p-value = 0.152, one- 

way ANOVA) (Figure 3.4e). Examination of the expression levels of β2 mRNA in the IC 

subregions revealed lower proportions of β2 mRNA positive cells in the ICc compared to 

ICd and ICx subregions (means 0.033, 0.087, and 0.121, respectively, p = 0.026, one-

way ANOVA) (Figure 3.4f). Similar to α1 and α2A receptor mRNA, we found β2 mRNA 

expressing cells in the Nissl-dense surface layer of the IC. 

 

Cells in the IC are more likely to express α1 and α2A mRNA and α1, α2A, and β2 

mRNA than predicted by chance 

To examine co-expression of adrenergic receptors we mesured the overlap between α1, 

α2A, and β2 mRNA in Nissl-defined cells (Figure 3.5). We first determined the amount of 

co-expression we expected to observe by calculating the probability of observing a 

condition (α1 only, α1 + α2A, etc) (see Methods). We found that a greater proportion of 

cells expressed no adrenergic mRNA of any type than expected (mean 0.426 vs 0.283 

predicted), while fewer cells expressed a single adrenergic receptor’s mRNA than 

expected (α1: 0.229 vs 0.319 predicted, α2A: 0.057 vs 0.142 predicted, β2: 0.008 vs 

0.029 predicted) (Figure 3.5b). We also found lower-than-expected overlap between α1 

and β2 mRNA (mean 0.018 vs 0.033 predicted) and α2A and β2 mRNA (mean 0.001 vs 

0.015 predicted). Interestingly, we found a higher proportion of cells that expressed both 

α1 and α2A mRNA than expected (mean 0.199 vs 0.160 predicted). Similarly, we 
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observed a higher proportion of cells that expressed mRNA for all three receptors than 

predicted (mean 0.037 vs 0.016 predicted). These results show that there are cells that  

express mRNA for more than one type of adrenergic receptor in the IC, and suggest that 

cells have coordinate expression patterns for multiple receptor types. 

 

Patterns of α1, α2A, and β2 mRNA overlap is similar across IC subregions and ages 

We next compared the distributions of adrenergic receptor mRNA overlap across age 

groups and IC subregions (Figure 3.6). Overall, patterns of mRNA distribution across ages 

and subregions was similar to what was observed in the aggregate (Figure 3.6). We  

 

Figure 3.5: Co-expression of α1, α2A, and β2 adrenergic receptor mRNA is different than 

theoretical distribution 

A: Representative images of overlap between the adrenergic receptor mRNA signals. Scale 
bars = 10 microns. The white arrowheads in the lower right indicate cells that display overlap 
of α1, α2A, and β2 mRNA. B: Summary plot of fraction of cells that expressed no mRNA signal, 
α1, α2A, or β2 mRNA solely, or overlaps. Bars represent the mean with error bars representing 
the standard error of the mean. N = 24 for each category. All ages and all subregions are 
combined. Horizontal red bars indicate the theoretical mean of fractional overlap based on 
percentages of cells predicted to exhibit each condition. These values were calculated by the 
product of probabilities for each condition based on total fraction of cells that exhibited α1, α2A, 
or β2 mRNA. 
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  Figure 3.6: Co-expression of α1, α2A, and β2 adrenergic receptor mRNA is similar across ages 

and subregions 
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Figure 3.6 continued. A: Summary plot of fraction of cells that expressed no mRNA signal, α1, α2A, 
or β2 mRNA solely, or overlaps in each age group. Bars represent the mean with error bars 
representing the standard error of the mean. N = 24 for each category. Horizontal black bars 
indicate the theoretical mean of fractional overlap based on percentages of cells predicted to 
exhibit each condition. B: Summary plot of fraction of cells that expressed no mRNA signal, α1, 
α2A, or β2 mRNA solely, or overlaps in each IC subregion. Bars represent the mean with error bars 
representing the standard error of the mean. N = 24 for each category. Horizontal black bars 
indicate the theoretical mean of fractional overlap based on percentages of cells predicted to 
exhibit each condition. 

 

observed greater than expected proportions of cells that expressed zero adrenergic 

receptor mRNA. Lower proportions of cells than expected were observed expressing only  

α1 mRNA, α2A mRNA, or β2 mRNA. Greater proportions of cells that expressed both α1 

and α2A mRNA and cells that expressed all three tested adrenergic receptor mRNAs. 

These results indicate that expression patterns and overlap of α1, α2A, and β2 mRNA 

likely do not change over development from P15 to P60, nor do they differ between IC 

subregions. 

 

3.5 Discussion 

These results show that α1, α2A, and β2 adrenergic receptor mRNA are expressed in the 

mouse inferior colliculus. The proportion of cells in the IC that express mRNA encoding 

these receptors is not different at ages P15, P20, and P60. mRNA encoding the 

adrenergic receptor family α1 and adrenergic receptor α2A are expressed in similar 

proportions of cells in the three subregions of the IC (ICc, ICd, and ICx). β2 adrenergic 

receptor mRNA was expressed in a smaller proportion of cells compared to α1 and α2A 

mRNA. β2 adrenergic receptor mRNA was found to be lower in the ICc compared to ICd 

and ICx subregions. Compared to a random distribution of adrenergic mRNA in IC cells, 

we found more cells co-expressing α1 and α2A mRNA and cells that co-expressed α1, 
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α2A, and β2 mRNA. Similarly, we found more cells that expressed no adrenergic receptor 

mRNA than predicted These results indicate that the IC is subject to adrenergic 

modulation and that multiple receptors are positioned to mediate norepinephrine’s effects. 

 

Previous studies have provided evidence for the presence of α1 adrenergic receptors in 

the IC, using either in situ hybridization12,13, autoradiography22,23, or generation of a 

transgenic line in which the α1A adrenergic receptor promoter also drove a reporter 

gene14. Day et al. (1997) used in situ hybridization to examine expression patterns of α1A, 

α1B, and α1D, mRNA across the rat brain and found no expression of α1A and α1B in 

the rat inferior colliculus, but low levels of α1D mRNA. Similarly, Domyancic et al. (1997) 

reported no expression of α1A in the IC. In contrast, Papay et al. (2006), using an α1A 

transgenic line, found moderate expression levels in the IC. To ensure that we did not 

miss expression of α1 receptors in the IC, we opted to use a combination of α1A, α1B, 

and α1D probes for in situ hybridization detection. We detected expression of α1 mRNA 

in all age groups tested and across all IC subregions. α1 mRNA has been observed in a 

number of cell types in the brain14. α1 mRNA is not expressed in cerebral vasculature24, 

in contrast with peripheral blood vessels. While our results are unable to differentiate cell 

types, the widespread nature of expression patterns implicates α1 receptors in a role of 

IC modulation. 

 

We found expression of adrenergic receptor α2A mRNA in the IC, across all age groups 

and IC subregions. Previous in situ hybridization studies showed the expression of α2A 

and α2C mRNA in the IC and autoradiography studies implicated α2A, α2B, α2C type 
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receptors in the IC15,16. These early studies examined mRNA expression or ligand binding 

across the whole brain, resulting in a lack of cellular resolution. Our findings corroborate 

these previous results, indicating the potential for noradrenergic modulation in the mouse 

IC via activity of the α2A receptor and additionally allows us to estimate the prevalence 

of α2A expressing cells in the IC. 

 

We observed low proportions of cells that express β2 adrenergic receptor mRNA. No 

evidence of β2 mRNA has been reported in previous in situ hybridization or 

autoradiography studies17–19. We find low, non-zero proportions of β2 expressing cells 

throughout all ages tested. Similarly, we find low, non-zero proportions of β2 expressing 

cells in all IC subregions. Unlike α1 and α2A receptor mRNA, we find differential 

expression across IC subregions. The IC subregions are functionally distinct, with the ICc 

being the primary target for ascending auditory afferents. The ICx is multimodal, receiving 

somatosensory inputs, and trading reciprocal connections with the superior colliculus. 

The ICd receives little to no ascending auditory information, while being the primary target 

for descending projections from the auditory cortex5,25. We find significantly higher levels 

of β2 adrenergic receptor mRNA in the ICx and ICd subregions than in the ICCc. These 

results suggest that β2 receptors may play a greater role in modulating multimodal 

integration of the ICx and the targets of descending projections in the ICd than in 

modulating ascending auditory. 
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We also observed strong label for all tested adrenergic receptor mRNAs in the Nissl-

dense surface of the IC. While this layer is likely meningeal, without further testing it is 

unclear which layer of the meninges gives rise to the mRNA signal. 

 

Sound-evoked signals in the auditory nerve can first be detected between ages P10-

P1226. We examined the expression levels of α1, α2A, and β2 adrenergic receptor mRNA 

at ages P15, P20, and P60 to determine if the proportion of cells that showed receptor 

expression changed throughout the development of the auditory system. We found no 

differences in the proportion of cells that exhibited expression of α1, α2A, or β2 adrenergic 

receptor mRNA across these three ages. Noradrenergic fibers appear early in 

development27. Taken together, the early presence of noradrenergic fibers and 

unchanging levels of α1, α2A, or β2 adrenergic receptor mRNA, these findings indicate 

that noradrenergic modulatory systems are in place from the time of hearing onset. 

 

Using triple-channel in situ hybridization, we were able to examine co-expression of α1, 

α2A, and β2 adrenergic receptor mRNA in cells in the IC. We compared the distribution 

of cells with no detected mRNA, mRNA encoding for a single adrenergic receptor, or co-

expression of any combination of the three mRNAs studied. Compared to a random 

distribution of adrenergic mRNA, we found more cells that expressed combinations of α1 

and α2A mRNA and cells that expressed mRNA for α1, α2A, and β2 mRNA probes. There 

were fewer cells than expected that expressed solely α1, α2A, or β2 mRNA. These results 

indicate that many cells in the IC are not sensitive to norepinephrine at all, while many 

express more than one type of adrenergic receptor, including a small population of cells 
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that express receptors from all three adrenergic receptor subtypes. The increased 

prevalence of co-expression of adrenergic receptor mRNA in IC cells suggests that the 

control of adrenergic receptor expression is non-independent. These patterns of mRNA 

overlap did not change throughout the ages we tested, nor did they differ across IC 

subregions. It is interesting that there were higher levels of cells that expressed β2 mRNA 

in conjunction with α1 and α2A compared to cells that expressed solely β2. Adrenergic 

receptors have been shown to be present both postsynaptically and presynaptically. The 

use of in situ hybridization makes intracellular localization of adrenergic receptors 

impossible but cells could be expressing certain classes of receptors in distinct cellular 

locales. Norepinephrine is thought to be released both synaptically and by volume 

transmission into extrasynaptic space28,29. Different patterns of adrenergic receptors in a 

single cell could be receptive to different patterns of norepinephrine release. 

 

Together, these results suggest that multiple types of adrenergic receptors are expressed 

in the mouse IC. Cells can express more than one type of adrenergic receptor encoding 

mRNA. Further investigations are needed to determine the nature of these adrenergic 

receptor expressing cells in the IC. It is likely that auditory processing in the IC is 

modulated by norepinephrine release. 
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Chapter 4. Conclusions and future directions 

4.1 Conclusions 

Here we have provided the first evidence for noradrenergic modulation in the inferior 

colliculus (IC). We have also shown novel evidence of cellular co-expression of 

adrenergic receptor-encoding mRNA in the inferior colliculus. The IC is in a powerful 

position to modulate auditory processing in the brain. The IC is an obligatory synaptic 

relay for nearly all ascending auditory projections. The IC integrates and refines the 

auditory stimulus information and features detected by the brainstem auditory nuclei. 

The IC also receives extensive descending projections from the auditory cortex and 

thalamus, as well as non-auditory sensory and processing regions. Noradrenergic 

modulation in the IC could have wide-ranging and powerful effects by altering activity in 

the IC and the coalescence of ascending and descending information. 

 

We observed expression of α1 and α2A adrenergic receptor-encoding mRNA 

throughout the IC and its subregions (ICc, ICd, and ICx). β2 adrenergic receptor mRNA 

is also expressed throughout the IC, albeit in a lower proportion of IC cells. Additionally, 

we found that β 2 adrenergic receptor mRNA is expressed in a higher proportion of cells 

in the outer IC subregions of the ICd and ICx in comparison to the ICc. We tested for 

any developmental changes in adrenergic receptor mRNA species and find no 

appreciable differences in the proportion of cells that express α1, α2A, or β2 receptor 

encoding mRNA across ages P15, P20, and P60. Mouse pups begin responding to 

auditory stimuli between ages P10-12, indicating that the noradrenergic modulatory 

potential is likely mature by age P15. By performing simultaneous in situ hybridizations 
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for each of these adrenergic receptor mRNAs, we were able to detect cellular co-

expression between them. We found that there were higher levels of co-expression of 

adrenergic receptor-encoding mRNA than expected. This suggests a non-independent 

control for the expression of each receptor. The co-expression of adrenergic mRNA is 

similar across ages P15, P20, and P60. Higher levels of adrenergic receptor co-

expression perhaps imply that certain cells form hubs of noradrenergic modulation in 

the IC. The cellular identity of these hotspots for noradrenergic modulation are currently 

unknown but potentially play an important role in the modulation of auditory processing 

in the IC. 

 

Using widefield calcium imaging, we measured physiological changes in IC cell calcium 

levels across all three IC subregions. We found that application of norepinephrine 

results in robust and reliable increases in intracellular calcium across the IC. Cells 

responsive to norepinephrine were found in all three subregions of the IC. Greater 

increases in calcium signal were observed in the ICd and ICx subregions in comparison 

to the ICc. The observed calcium increases in IC cells are not the result of neuronal 

spiking but it is not known if the calcium fluctuations could lead to increased excitability 

or other action-potential related intrinsic change. Noradrenergic IC effects do not require 

glutamatergic, GABAergic, or glycinergic signaling in the IC, nor do they require activity 

mediated through carbenoxolone-blocked gap junctions. These data strongly suggest 

that the observed increases in calcium occur in cells that express noradrenergic 

receptors and that it is the physiological changes mediated by adrenergic receptor 

activity that directly cause calcium influx into the cytosol. We found that agonists 
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specific for each adrenergic receptor subtype all produce increases in calcium in the IC, 

similar to the effects observed with norepinephrine application. Adrenergic receptor 

antagonists blocked all norepinephrine-induced effects in the IC. α1 agonist application 

resulted in effects across the entire IC, and these effects were not dependent on action 

potentials. Interestingly, antagonists of purinergic receptors nearly abolished the 

observed α1 agonist induced effects. This suggests that α1 receptors induce a release 

of a purinergic transmitter which in turn binds to P2 receptors and induce an increase in 

intracellular calcium. On average, α2 agonist application resulted in weaker increases in 

calcium. α2 receptor mediated effects were direct and showed shorter duration 

responses on average. α2 effects were spatially limited to a region that bordered the ICc 

and its surrounding ICd and ICx regions. β receptor mediated effects are also direct and 

shower shorter response durations on average. Strikingly, β effects were limited to the 

ICd and ICx regions, inducing very little effect in the ICc. While the neuronal 

composition of the IC is 70% glutamatergic, we observed no norepinephrine-induced 

calcium effects when we limited calcium indicator expression to solely excitatory cells in 

the IC. 

 

Together, the results of the in situ hybridization and calcium imaging experiments 

largely agree. Expression patterns of α1 receptor mRNA and physiological responses to 

α1 receptor specific agonists are similar. Both implicate the presence of α1 receptors 

across the IC, in all subregions. The spatial patterns of β receptor mRNA and β agonist-

induced activity were largely the same as well. We observed higher expression and 

calcium increases in the ICd and ICx subregions in comparison to the ICc. 
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There were, however, some aspects of the two studies that are harder to fit together. 

For example, we observed high expression of α2A receptor-encoding mRNA throughout 

the IC but observed α2 agonist induced activity in a more limited region. The largest 

discrepancy in these results is the difference in co-expression of adrenergic receptor 

mRNA and overlap in cellular responses to sequential application of specific adrenergic 

receptor agonists. We observed moderate proportions of cells that express mRNA for 

multiple adrenergic receptors and observed little overlap in single cells of agonist-

induced calcium activity. There are several potential explanations for this difference. 

The principal explanation for the differing results is methodological. In situ hybridization 

examines the expression of mRNA while calcium imaging is measuring the 

physiological changes in levels of intracellular calcium. Detection of mRNA in the cell 

body does not necessarily indicate expression of the resulting protein in the same 

location. Expression of an adrenergic receptor in the synaptic terminal or dendrites 

would appear the same as receptor expression in the cell body as measured by the 

presence of mRNA. IC neurons project to numerous targets, many of which would not 

be in the same coronal plane as IC and therefore not be measured in live imaging 

experiments. Another possible explanation for the discrepancy between adrenergic 

mRNA expression and agonist-induced calcium transients is that not all adrenergic 

receptor-mediated effects would lead to calcium mobilization. Noradrenergic signaling is 

frequently tied to increases in intracellular calcium, as we have demonstrated here, but 

many examples in other systems and cells do not. For example, modulation of the 
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excitability of neurons would not necessarily be reflected in changes in calcium while 

the neuron is at rest, as they were in the experiments described here. 

 

The data presented here gives evidence for noradrenergic modulation in the inferior 

colliculus. What role might norepinephrine release in the IC play in modulating auditory 

processing and behavior? While the data described here do not directly address this 

question, we can make predictions based on the spatial patterns of noradrenergic 

effects in the IC. α1 adrenergic receptor encoding mRNA and α1 receptor specific 

agonist-induced effects were found throughout the IC. This suggests that α1 activity 

may exert a broader modulatory role in IC processing, one that is not limited to the 

functions of each subregion. At the same time, α1 receptor agonists regularly increased 

calcium levels in the ICc, the principal ascending auditory processing region of the IC. 

An additional factor to consider is that the calcium effects caused by α1 receptor 

application depend on actions of the P2 class of purinergic receptors. In the visual and 

olfactory sensory systems, intracellular calcium mobilization in response to purinergic 

receptor activity has been observed in a variety of glial cell types, including astrocytes, 

microglia, and Müller glia of the retina1. Purinergic activation of glia can then regulate 

homeostatic processes of neurons and blood flow. Release of transmitters from glia, 

gliotransmission, can then in turn modulate neuronal processing. A portion of the 

responses with α1 agonist application occurred in cells that also showed label for an 

astrocyte-labeling dye but this was a minority of the responses observed. It is likely that 

some of the observed calcium transients occur in glia but would require further 
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experimentation to precisely determine the identity of α1 agonist sensitive cells in the 

IC. 

 

Hypothesizing the role of α2 receptors in auditory processing is difficult. Out of the three 

adrenergic receptors, α2 receptor mediated activity was the lowest. However, as noted 

above, not all adrenergic receptor activity results in changes to calcium levels as 

detected by a cytosolic calcium indicator. The spatial pattern of α2 mediated effects is 

interesting, regularly appearing on the outer edges of the ICc, spilling over into the ICd 

and ICx regions. To our knowledge, no distinctions have been made regarding cells 

occupying this space in other IC research. This pattern of calcium responses in the IC 

likely indicates a new subtype of IC cell that has yet to be described. 

 

β receptor mediated effects observed via calcium imaging occur almost exclusively in 

the ICx and ICd subregions of the IC. The ICd is the target of the majority of descending 

projections from the auditory cortex, suggesting that β mediated effects are more 

important for modulating these processing pathways. The ICd shows strong responses 

to novel auditory stimuli, a response that is shared with the source of norepinephrine in 

the IC, the locus coeruleus. Release of norepinephrine and subsequent modulatory 

actions in the ICd via the β receptor could account for or enhance the responsiveness to 

auditory stimuli in ICd neurons. β mediated activity in the ICx could serve a similar 

purpose, albeit in the multi-modal integration of the ICx. The ICx sends and receives 

connections from the superior colliculus, an important nucleus for orientation, as well as 
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from brainstem somatosensory regions. β mediated activity in these regions could 

enhance the responsiveness to salient auditory stimuli. 

 

4.2 Future directions 

While the data shown here provide a solid first step in understanding how 

norepinephrine modulates activity in the IC, future experiments would be useful for 

attaining a deeper understanding of how norepinephrine alters IC circuits and auditory 

processing. One of the primary challenges in the field of IC research is the seemingly 

inscrutable nature of types of IC neurons. Differentiation based on classical properties 

such as neurotransmitter identity, cell morphology, or intrinsic electrophysiological 

properties have failed to separate IC neurons into consistent groups. This in turn has 

made identification of cellular markers to limit investigation to a narrower type of IC cell 

difficult. The majority of recently developed tools for neuroscience research rely on a 

unique cell type specific genetic marker for controlling the expression of detector and 

effector proteins to certain populations of cells. While there has been some limited 

success in the IC with VIP-positive cells in the IC, the majority of IC cells elude a unique 

identifier. We tested the effects of noradrenergic modulation in excitatory cells in the IC 

using the CaMK2a promoter. While we did not observe any changes in intracellular 

calcium in excitatory cells, this result begs the question of what is occurring in inhibitory 

cells in the IC with regards to noradrenergic modulation. Further insights into unique 

markers for groups of neurons in the IC would open up investigations using a variety of 

tools. 
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At the cellular level, it is important to understand how norepinephrine alters the 

electrophysiological properties of IC neurons. Currently, the variety of cells in the IC 

makes investigating the modulation of electrophysiological properties of IC neurons a 

daunting task. A marker for cells that are sensitive to norepinephrine would ease the 

efforts of future researchers to ask the detailed questions the work presented here 

invites. For example, our in situ results suggest that many cells express more than one 

type of adrenergic receptor. In vitro electrophysiology would allow a researcher to 

potentially parse apart the actions of multiple receptors within a single cell. 

 

Electrophysiological studies of noradrenergic modulation in the IC could be made in vivo 

as well. The IC has long been a popular target for in vivo recordings due to its 

fundamental role in auditory processing and anatomical location on the dorsal surface of 

the midbrain, allowing for access with recordings electrodes. While many investigations 

have examined the effects of neuromodulators on tone-evoked responses in IC 

neurons, to our knowledge none have investigated norepinephrine modulatory effects in 

this way. This would be a critical step in understanding the role of noradrenergic 

modulation in auditory processing. In other sensory systems and in other auditory 

nuclei, norepinephrine has been shown to enhance signal-to-noise and it would be 

interesting to understand if the same is occurring in the IC. 

 

There are many steps that are needed to understand the role of norepinephrine in the 

inferior colliculus. The work presented in this dissertation represents the first evidence 

for noradrenergic modulation in the auditory midbrain and the first step towards 
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understanding how the noradrenergic system can alter sensory processing in the 

auditory midbrain. 
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