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Abstract 

Auditory sensations can arise from objects in our environment or from our own 

actions, such as when we speak or make music.  We must able to distinguish such 

sources of sounds, as well as form new associations between our actions and the sounds 

they produce.  The brain is thought to accomplish this by conveying copies of the motor 

command, termed corollary discharge signals, to auditory processing brain regions, 

where they can suppress the auditory consequences of our own actions.  Despite the 

importance of such transformations in health and disease, little is known about the 

mechanisms underlying corollary discharge in the mammalian auditory system.  Using 

a range of techniques to identify, monitor, and manipulate neuronal circuits, I 

characterized a synaptic and circuit basis for corollary discharge in the mouse auditory 

cortex.  The major contribution of my studies was to identify and characterize a long-

range projection from motor cortex that is responsible for suppressing auditory cortical 

output during movements by activating local inhibitory interneurons.  I used similar 

techniques to understand how this circuit is embedded within a broader 

neuromodulatory brain network important for learning and plasticity.  These findings 

characterize the synaptic and circuit mechanisms underlying corollary discharge in 

mammalian auditory cortex, as well as uncover a broad network interaction potentially 

used to pattern neural associations between our actions and the sounds they produce.  
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1. Introduction 

1.1 Overview 

Whether we are trudging along a snowy path, or engaging in conversation, our 

movements produce sounds.  Thus, what we hear is a combination of the sounds 

produced by our own movements and those produced by objects in our environment.  

Differentiating these sources of sounds is an immense challenge the brain rapidly 

accomplishes on a minute-to-minute basis.  Failure of the brain to reliably disambiguate 

self-generated (reafferent) from environmental (exafferent) sound sources is believed to 

underlie symptoms of neurological disease, including auditory hallucinations (Judith 

and Daniel, 2004; Crapse and Sommer, 2008).  How does the brain accomplish such a 

critical task?  One idea is that copies of the motor command, termed corollary discharge 

(CD) signals, are fed to sensory systems - including those used for auditory processing - 

in order to suppress reafference while maintaining sensitivity to exafferent stimuli 

(Sperry, 1950; Vonholst and Mittelstaedt, 1950).  While there is evidence of CD 

widespread across the animal kingdom, the synaptic and circuit mechanisms underlying 

auditory CD in the mammalian brain have remained enigmatic (Bell and Grant, 1989; 

Sommer and Wurtz, 2002; Poulet and Hedwig, 2006; Crapse and Sommer, 2008; Eliades 

and Wang, 2008).  Moreover, it is unclear how these circuits interact within broader 

brain networks, and how such brain-wide interactions could be important for patterning 

associations between our movements and the sounds they produce.  Using a wide 
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variety of techniques to identify, monitor, and manipulate neuronal circuits, I identified 

a synaptic and circuit basis for CD in the mouse auditory system, characterized by long-

range neuronal projections from the motor cortex that provide movement-related signals 

to an inhibitory microcircuit in the auditory cortex (ACtx).  In complementary 

experiments I identified and characterized a neuromodulatory network that closely 

interacts with this CD circuitry in a way that could potentiate its action, and possibly 

subserve neuronal plasticity to better entrain associations between movements and the 

sounds they produce.  These experiments provide the first synaptic, cellular, and circuit 

basis for CD in the mammalian ACtx, as well as the first evidence of such CD circuits 

interacting with identified neuromodulatory networks. 

1.2 The problem of sensory reafference 

Because our movements can create sounds, auditory sensations reflect a mixture 

of both exafferent sources, such as an animal rustling in the brush, and reafferent 

sources, like the sound of one’s falling footsteps on a wooded trail, or our own speech.  

It is critical to our survival that we maintain the capacity to disambiguate exafferent and 

reafferent sound sources, effectively classifying the sounds we hear as produced by 

either our own movements or by movements of objects in our environment.  The 

problem becomes readily apparent when considering the magnitude of our auditory 

reafference.  Imagine you are walking along that wooded trail with a friend, engaging in 

light conversation.  What are the major sources of sound information you may 
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encounter?  There is the sound of your footsteps and your friend’s footsteps, maybe 

some birds chirping in the distance, and - potentially the loudest source of sound due to 

your mouth’s close proximity to your auditory periphery – your own speech.  Despite 

this, we can hear more than the sound of our own voice when we speak and still 

maintain sensitivity to environmental sounds, like a rustling in the woods or perhaps a 

sharp crack from a breaking twig.  If those startling sounds are from a stalking predator, 

the ability to detect them is imperative, lest the ferocious beast ambush you.  So how can 

we suppress auditory consequences of our own actions, while maintaining sensitivity to 

sounds from objects in our environment? 

1.3 Experimental origins of efference copy  

In the absence of any mechanical interference, the auditory periphery responds 

equally to exafferent and reafferent sounds.  This seems to pose a critical problem for the 

auditory system: sounds generated by our own movements would be confused with 

sounds from the environment, and vice versa.  Somehow, this mixed stream of 

reafference and exafference must be separated in the brain.  The earliest notable 

descriptions of how this issue is handled by the brain this issue come from von Holst 

and Mittelstaedt, who proposed that a copy of the motor command, or efference copy 

signal, is used to inform sensory systems of upcoming movements (Vonholst and 

Mittelstaedt, 1950).  In this way, efference copies can be used by sensory systems to 

predict imminent reafference and appropriately adjust sensory processing. 
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Experiments by von Holst and Mittelstaedt involved manipulations and 

behavioral observations in a number of species, including the fish and dronefly 

(Vonholst and Mittelstaedt, 1950).  Their results elegantly demonstrated that an animal’s 

movement sequences are guided by comparing reafference with some form of an 

internal model of the motor command.  For instance, the dronefly will reflexively turn in 

the direction of a drifting visual stimulus like a grating in order to maintain a stable 

visual field, a behavior called the optokinetic reflex.  Since the change in visual stimuli 

drives the reflex, it is curious why voluntary movements (which also change the visual 

field) do not result in an immediate compensatory movement in the opposing direction 

to maintain a constant visual landscape.  Previous explanations suggested that 

sensation-guided reflexes like the optokinetic reflex are invariantly suppressed during 

volitional movement.  However, a growing body of evidence suggested this gross 

suppression could not account for a number of behavioral observations in a wide range 

of animals.  To address this issue, von Holst and Mittelstaedt surgically rotated the head 

of droneflies, such that the right and left eyes were reversed.  If the optokinetic reflex 

were indeed suppressed during volitional movements, the fly would move normally 

during a volitional turn in both a homogenous visual environment, as well as an 

environment with static gratings.   Indeed, in the homogenous environment with no 

visual feedback, the flies behaved normally.  However, in an environment with visual 

gratings, the flies rotated erratically upon initiation of a volitional turn, a behavior that 
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was reversible upon surgical reorientation of the fly head.  This result indicated that the 

fly was using visual feedback during movements to guide its subsequent behaviors, 

presumably by identifying disruptions in the expected reafference as defined by a 

putative efference copy. 

1.4 Experimental origins of corollary discharge 

Subsequent experiments by von Holst and Mittelstaedt, as well as Sperry and 

others, strongly supported the necessity and existence of efference copy acting at 

multiple levels of the nervous system, from the sensorimotor periphery to higher order 

motor and sensory brain regions (Sperry, 1950; Vonholst and Mittelstaedt, 1950).  The 

extension of efference copy to systems spanning the neuraxis was coined corollary 

discharge by Sperry, now recognized as a more general term for motor signals 

influencing sensorimotor processing (Figure 1).  CD signals can be classified by a 

number of criteria relating to where they arise in the neural hierarchy of motor control, 

their target brain regions throughout sensory processing systems, and the specific 

function they have in modulating sensorimotor information.   

Lower levels of corollary discharge, which von Holst and Mittelstaedt described 

as efference copy, can be defined as mirror copies of those motor commands that 

directly actuate movements through control of muscles.  Lower order CD can act to 

selectively filter sensory information at the periphery, or can inhibit sensation-guided 

reflexes during action, like the example discussed above for the dronefly.  Higher order 



 

6 

CD could arise from brain regions involved in motor planning or motor sequencing.  

This form has several functions, including stabilization of sensory representation, 

facilitating action sequencing, and guiding sensorimotor learning.  Evidence for both 

lower and higher forms of CD has emerged from experiments on numerous species 

spanning the animal kingdom, all with differing degrees of neural resolution (Crapse 

and Sommer, 2008).  A more complete understanding of CD, although restricted to 

lower level function, can be observed in invertebrates like the sea slug and cricket, 

where fewer neurons control movements and sensation (Davis et al., 1973; Poulet and 

Hedwig, 2006).   
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Figure 1: Pathways through which corollary discharge may arise.  Corollary 

discharge signals (green) may arise from one or more brain regions along the hierarchy 

of motor control (orange).  Movements generate reafferent sounds that – together with 

exafferent sounds – feed back onto the auditory system (blue).  Corollary discharge can 

help to disambiguate these two streams of auditory information.  As depicted here, this 

transformation can occur at higher levels of auditory processing (solid lines), or 

potentially at lower levels of motor control and sensory processing (dashed lines). 
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1.5 Corollary discharge and sensory filtration 

While our understanding of CD in the complex brains of vertebrates is lacking, 

we can learn quite a bit from CD mechanisms used by invertebrates.   Detailed 

mechanisms underlying CD have been characterized, owing to the smaller total number 

of neurons, which are often conserved in anatomy and function across animals, as well 

as the superior experimental accessibility to those identified neurons.  (Davis et al., 1973; 

Delcomyn, 1977; Sillar and Roberts, 1988; Poulet and Hedwig, 2002; Poulet and Hedwig, 

2006).  While these circuits are often specialized for problems of reafference specific to 

the species at hand, commonalities exist in the strategies to manage this reafference, and 

we can use this knowledge to inform experiments in the mammalian brain and help 

interpret results from these experiments.  Of specific types of CD to review, sensory 

filtration is particularly relevant, since parallel mechanisms seem to be employed in the 

mammalian auditory system, as will be discussed later. 

  Sensory filtration in the invertebrate often involves the task-specific recruitment 

of inhibitory interneurons to suppress sensory receptors or the surrounding sensory 

periphery during initiation of an action that produces a particularly contaminating 

reafference.  One of the most elegant and complete descriptions of sensory filtration 

comes from experiments Poulet and Hedwig performed on the singing male cricket.  

These animals rub together their forewings to produce repetitive chirping songs used in 

sexual selection and rivalry.  These songs are extremely loud, even 50mm from the 
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source: on the order of 100 dB sound pressure level, which is comparable to 

environmental noise produced by a pneumatic drill (Nocke, 1972; ASHA, 2011).  

Because the cricket’s ear is located on foreleg, it is easily exposed to this potentially 

overwhelming self-generated sound.  For crickets to maintain sensitivity to 

environmental sounds available during the intervals between individual chirps, CD is 

necessary to prevent auditory neurons from becoming desensitized from extended 

exposure to reafference.  Poulet and Hedwig used intracellular recordings to show that 

auditory neurons are subject to both presynaptic and postsynaptic inhibition during 

song production, which prevents desensitization and allows auditory receptors to 

faithfully respond to stimuli immediately following chirp production (Poulet and 

Hedwig, 2002).   

What is the source of this inhibitory signal?  In later experiments Poulet and 

Hedwig discovered that a single type of neuron, a corollary discharge interneuron, is 

recruited during chirp production in the cricket to suppress audition in phase with the 

song cycle (Poulet and Hedwig, 2002; Poulet and Hedwig, 2006).  Using intracellular 

recordings they could suppress the output of this cell and reversibly block the inhibition 

of audition.   

Experiments like those of Poulet and Hedwig in invertebrates have set a 

precedent for the near complete delineation of CD circuits with synaptic and cellular 

resolution.  This circuitry is totally effective at dampening or suppressing peripheral 
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transduction of sensory reafference during the specialized cricket behavior of singing, 

and has remarkable similarities to CD processes used in higher order vertebrates, 

despite the manifold differences in the architecture of their respective nervous systems. 

1.6 Sensory filtration in mammals 

Behavioral and neural evidence for sensory filtration in auditory system has been 

found in a wide range of vertebrates, and traces of this CD can be found along the 

auditory neuraxis, from periphery to cortex (Crapse and Sommer, 2008).  At the 

periphery, movements are coincident with increased middle ear muscle tone, stiffening 

the ossicular chain and leading to a decrease of vibrational energy from the tympanic 

membrane to the oval window of the cochlea (Carmel and Starr, 1963).  This attenuation 

extends across a range of body movements including vocalization, and precedes the 

onset of reafference by up to several hundred milliseconds (Borg and Zakrisson, 1975).   

While the reflex arc mediating attenuation of ossicular transmission of vibrational 

energy as a result of high-intensity external sounds is well characterized, the origins of 

central commands reflecting predictive control of middle ear conductance have 

remained enigmatic (Mukerji et al., 2010).  And yet, predictive modulation of audition is 

dispersed throughout the brain, suggesting single or parallel CD signals could engage 

both attenuation of the auditory periphery as well as modulation of central neuronal 

responsiveness to auditory stimuli. 



 

11 

Traces of sensory filtration related to audition have been found in high order 

brain regions, including ACtx, in several species.  Studies in the New World monkey 

marmoset are of particular interest, given the degree of homology between non-human 

and human primate brains.  Using single unit recordings from the ACtx, Eliades and 

Wang found strong modulation of principal neurons during volitional vocalization 

(Eliades and Wang, 2003).  The dominant form of this modulation was suppression, 

which began several hundred milliseconds before the onset of vocalization.  This latency 

indicates suppression is not driven through reafference, but a signal related to the 

behavioral state of the animal, likely premotor in origin.  This putative CD signal could 

thus be preventing the overload of auditory sensation during vocalization, a protective 

measure similar to what is seen in the cricket.    

1.7 Higher order corollary discharge 

CD can operate at multiple levels of the nervous system, not just to suppress 

peripheral transduction of reafferent stimuli, but also to correspondingly adjust higher 

order cortical sensory processing.  Additionally, CD can also subserve a more nuanced 

predictive control of sensation (Crapse and Sommer, 2008).  Deviations in this prediction 

can lead to tuning of motor output, both acutely and during development and learning.  

Neuronal traces of such deviations can be found throughout the auditory systems of 

several species.  For example, in later experiments on marmosets, Eliades and Wang 

found preliminary evidence that vocalization-induced modulation of auditory cortical 
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activity can act as a source of error detection.  Using specialized headphones, Eliades 

and Wang pitch shifted the frequency of auditory reafference during self-generated 

vocalization (Eliades and Wang, 2008).  When the marmoset’s reafference was 

manipulated, the same auditory cortical neurons that were suppressed in control 

conditions were then amplified, in that they spiked more during self-generated 

vocalization.  In this way we can imagine heightened activity is transformed into an 

appropriate error signal to drive the vocalization-producing motor system in a direction 

to better match the desired pitch.   

1.8 Corollary discharge in health and disease 

Results similar to those of Eliades and Wang have been found in humans using 

lower-resolution techniques such as population electrical recordings 

(electroencephalography [EEG] and magnetoencephalography) and functional imaging 

(function magnetic resonance imaging and positron emission topography) (Paus et al., 

1996; Houde et al., 2002; Ford and Mathalon, 2004; Judith and Daniel, 2004; Hickok et al., 

2011).  Using such non-invasive techniques has permitted researchers to study CD in 

human subjects, and has revealed abnormalities in CD associated with neuropsychiatric 

disorders.  For instance, Ford and Mathalon found that in the normal person, event 

related potentials (ERPs, recorded using EEG) associated with speech are smaller than 

ERPs associated with passive listening (Ford and Mathalon, 2004).   This signature of 

population neuronal activity reflects the suppression of ACtx similarly seen in 
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marmosets during vocalization.  In schizophrenic patients, however, no such difference 

is seen between speech- and playback-evoked ERPs.  Such results indicate that 

dysfunctional CD could underlie the positive symptoms of schizophrenia such as 

auditory hallucinations (Feinberg, 1978; Feinberg and Guazzelli, 1999).   

Despite the importance of CD in health and disease, we understand very little 

about the synaptic mechanisms underlying CD in the ACtx, and what specific circuits 

are conveying motor information to the auditory system.  Is modulation of auditory 

cortical neurons driven by cortical mechanisms, such as increased or decreased 

inhibitory tone, by modulation of auditory brain regions upstream of cortex, or a 

combination of these mechanisms?  By extrapolating from rate-level functions recorded 

for individual neurons, Eliades and Wang found that suppression of ACtx units during 

vocalization could not be accounted for by subcortical attenuation (withdrawal of 

excitation).  However, this is hardly a definitive measurement, and the relative 

contributions of subcortical attenuation and cortical mechanisms remain unclear.  

Moreover, several pathways may be acting in a coordinated fashion to both control CD 

and pattern motor-auditory associations during development and learning.  Using 

relatively low-resolution techniques like population neural recordings in humans, or 

even single neuron extracellular recordings in non-human primates, we cannot know for 

certain the relative contributions of these potential mechanisms.  More detailed studies 
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using high-resolution recordings and manipulations can help address this knowledge 

gap. 

1.9 Mouse as a model organism for studying corollary discharge 

It is difficult to address the underpinnings of motor-related modulation of 

auditory processing using the limited techniques available for use in primates including 

humans.  Because many aspects of CD are conserved across species, and the neocortex is 

similarly organized across mammalian species, rodents haven become a tractable 

alternative model organism for studying CD.  Mice are particularly useful, given the 

ever-expanding availability of genetic tools and experimental accessibility of both 

cortical and subcortical brain regions.   

In recent years, experiments using techniques to monitor and manipulate neural 

activity and behavior in the mouse with high resolution have shed light on mechanisms 

underlying movement- and attention-related modulation of sensory activity in cortical 

regions, particularly related to somatosensation and vision.  Intracellular recordings 

from pyramidal neurons in primary visual cortex (V1) have revealed a state change in 

membrane potential dynamics during locomotion, characterized by a desynchronization 

of membrane potential, slight depolarization, and increased responsiveness to visual 

stimuli (Niell and Stryker, 2010; Polack et al., 2013).    

While changes of neuronal activity in the visual thalamus could drive some of 

these effects, it is clear there are also circuit mechanisms intrinsic to cortex controlling 
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sensory responsiveness changes upon locomotion (Fu et al., 2014).  Layer 1 interneurons, 

including vasoactive intestinal peptide (VIP)-containing interneurons, can have a strong 

disinhibitory influence over cortex by inhibiting somatostatin-expressing (SST) 

interneurons that normally inhibit pyramidal neurons, thus releasing cortical excitatory 

neurons from inhibition (Pfeffer et al., 2013).  Because the net impact of this circuit’s 

activation is disinhibition of visual cortex, this is a fitting mechanism to account for the 

increased responsiveness of V1 principal cells during locomotion.  Indeed, photoablation 

of VIP neurons in superficial layers of V1 blocks changes in pyramidal neuron 

responsiveness seen during locomotion (Fu et al., 2014).  Also, VIP neurons, along with 

neurites ramifying in superficial cortical layers, are believed to serve as a site of 

multimodal integration, receiving inputs from many brain regions, and may be 

incorporating information pertaining to an animal’s behavioral state (Cauller et al., 1998; 

Markram et al., 2004; Jiang et al., 2013).  A wide range of brain regions synapsing on this 

cell type have been identified using intersectional presynaptic tracing from VIP neurons 

in V1, including basal forebrain (BF) and frontal cortical regions like cingulate and 

motor cortex (Lee et al., 2014; Zhang et al., 2014).  These regions, which are believed to 

control movement as well as receive input from movement effectors, are well positioned 

to convey CD signals to the visual cortex. 

From these sorts of experiments it is clear that the techniques available for use in 

the mouse can greatly facilitate study of CD in the auditory system.  Whether variations 
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of this local and long-range circuit activity can account for the modulation of ACtx 

during movements, like what is seen during marmoset vocalization, has not been 

addressed.  If ACtx of mouse is indeed suppressed like in primates, is inhibition driven 

through activation of cortical inhibitory interneurons?  What is driving the potential 

movement-related modulation of auditory cortical activity?  Extended experiments in 

humans and non-human primates have revealed a standout candidate neuronal source 

of CD, and suggest a pathway through which it reaches the auditory system. 

1.10 A candidate source of auditory corollary discharge 

In humans, a strong correlation can be found between motor cortical activation 

and auditory cortical suppression during movements including speech (Ford and 

Mathalon, 2004).  In an extension of their work described above, Ford and Mathalon 

measured the coherence of the gamma band of ERPs recorded from frontal (motor) 

cortex and ACtx during speech and during passive listening.  Gamma signal coherence 

between these regions was significantly higher during speech compared to passive 

listening.  Furthermore, pitch shifting auditory reafference decreased frontal-temporal 

coherence, suggesting a mismatch between the motor signal and auditory reafference.  

Conversely, in schizophrenic subjects, disrupted auditory feedback led to no difference 

in gamma band coherence, indicating a disconnection between frontal cortex and ACtx.  

This is consistent with previous results showing schizophrenic patients are substantially 

worse at identifying distorted recordings of their voice as their own compared to healthy 
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subjects (Johns et al., 2001).  Together these experiments, along with those from other 

laboratories studying humans and non-human primates, strongly suggest a strong 

connection between motor cortex and ACtx that is used to help predict the auditory 

consequences of our actions (Müller-Preuss and Ploog, 1981; Creutzfeldt et al., 1989; 

Paus et al., 1996).   

Because motor cortex is responsible for the patterning and generation of 

movement sequences, channels between motor cortex and ACtx are well suited to relay 

movement-related information as a form of CD.  Consistent with direct motor cortical – 

auditory cortical communication is the direct axonal projection that certain motor 

cortical regions make to the ACtx, a pattern of connectivity observed in mammals 

ranging from rodents to primates (Alexander et al., 1976; Budinger et al., 2008; Hackett 

et al., 2011; Nelson et al., 2013; Schneider et al., 2014a).  Such projections could be 

conveying either direct or indirect copies of the motor command to ACtx.  For instance, 

if single neurons synapsing on subcortical neurons of motor effectors, like the brainstem 

and spinal cord, project to the ACtx, the same information critical to patterning motor 

neuron recruitment could be used to modulate auditory processing.  Alternatively, 

motor commands may undergo a transformation within the motor cortex prior to being 

transmitted to the ACtx.  This latter scenario is consistent with the observation that 

intratelencephalic neurons are largely segregated from corticospinal neurons (Kiritani et 

al., 2012; Shepherd, 2013; Li et al., 2015).   
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Nevertheless, little is known about the cellular identity of motor cortical – 

auditory cortical projections, including the cortical laminar organization of these 

neurons, as well as their other targets in the brain.  Furthermore, the functional 

properties of motor cortical synapses in the ACtx await clarification, including their 

sign, postsynaptic targets, capacity to modulate responsiveness to acoustic stimuli, and 

recruitment across behavioral state.  Additionally, it is entirely unexplored how this 

projection is active as a part of a broader brain network related to arousal, movement 

initiation, and the development of motor-auditory entrainment. 

1.11 Corollary discharge circuits as they relate to broader brain 
networks 

Owing to the complexity of the nervous system, we often study neurons and 

neural circuits in isolation.  However, it is important to recognize that distinct neural 

circuits are always active within broader brain-wide neural networks.  The coincident 

activation of multiple neural circuits can dramatically influence response properties of 

downstream neurons (Bailey et al., 2000; Rosenkranz and Grace, 2002; Pawlak et al., 

2010).  The same can be said for CD circuits:  interactions between CD and other circuits 

may be critical for the proper development of neural associations between our 

movements and the sounds they produce.  This plasticity can occur on acute timescales, 

such as during a musical performance, and/or over long developmental timescales, such 

as during childhood and adolescence.  To begin to understand how CD circuits are 
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subject to these associations, we must first understand how CD circuits are anatomically 

and functionally related to circuits implicated in controlling circuit plasticity.   

Neuromodulators are an attractive candidate for interacting with CD circuits by 

overcoming limitations of plasticity mechanisms relying on only two populations of 

neurons (homosynaptic plasticity).  For instance, a well-established form of 

homosynaptic plasticity, spike timing dependent plasticity (STDP), depends on the 

precise timing of a postsynaptic action potential with respect to a synaptic input from a 

given neuron.  The order of these signals generated by just these two neurons can result 

in synaptic potentiation or depression (Caporale and Dan, 2008).  While this elegant 

cellular learning mechanism is supported through many in vitro studies, it is difficult to 

translate to the intact brain, where presynaptic and postsynaptic activity can be 

persistent in the absence of overt stimuli.  For instance, backpropagating action 

potentials generated by the postsynaptic neuron, which indeed infiltrate the neuron’s 

dendritic arbor, might continuously interact with the barrage of synaptic input (Waters 

et al., 2003; Pawlak et al., 2010).  Furthermore, how might spontaneous and sensory-

evoked spikes be differentially weighted in STDP?  A third, neuromodulatory synapse 

can act as a gate to overcome this physiological noise that would otherwise result in 

nonspecific cellular learning (Bailey et al., 2000; Pawlak et al., 2010).  The 

neuromodulator acetylcholine (ACh) has been shown to gate STDP in living animals, 

and more directly, the temporal patterning of acetylcholinergic activation and 
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glutamatergic activation can result in synaptic potentiation or depression, depending on 

the sequence of neurotransmitter release (Bailey et al., 2000; Pawlak et al., 2010; Johansen 

et al., 2014; Sarter et al., 2014).  Beyond overcoming noise to permit cellular plasticity, 

ACh could act to amplify or suppress synaptic activity evoked through sensory stimuli 

or central brain activity.  Could such mechanisms be employed to regulate CD circuit 

function in the ACtx? 

1.12 Acute acetylcholinergic BF modulation of ACtx 

To understand how acetylcholinergic projections from the BF to the ACtx (BFACtx 

projections) interact with CD circuits, it is important to understand how activity of this 

circuit can act alone to modulate ACtx.  ACh, likely released from BFACtx projections, has 

been shown to act on multiple time courses by acutely modulating neuronal responses 

to auditory stimuli.  Acute modulation of ACtx neuronal responsiveness has been 

characterized by direct pharmacological application of acetylcholinergic receptor 

(AChR) agonists and antagonists, resulting in a confusing mixture of both facilitation 

and suppression of neuronal responsiveness (Foote et al., 1975; McKenna et al., 1988; 

Munoz and Rudy, 2014).  However, these gross pharmacological applications hardly 

recapitulate the endogenous activity pattern and compartmentalization of acetylcholine 

transmission within cortex, as will be discussed in the following sections.  Thus, it 

remains unclear how naturalistic acetylcholinergic transmission driven through BFACtx 

activity modulates neuronal responsiveness. 
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1.13 Acetylcholinergic BF circuits can regulate plasticity in ACtx 

In addition to mediating acute modulation of auditory cortical neurons, BFACtx 

projections have been studied extensively as a driver of development and plasticity of 

auditory cortical response properties (Metherate and Ashe, 1993; Kilgard and 

Merzenich, 1998a; Kilgard and Merzenich, 1998b; Bao et al., 2003; Froemke et al., 2007).  

Repeatedly pairing electrical stimulation of BF with single tone presentation results in 

overrepresentation of neurons responsive to that tone frequency along the tonotopic axis 

of the ACtx (Kilgard and Merzenich, 1998a).  This altered representation is believed to 

be a result of auditory cortical plasticity rather than plasticity generated in the ascending 

auditory system.  For this reason, this mechanism is well positioned to similarly 

modulate cortico-cortical CD circuits.  Evidence for this comes from experiments pairing 

BF stimulation with tone presentation and recording changes in excitatory or inhibitory 

postsynaptic currents evoked through local cortical microstimulation or auditory 

thalamic microstimulation (Froemke et al., 2007).  Pairing BF stimulation with tone 

presentation resulted in an increased evoked excitation/inhibition ratio to cortical 

stimulation, but no change in evoked responses to thalamic stimulation.  These 

experiments indicate BF activity is well positioned to rapidly and persistently modulate 

activity of cortical circuits.  And yet, these experiments used electrical microstimulation, 

where stimuli during pairing was not clearly limited to acetylcholinergic BFACtx 

projections, and responses evoked by cortical microstimulation could not be attributed 
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to activity of any single cortical circuit.  Thus it is unclear if similar BF/tone-mediated 

plasticity could specifically control response strength of CD circuit activity.  To address 

this issue, we must be able to specifically monitor and control both acetylcholinergic 

BFACtx projections as well as cortico-cortical CD circuits, and assess how they are 

interacting in the moving animal.  While recent studies have detailed the organization 

and activity pattern of cortico-cortical circuits implicated in CD, the nature of 

acetylcholinergic BFACtx projections is in need of thorough characterization. 

1.14 Organization of acetylcholinergic transmission in cortical 
circuits 

To understand how BF projections interact with CD circuits in the ACtx, it is 

critical to characterize the nature of the BFACtx projection in detail, including the 

cytoarchitechtural organization of acetylcholinergic neurons in BF, innervation pattern 

of BF fibers in ACtx, target cell types of BF innervation, influence of BFACtx activity on 

ACtx responsiveness, and BFACtx activity patterns across behavioral states.   

While decades of research has characterized many aspects of acetylcholinergic 

modulation of cortical circuits, results are often complicated by disparate methodology, 

and thus fail to paint a complete picture of the circuit of interest in action (Munoz and 

Rudy, 2014).  For instance, it still is not clear how much acetylcholinergic transmission in 

the cortex is synaptic versus extrasynaptic (volume transmission).  Classically, ACh 

signaling has been thought of as slow and diffuse, suggesting that volume transmission 

dominates.  This is supported by the preponderance of cholinergic varicosities bearing 
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release sites lacking synaptic junctional specializations (Umbriaco et al., 1994).  Other 

groups have emphasized how incredibly small putative ACh synaptic contacts appear to 

be, which may result in an underestimation of synaptic versus volume ACh 

transmission (Smiley et al., 1997; Munoz and Rudy, 2014).   

The conflicting interpretation of these results is only complicated by 

physiological and pharmacological studies attempting to identify the cellular 

mechanism of cholinergic signaling in cortex.  AChRs have been identified on a wide 

range of cell types in ACtx, including pyramidal neurons, VIP interneurons, SST 

interneurons, parvalbumin (PV) interneurons, and neurogliaform cells.  Yet, even the 

most well-studied cell type - pyramidal cells - appear to have a broad range of responses 

to pharmacological application of ACh, including transient nicotinic receptor mediated 

depolarization, muscarinic receptor mediated sustained activation, and muscarinic 

receptor mediated transient hyperpolarization. (Mccormick and Williamson, 1989; Haj-

Dahmane and Andrade, 1998; Gulledge and Stuart, 2005; Nunez et al., 2012).  Moreover, 

AChRs are found presynaptically, including on thalamic and intracortical axons 

providing input to pyramidal neurons, adding a layer of complexity to these already 

confusing data (Wonnacott, 1997; Parikh et al., 2008; Munoz and Rudy, 2014).    

How do we reconcile these findings?  Many studies have relied on the 

pharmacological application or blockade of acetylcholinergic transmission in vitro, 

which hardly replicates the endogenous action of ACh in cortex.  For instance, AChRs 
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can be found across the somato-dendritic-axonal axis, and local application of an AChR 

agonist or antagonist neglects the action of these sites outside the influence of the drug 

(Munoz and Rudy, 2014).  Optogenetic activation or inactivation of ACh-expressing 

axons obviates these issues by permitting tight spatiotemporal control of ACh release, as 

well as genetic and anatomical localization of opsin expression (Yizhar et al., 2011; Zhao 

et al., 2011; Kalmbach et al., 2012; Pinto et al., 2013; Munoz and Rudy, 2014).  By using 

optogenetics and tools like calcium imaging to manipulate and monitor activity of ACh-

releasing BF axons in cortex, we can now address issues of BF function in a more 

complete fashion, and begin to understand how these circuits are organized relative to, 

and interact with, CD circuits (Glickfeld et al., 2013; Eggermann et al., 2014).  

1.15 Acetylcholinergic BF may function as a CD circuit 

Given the recent advances in monitoring and manipulating genetically- and 

pathway-specific neuronal circuits, what is the current view of acetylcholinergic BF 

function in modulating sensory cortex?  A growing body of research using optogenetics 

and calcium imaging suggests BF cortical projections can carry movement-related 

information to cortex.  Are BFACtx projections themselves a CD circuit that could 

subserve or overlap with the function of putative cortico-cortical CD circuits?   

Optogenetic activation of acetylcholinergic BF projections to somatosensory 

cortex recapitulates whisking-linked modulation of membrane potential of pyramidal 

neurons (Eggermann et al., 2014).  In addition, these projections were shown to be active 
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during whisking, and blocking acetylcholinergic transmission following inactivation of 

the somatosensory thalamus prevented a substantial portion of the modulation of 

pyramidal neurons seen during movement.  These experiments suggest 

acetylcholinergic transmission can account for the entirety of movement-related 

modulation of somatosensory cortex, and that such mechanisms may extend to ACtx.  

However, other researchers have found alternate pathways can account for some of the 

cortical modulation during movement, indicating several may be coactive and/or 

interactive during action, including thalamocortical, noradrenergic, and cortico-cortical 

inputs (Constantinople and Bruno, 2011; Poulet et al., 2012; Castro-Alamancos and 

Gulati, 2014; Schneider et al., 2014b).  It is critical to acknowledge that these parallel 

pathways, which are often coactive, likely interact at both the single cellular and 

population neuronal level, and that these interactions can inform downstream neural 

response properties.  Furthermore, it is likely that the interactions between these 

coactive circuits are important for controlling plasticity related to the association 

between movement and reafference, especially when considering the wide body of 

literature indicating neuromodulators are vital for regulating fundamental forms of 

cellular plasticity like STDP (Bailey et al., 2000). 

In summary, a wide body of research indicates neuromodulatory transmission 

can overcome limitations in models of in vivo synaptic plasticity.  Neuromodulators, 

particularly ACh, can carry movement-related information to ACtx.  Yet, how 
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movement-related acetylcholinergic transmission interacts with cortico-cortical CD 

circuit activity remains unexplored.  Because our knowledge of the organization of 

acetylcholinergic circuits, both within the BF and projections to different cell types 

composing cortex, is lacking, considerable effort should be focused on addressing these 

concerns.  Since BF acetylcholinergic dysfunction is observed in patients suffering from 

neuropsychological illness, these issues are of particular interest (Crook et al., 2000; 

Sarter et al., 2005; Gibbons et al., 2009).  
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2. Synaptic and local cortical mechanisms underlying 
movement-related modulation of auditory cortical 
activity 

 The synaptic and circuit mechanisms underlying corollary discharge in mouse 

ACtx remain unclear.  Principally, it is not understood how the movements an animal 

makes affect the sensory responsiveness of neurons in ACtx, and what synaptic and 

cellular mechanisms underlie movement-related modulation of auditory cortical 

activity.  In the primate ACtx, vocalizations including human speech result in a 

suppression of auditory cortical principal neurons.  Is this suppression of auditory 

cortical activity observed in the mouse?  Is modulation of ACtx a result of changes in 

circuit activity local to ACtx, or is modulation inherited from upstream auditory brain 

regions?  To address these issues, I used a variety of electrophysiological techniques to 

monitor the synaptic or action potential activity of both principal neurons and a class of 

inhibitory interneurons in the auditory cortex during a range of naturalistic movements.  

These experiments allowed me to address two broad questions: 1) how do movement-

related signals influence the synaptic activity of auditory cortical excitatory neurons?  

and 2) what are the auditory cortical circuits controlling movement-related modulation 

of excitatory neuron activity?  These experiments were performed in collaboration with 

Dr. David Schneider, and our findings have been previously published (Schneider et al., 

2014).  David Schneider performed experiments illustrated in Figures 6,7,9,10, and 12.  I 
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performed the remaining experiments, either exclusively or in collaboration with David 

Schneider. 

2.1 Movement modulates membrane potential dynamics of 
auditory cortical neurons 

 To measure synaptic activity of auditory cortical neurons in the freely moving 

mouse, I adapted and constructed a miniature, motorized microdrive originally used to 

make intracellular recording from singing birds (Figure 2)(Hamaguchi et al., 2014).  The 

microdrive consisted of a chassis constructed through stereolithography, which housed 

a motorized linear actuator and a glass microelectrode resting in a cradle integrated in 

the chassis.  Two metal screws were threaded through the chassis wall along the axis of 

the actuator to stabilize and position the microelectrode.  A miniaturized headstage 

constructed from a four-layer printed circuit board and surface-mounted components 

was mounted to the chassis.  This microdrive, weighing less than 2 grams, allowed me to 

make intermediate to long duration intracellular current clamp recordings from 

auditory cortical neurons (mean recording duration: 14.25 minutes, up to 155 minutes) 

accompanied by simultaneous video monitoring of head and body movements.  Videos 

were analyzed offline to detect head movements, body movements and translocation 

(Figure 2D-F).  A single ROI encompassed the entire arena and movements included 

either gross changes in posture that resulted in body movement greater than 10 

millimeters or translocation of distances greater than 2.5 centimeters that lasted for at 

least 1 second.  Immediately before and during a variety of movements including 
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locomotion, head movements, and other body movements such as grooming, auditory 

excitatory neurons exhibited decreased variability in their sub-threshold membrane 

potential fluctuations and a slight depolarization (Figure 3).  In addition to video 

recordings, an ultrasonic frequency-sensitive microphone was used to monitor 

vocalizations and other sounds in the recording arena.  I was able to elicit ultrasonic 

courtship vocalizations in a subset of experiments (5 neurons in 3 mice) by introducing 

to the recording arena a cotton swab with a small quantity (approximately 200 

microliter) of female mouse urine (Figure 4).  Mice responded to urine presentation by 

orienting and approaching the cotton swab, all the while vocalizing for bouts often 

lasting tens of seconds.   

Because of the difficulty of this preparation, the data set is very limited, and I 

was not able analyze correlations between spectrotemporal properties of vocalizations 

and membrane potential dynamics.  Moreover, vocalizations were always accompanied 

by other head and body movements, and so I could not dissociate effects of movement 

versus vocalization on neuronal membrane potential.  Despite these limitations, the 

membrane potential dynamics during vocalization were indistinguishable from those 

observed during head movements, body movements, and translocation (Figure 4).  

Therefore, the subthreshold dynamics of mouse auditory cortical excitatory cells change 

in a stereotyped manner before and during the execution of a wide variety of natural 

behaviors. 
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Figure 2. Intracellular recordings from ACtx using a miniature, motorized 

microdrive.  A, Design of the miniature, motorized microdrive for making intracellular 

recordings from ACtx.  B, Schematic showing sharp microelectrode current clamp 

recordings from auditory cortical excitatory neuron in the behaving mouse.  C, Mouse 

with the microdrive implanted over ACtx and attached tether cable.  D, Video still 

showing mouse with intracellular microdrive used for making intracellular recordings 

from unrestrained mice. E, F, Heat map showing movements made by the mouse. 
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Figure 3. Movements modulate the membrane potential dynamics of auditory 

cortical neurons.  A, Intracellular current-clamp recording from an auditory cortical 

neuron of an unrestrained mouse (top) during rest and a brief movement. Bottom trace 

shows movement extracted from video recording.  B, C, Plots of average variance and 

membrane potential during rest versus movement for both microdrive and treadmill 

experimental preparations. 
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Figure 4. Membrane potential dynamics during ultrasonic courtship 

vocalization.  A, Top shows spectrogram of sound recorded during microdrive 

experiment, bottom is simultaneous current clamp recording from auditory cortical 

excitatory neuron. Left panel shows rest, middle panel shows movement, and right 

panel shows vocalization.  B, Normalized membrane potential variance during rest, 

body movements, and vocalizations. 
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To more precisely interrogate the relative timing between movement initiation 

and movement-related signals in the auditory cortex - and to facilitate stimulus 

presentation and optogenetic manipulation of neuronal activity - David Schneider 

developed a head-fixed preparation for recording intracellular auditory cortical activity 

from mice free to move or rest on a quiet, non-motorized treadmill.  In this preparation, 

a lightweight titanium headplate was cemented to the mouse’s cranium and a silver 

chloride pellet was implanted over somatosensory cortex contralateral to the recording 

hemisphere.  After several days of acclimation of head fixation, a small craniotomy was 

made over ACtx, and an intracellular microelectrode was lowered into ACtx, similar to 

microdrive experiments.  This preparation afforded several advantages: the ability to 

accurately monitor depth of the electrode relative to the pial surface, optogenetic and 

pharmacological manipulations, and more controlled stimulus presentation and 

behavioral monitoring.  However, the head fixed preparation did not allow for 

monitoring naturalistic behaviors. 

Keeping in mind these experimental differences, the changes in membrane 

potential dynamics in the auditory cortex of head-fixed mice during treadmill 

locomotion, grooming, facial movements, posturing and forelimb movements were 

remarkably similar to those I observed in unrestrained, freely moving mice (Figures 3, 

5).  Moreover, the effects on membrane potential were consistent across a range of 

cortical depths as measured from the cortical surface (Figure 5C).  Although the 
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electrode was lowered vertically and thus not orthogonal to the cortical surface, this 

result indicates the effects of movement on membrane potential of excitatory cells was 

consistent across both superficial and deep cortical layers.   

To understand the time course of movement related modulation of ACtx, David 

Schenider and I monitored the onset and duration of locomotor bouts, and aligned the 

membrane potential to these epochs.   Changes in membrane potential dynamics of 

auditory cortical excitatory neurons preceded locomotion on average by 200 

milliseconds and typically outlasted locomotion by a similar duration (Figure 6).  The 

finding that changes in auditory cortical membrane potential dynamics preceded 

locomotion onset by several to many hundreds of milliseconds indicates they cannot be 

caused by sensory reafference generated by the ensuing movements, and instead could 

reflect a motor-related signal.  
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Figure 5.  Membrane potential dynamics across a range of movements and 

behaviors.  A, Left panels show static images of head-fixed mouse with heat maps 

indicating regions of movement during the movement epochs shown at right. Right 

panels show current clamp recordings during the movements depicted on the left. B, 

Change in membrane potential variance (top) and mean (bottom) for 5 examples of 

unique movements and 4 examples of vocalization. C, Change in variance as a function 

of recording depth. 
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Figure 6.  Time course of movement-related modulation of auditory cortical 

neurons.  A, Membrane potential of an example neuron relative to movement onset and 

offset, averaged across 20 movements. Black lines show sigmoidal fit and the black dot 

indicates the time of half rise/fall of the sigmoid fit. B, Histogram of the lag between 

membrane depolarization and movement onset (left) and membrane hyperpolarization 

and movement offset (right) (n=25). Black arrows indicate population means. 
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2.2 Movement-related suppression of auditory-evoked 
responses 

In the visual cortex of the mouse, pyramidal neurons also display less variable 

and more positive membrane potentials before and during locomotion, and these 

changes are accompanied by a heightened responsiveness to visual stimuli.  In contrast, 

in ACtx sound-evoked action potential responses are often suppressed during 

movement and during task engagement (Eliades and Wang, 2008; Otazu et al., 2009; 

Zhou et al., 2014).  What is the effect of movements on stimulus responsiveness in the 

mouse ACtx?  Working with David Schneider, I determined whether stimulus-evoked 

responses in ACtx of the mouse were enhanced or suppressed during movement.  While 

making intracellular recordings from auditory cortical pyramidal neurons, tones were 

presented tones at a neuron’s best frequency during periods of rest and movement.  Best 

frequency was determined by presenting a range of tone frequencies and qualitatively 

determining maximal response.  In contrast to findings in the visual cortex, stimulus 

(that is, tone)-evoked synaptic responses of auditory cortical excitatory neurons were 

significantly diminished during movements (Figure 7).  Furthermore, in a small subset 

of neurons (n = 4) for which tone-evoked responses were measured during rest and 

movement at several different stimulus frequencies, suppression was observed during 

movement at all frequencies tested.   Although the range of stimuli presented was not 

exhaustive, as will be discussed in Chapter 6, these results indicate that movement-



 

38 

related signals suppress response to simple tone stimuli in auditory cortical excitatory 

neurons.   

These results raise questions about where along the auditory neuraxis 

movement-related suppression is acting.  Are there inhibitory circuits within cortex that 

are engaged during movement?  Are movement-related signals acting at upstream 

auditory brain regions like the thalamus?  The following set of experiments was focused 

on addressing these issues. 
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Figure 7.  Auditory cortical excitatory neurons are suppressed during 

movement.   A, An example neuron’s response to a preferred tone during rest (black) 

and movement (red).  B, The voltage area response of multiple neurons to preferred tone 

stimulus during rest versus movement. C, Mean synaptic responses from a single 

neuron to multiple presentations of tones presented at multiple frequencies. Black shows 

response during rest, red shows response during movement. Black bars indicate 

duration of tone. 
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2.3 Movement-related suppression is local to cortex 

The intracellular methods used here allowed for the measurement of several 

properties of excitatory neurons that can be used to determine whether inhibition acts at 

a pre- or postsynaptic locus.  These include intrinsic excitability, input resistance, and 

the reversal potential of motor-related synaptic currents.  Injecting positive and negative 

current pulses through the recording electrode revealed that movement was 

accompanied by decreased excitability (Figure 8) and input resistance (Figure 9) of 

auditory cortical excitatory neurons, and these changes also could be detected before 

movement onset.   

This result strongly implicates an increase in local inhibitory tone during 

movement, possibility driven through GABAergic neurotransmission, leading to 

increases of negatively charged intracellular chloride.  To test this idea, tonic current 

injection was used to vary the resting potential of a subset of neurons.  After injecting 

negative current into the impaled cell, movements resulted in increased amplitude of 

depolarization.  Conversely, injecting positive current flipped the sign of modulation, 

resulting in a hyperpolarization during movement and a decrease in evoked action 

potentials (Figure 10).  The movement-related change in mean membrane potential 

reversed in sign at approximately -72 mV, which was 3 mV depolarized relative to the 

average resting Vm and close to the chloride equilibrium potential reported for mouse 

auditory cortical pyramidal neurons (Figure 10)(Wehr and Zador, 2003). 
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Figure 8.  Neuronal excitability is decreased during movements.  A, Top panel 

shows spiking response of an auditory cortical excitatory neuron recorded in treadmill 

preparation to positive current pulses injected with the recording electrode. Bottom trace 

shows treadmill movement. The onset of motor-related changes in excitability (black 

triangle) precedes movement onset (red triangle).  B, Evoked response of an example 

neuron to intracellular positive current injection during rest (black) and movement (red). 

 C, Number of spikes evoked by intracellular current injection during rest versus 

movement for multiple neurons from both treadmill and microdrive preparations.   
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Figure 9.  Input impedance is decreased during movements.  A, Evoked voltage 

response of an example neuron to intracellular negative current injection during rest 

(black) and movement (red).  B, Average hyperpolarizing response to negative current 

pulses injected during rest (black) and during movement (red).  C, Membrane 

impedance (Ri) during rest versus movement. 
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Figure 10.  Reversal potential of movement-related modulation of auditory 

cortical neurons.  A, Auditory cortical excitatory neuron recorded with treadmill 

preparation as mouse transitions from rest to movement and back to rest. Top panel 

shows treadmill movement. Prior to and throughout movement, neuron was 

depolarized with positive current injection with recording pipette.  B, Same neuron as A, 

but with no current injection.  C, Same neuron as A, but with hyperpolarizing current 

injection.  D, Change in mean membrane potential during movement relative to rest as a 

function of the membrane potential prior to movement for 4 neurons.  Filled circles 

indicate movements without current injection.  Open circles show movements with 

depolarizing current injection. Open squares show movements with hyperpolarizing 

current injection. Movement-related modulation of mean membrane potential switches 

from depolarizing to hyperpolarizing when the resting membrane potential exceeds ~-72 

mV. 
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 All of these features indicate that motor-related signals suppress auditory 

cortical excitatory cells via postsynaptic inhibition, and suggest increased inhibitory 

transmission decreases tone responsiveness by shunting excitatory synaptic inputs. 

However, these results do not reveal the source of cortical inhibition.  To explicitly test if 

auditory cortical inhibitory neurons were recruited by a motor-related signal, David 

Schneider and I monitored the spiking activity of a large population of neurons using a 

multi-electrode array inserted across a broad expanse of the auditory cortex in mice 

engineered to express ChR2 in PV or other GABAergic neurons.  Specifically, small 

volumes (150-250 nanoliters) of Cre-dependent ChR2-expressing virus were injected into 

ACtx of mice expressing Cre in PV neurons.  Alternatively, a transgenic approach was 

taken to monitor the activity of a broader population of GABAergic auditory cortical 

neurons.  In this case, mice expressing ChR2 under the vesicular GABA transporter 

(VGAT) were used.  Immunohistochemistry confirmed that a large subset of these 

neurons expressed PV, although some inhibitory interneurons expressing ChR2 did not 

express PV (Figure 11).  In either strategy, a multi-shanked, 32 channel array was 

vertically inserted into ACtx. Neurons were classified neurons as PV cells, inhibitory 

cells or excitatory cells on the basis of their action potential shapes and whether they 

were excited or suppressed by blue light (Figure 11).  Both excitatory and inhibitory 

neurons could be recorded on the same electrode array, and these cells were confirmed 

as auditory cortical by presenting tones and assessing their responsiveness to sound 
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stimuli.  Before and during movements, the firing rates of PV cells and other fast-spiking 

interneurons increased, whereas the firing rates of putative excitatory neurons 

decreased (Figure 12).  As a population, inhibitory neuron firing rates increased well 

before movement onset and also before the firing rates of auditory cortical excitatory 

cells decreased below their baseline levels (-805 milliseconds for PV cells, -605 

milliseconds for VGAT cells, and -490 milliseconds for excitatory cells, relative to 

movement onset).  These experiments indicate that in ACtx, motor-related signals excite 

PV interneurons.  From the time course of modulation across cell types, it is highly likely 

that these excited PV neurons in turn inhibit excitatory cells and suppress both their 

spontaneous activity and stimulus-evoked responses.  
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Figure 11.  Targeted extracellular recordings from inhibitory interneurons.  A, 

Composite micrograph of a coronal slice of auditory cortex from a VGAT-ChR2-YFP 

mouse, immunostained for YFP (green) and parvalbumin (PV, magenta).  B, High 

magnification image of a section from a, showing both PV+ (magenta) and PV- 

interneurons expressing ChR2 (green).  C, Schematic showing viral infection of PV-Cre 

mice with a Cre-dependent ChR2 construct.  D, Composite micrograph of a coronal slice 

of auditory cortex showing expression of ChR2 in PV interneurons. 

 

 



 

47 

 
 

Figure 12.  Inhibitory interneuron activity in ACtx during movement.  A, 

Identified PV interneuron recorded from PV-ChR2 mouse. Top panel shows treadmill 

velocity (red), instantaneous firing rate (green) and raw voltage trace (black) recorded 

during laser stimulation (blue shaded regions), rest and locomotion. Instantaneous firing 

rate during laser stimulation was truncated and reaches a maximum of 500 spikes/s. Red 

triangle indicates time of movement onset. Bottom left shows overlaid action potential 

waveforms produced during laser stimulation (black, n=3) and locomotion (red, n=3). 

Bottom right shows average sound-evoked response to tone presented at neuron’s 

preferred frequency.  B, Scatter plot showing action potential width and peak-to-valley 

ratio for all identified PV interneurons (green), identified VGAT interneurons, and 

putative excitatory neurons (gray) in the auditory cortex.  C, Normalized change in 

firing rate aligned to movement onset for PV neurons (green), VGAT interneurons 

(pink) and putative excitatory neurons (gray). 
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2.4 Chapter 2 conclusions 

 In summary, these experiments identify a postsynaptic inhibitory signature for 

motor action within the auditory cortex, characterized by a decreased membrane 

potential variance, depolarization, and reduced response to tone stimuli.  Intracellular 

tests of neuronal excitability, as well optogenetic-guided recordings from PV 

interneurons indicate that local cortical inhibition is responsible for a substantial 

component of the inhibition of excitatory neurons seen preceding and throughout 

movement.   
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3. A circuit for motor cortical modulation of auditory 
cortical activity 

 What is driving the increased activity of auditory cortical inhibitory interneurons 

before and during movement, which in turn inhibit excitatory neurons?  Do movement-

related signals arise from motor cortex, as has been suggested in previous literature? 

Does ACtx have direct access to copies of the motor command, and is activity of these 

putative CD signals sufficient for inhibiting ACtx during movement?  To address these 

questions, I carried out a series of anatomical, electrophysiological, and optogenetic 

experiments to identify and characterize a long-range circuit from motor cortex to ACtx 

well positioned to act as a source of CD for ACtx.  These experiments were performed in 

collaboration with Drs. David Schneider, Jun Takatoh, Katsuyasu Sakurai, Fan Wang, 

and have been published (Nelson et al., 2013). 

3.1 Motor cortical neurons project to the ACtx  

What is the source of motor-related signals in the auditory cortex?  To begin to 

characterize motor-related inputs to the ACtx, I combined a novel viral strategy for the 

retrograde transport of Cre recombinase from axon terminals with a reporter mouse 

engineered to express tdTomato in neurons in a Cre-dependent manner. I injected 

approximately 1 microliter of a retrogradely-transported lentivirus pseudotyped with a 

rabies fusion glycoprotein and VSV-G fusion protein (FuG–B2) and encoding Cre (RG–

LV–Cre) into primary ACtx of Ai14 ROSA–loxP–STOP–tdTomato transgenic mice 
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(Figure 13A,C).  This virus was developed by Jun Takatoh and Fan Wang, and bears 

similarities and differences to previously used lentiviral vectors, as will be discussed in 

Chapter 6.   

Using this strategy, I was able to achieve robust and stable expression of 

tdTomato in the cell bodies, dendrites, and axons of neurons in a wide range of brain 

regions that previous studies have shown provide synaptic input to the ACtx (Table 1; 

Budinger et al., 2006; Budinger et al., 2008).  Labeled (tdTomato+) cells were found in 

subcortical regions, including but not limited to ipsilateral MGB of the thalamus, zona 

incerta, posterior thalamic nucleus, raphe nucleus, ventral tegmental area, as well in 

frontal, cingulate, and perirhinal cortices, consistent with previous studies (Figure 

13B,D; Table 1).  In the context of the goal of this study of beginning to identify and 

characterize potential sources of motor-related signals to the ACtx, neurons in the 

frontal cortex are of special interest, because they have been implicated in the control of 

a wide range of movements (Neafsey et al., 1986; West and Larson, 1995).  In fact, large 

numbers of labeled neurons were detected in the secondary motor cortex (M2) and 

primary motor cortex (M1) after injections of RG–LV–Cre into the ACtx of Ai14 mice 

(Figure 13B).   

Interestingly, I observed higher numbers of labeled cells in deep layers of M2 

compared with M1, a distribution that I quantified by counting the number of labeled 

cells in each region as a function of distance from the pial surface (Figure 13E; p = 8e-25, 
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n = 4 animals).  These deeper layer neurons are believed to be corticofugal, in that they 

can project to a wide range of subcortical brain regions, including those involved in 

motor control (Li et al., 2015).  Furthermore, dense bundles of tdTomato+ fibers were 

detected in the pyramidal tract, consistent with the idea that some deep-layer cells in M2 

that innervate the ACtx (M2ACtx neurons) also extend axons to the brainstem via the 

pyramidal tract (Figure 13F).  Because the ACtx of the mouse receives inputs from large 

numbers of M2 neurons, including deep-layer cells that could play a direct role in 

signaling brainstem structures important to motor control, I subsequently restricted my 

focus to M2ACtx neurons.  
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Figure 13.  Motor cortical neurons project to the auditory cortex.   A, Diagram 

showing injection of RG-LV-Cre in ACtx of Ai14 mice (top).  Dashed lines indicate 

relative locations of panels B, C, D, and F.  Schematic of RG-LV-Cre (bottom).  B, 

Coronal view of retrograde labeling in motor cortex (red).  DAPI is blue.  C. Brain slice 

showing the injection site.  ACtx, M1, M2, and Cg1 were demarcated by overlaying the 

image with the appropriate brain atlas section.  D, Retrograde labeling in MGB.  E, 

Quantification of M2 (blue trace) and M1 (red trace) cell depth relative to pial surface.  F, 

Dense axonal labeling in the pyramidal tract. 
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Table 1.  RG-LV-Cre retrograde labeling and consistency with previous studies 

Labeled brain region  Previous studies with similar results 

frontal cortex  (Reep et al., 1987; Paperna, Malach, 1991; Budinger et al., 

2008; Lima et al., 2009) 

cingulate cortex  (Rouiller, 1990; Budinger, Scheich, 2008) 

insular cortex  (Budinger, Scheich, 2008; Sawatari et al., 2011) 

temporal association 

cortex 

 (Vaudano et al., 1991; Budinger, Scheich, 2008) 

somatosensory cortex  (Budinger, Scheich, 2006; Lima et al., 2009) 

retrosplenial cortex  (Budinger, Scheich, 2008) 

infralimbic cortex  (Budinger, Scheich, 2008) 

visual cortex  (Miller, Vogt, 1984; Budinger, Scheich, 2006; Lima et al., 

2009) 

entorhinal cortex  (Insausti et al., 1997; Budinger, Scheich, 2009) 

perirhinal cortex  (Deacon et al., 1983; Paperna, Malach, 1991; Budinger, 

Scheich, 2009) 

medial geniculate body  (Caviness, Frost, 1980; Cruikshank et al., 2002; Budinger, 

Scheich, 2009) 

posterior thalamic nucleus  (Roger, Arnault, 1989; Budinger, Scheich, 2009; 

Hofstetter, Ehret, 1992) 

lateral posterior thalamic 

nucleus 

 (Budinger, Scheich, 2008) 

zona incerta  (Lin et al., 1990; Budinger, Scheich, 2009) 

ventral tegmental area  (Bao et al., 2001; Budinger, Scheich, 2008) 

hypothalamic area  (Budinger, Scheich, 2008) 

locus coeruleus  (Morrison et al., 1978; Budinger, Scheich, 2008) 

nucleus basalis  (Metherate, Ashe, 1993; Budinger, Scheich, 2008) 

raphe nucleus  (Lidov et al., 1980; Budinger, Scheich, 2008) 
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3.2 M2 neurons project across auditory cortical laminae  

 To independently verify that M2 neurons project axons to the ACtx and to better 

characterize the organization of these projections, I made injections (approximately 1 

microliter) of an anterogradely expressed VSV-G lentivirus encoding Cre (VSV-G–LV–

Cre) into M2 region of Ai14 mice (Figure 14A,C; n = 2).  This approach resulted in small 

clusters of tdTomato+ cell bodies restricted to M2 and across all layers.  By inspecting 

caudal brain sections, I found extensive tdTomato+ fibers throughout the ACtx, as well 

as in other cortical and subcortical regions (Figure 14C-F).  To confirm that these M2 

fibers were indeed present in ACtx, I used an alternative strategy to label M2 axons as 

well as thalamocortical axons arising from the auditory thalamus.  After injections of 

approximately 150 nanoliters of AAV–GFP in M2 and 400-500 nanoliters of AAV–RFP in 

the auditory thalamus (MGB) of wild-type mice (n = 2), I observed extensive GFP+ M2 

terminals in the ACtx, which was identified by the presence of RFP+ MGB fibers (Figure 

14G,H).  Finally, although I found labeled M2 axons in all auditory cortical layers, 

labeling was more intense in deep and superficial layers compared with intermediate 

layers (Figure 14C, inset).  Together, these anatomical studies indicate that M2 neurons 

extend axons throughout ACtx, projecting most densely to superficial and deep cortical 

layers.  
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Figure 14.  M2 neurons project across auditory cortical laminae.  A, Diagram 

showing injection of VSV-G-LV-Cre in M2 of an Ai14 mouse (panels B-F) or AAV-GFP 

in M2 and AAV-RFP in MGB of a wild-type mouse (panels G & H).  B, Coronal view of 

VSV-G-LV-Cre injection site.  C, Coronal slice through ACtx.  The boxed insets indicate 

the relative locations of panels D, E, and F.  The graphical inset is a quantification of 

axonal fluorescence across auditory cortical laminae.  D, High magnification image of 

axon labeling in deep layers of ACtx revealed through anti-RFP immunostaining.  E, 

High magnification image of axon labeling in middle layers of ACtx.  F, High 

magnification image of axon labeling in superficial layers of ACtx.  G, M2 axons in deep 

layers of ACtx (green) intermingled with axons from MGB (magenta) following injection 

of AAV-GFP in M2 and AAV-RFP in MGB.  H, Axons from M2 and MGB in superficial 

layers of ACtx. 
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3.3 A subset of M2 neurons project to both ACtx and subcortical 

regions     

 Motor neurons in deep cortical layers, including layer 5 (L5), are known to 

innervate a wide range of subcortical structures, including those involved in motor 

control (Kuypers, 1958; Hardy and Leichnetz, 1981).  If M2ACtx neurons similarly project 

to subcortical brain regions, such an organization could be used to convey direct copies 

of the motor command to ACtx.  To determine whether individual M2 neurons that send 

axons to the ACtx also extend axons to subcortical motor regions, I used an 

intersectional viral strategy to selectively and extensively label M2ACtx neurons. To this 

end, I injected 600-800 nanoliters of AAV–FLEX–GFP into M2 and 1 nanoliter of RG–LV–

Cre into the ACtx of wild-type mice, resulting in selective expression of GFP in M2ACtx 

neurons infected with both viruses (Figure 15 A-D; n = 3).  To confirm that the injection 

site was located in the ACtx, 100 nanoliters of red fluorescent retrograde tracer (CTB–

594, 1%) was mixed with the RG–LV–Cre, resulting in red fluorescent retrograde 

labeling in the MGB (Figure 15D, inset).  Subsequent inspection of fixed tissue revealed 

GFP+ cells bodies in superficial and deep layers of M2 and also revealed GFP+ fibers, 

which I tentatively identified as axons of deep-layer M2ACtx neurons, in the pyramidal 

tract as well as other subcortical structures.  Axon labeling in the ACtx using this 

approach was comparatively sparse, most likely reflecting the lower probability that the 

two different viruses would infect a single neuron.  Nonetheless, this intersectional 

approach indicates that M2ACtx neurons extend axons to several cortical and subcortical 
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brain regions, including the thalamus, pons, and the brainstem, and some of these axons 

terminate in the region of motor neurons.   

 Notably, I also found rich labeling of axons and putative axon terminals in the 

PAG, cerebral peduncle, mesencephalic reticular nucleus, and striatum (Figure 15 G-L), 

structures that implicated in motor control.  The PAG is a subcortical region particularly 

important for vocalization as well as a variety of reproductive, defensive, and maternal 

behaviors (Kabat et al., 1935; Storozhuk et al., 1984; Jürgens, 1994).  To gauge the extent 

to which M2ACtx neurons also project to the PAG, I injected the ACtx of Ai14 mice with 

approximately 1 microliter of RG–LV–Cre and then injected 150-200 nanoliter of green 

fluorescent retrograde tracer (CTB–FITC, 1%) into the PAG (Figure 16; n = 2), resulting in 

extensive green fluorescent retrograde labeling of M2 neurons providing input to this 

brainstem structure.  This approach also yielded double-labeled neurons in the deep 

layers of M2, indicating that certain M2ACtx neurons also innervate the PAG (Figure 16D-

G).  Together, these experiments reveal a potential anatomical substrate by which motor 

cortical neurons that innervate brainstem regions important to a range of social and 

sexual behaviors also provide monosynaptic input to the ACtx.  
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Figure 15.  A subset of M2 neurons project to both auditory cortex and 

subcortical areas.  A, Diagram showing injection of RG-LV-Cre & CTB-594 in ACtx and 

AAV-FLEX-GFP in M2.  B, Low magnification image of motor cortex.  C, GFP labeling in 

M2.  D, RG-LV-Cre and CTB-594 (red) injection site.  Inset shows CTB labeling in MGB.  

E, GFP labeled axons in the pontine nuclei.  F, GFP labeled axons in the brainstem 

adjacent to ChAT motoneurons (red anti-ChAT immunostaining).  Inset shows high 

magnification image of axon terminal.  Bottom row: GFP labeled axons in cerebral 

peduncle (G), mesencephalic reticular nucleus (I), periaqueductal gray (J, K), and 

striatum (L). 
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Figure 16.  A subset of M2 neurons project to both auditory cortex and PAG.  

A, Diagram showing injection of RG-LV-Cre in ACtx and CTB-FITC in PAG.  B, Coronal 

view of ACtx injection site.  C, Coronal view of PAG injection site.  D, Retrograde 

labeling in M2.  Arrow indicates double-labeled cell in E (red channel), F (green 

channel), and G (merged). 
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3.4 M2 interacts with ACtx through feedforward inhibition  

 Electrophysiological recordings made in awake, behaving primates have shown 

that auditory cortical activity is modulated before and during certain movements 

including as vocalizations.  The primary effect of this modulatory signal - theorized to 

originate from motor cortex - is to suppress action potential activity (Eliades and Wang, 

2003, 2008).  To begin to test how M2ACtx axon terminals modulate auditory cortical 

neuron activity, I turned to an optogenetic and electrophysiological strategy to stimulate 

M2 axons and record synaptic responses to this stimulus in auditory neurons.  I injected 

M2 of juvenile (P20–P30) wild-type mice with 650-700 nanoliters of AAV–ChR2–YFP 

and injected MGB with either 200-300 nanoliters of red fluorescent retrograde tracer 

(CTB–594, 1%) or 400-500 nanoliters of an AAV encoding RFP or GFP to delineate the 

boundaries of ACtx (Figure 17A).  After allowing several weeks to achieve functional 

expression of ChR2 in M2ACtx axon terminals (Figure 17B), I then cut acute coronal brain 

slices and made sharp intracellular current-clamp recordings from neurons in ACtx, 

which was identified in part by the presence of fluorophore-labeled MGB terminals or 

red fluorescent retrogradely labeled cortical neurons (Figure 17C,D).  Brief (10 

milliseconds) pulses of laser light (~2 mm in diameter, centered over the recording site) 

routinely evoked a fast, short latency depolarization, followed by a larger, longer-lasting 

hyperpolarization (Figure 17E; n = 15 pyramidal cells from 3 mice; identified by their 

direct-current-evoked membrane potential properties).   
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Figure 17.  M2 interacts with auditory cortex through feedforward inhibition.  

A, Diagram showing injection of AAV-ChR2 in M2 and CTB-594 in MGB.  B, Anti-GFP 

labeling in superficial layers of ACtx showing axons from M2 ChR2 injection.  C, Visual 

identification of ACtx by terminal field labeling from AAV-XFP injection in MGB.  D, 

Visual identification of ACtx by retrograde labeling of MGB-projecting cell bodies 

following injection of CTB-594 in MGB (all labeled cell bodies other than the recorded 

neuron). Whole-cell recordings were made under DIC, and recorded neurons were filled 

with Alexa 594 during the recording (asterisk).  E, Average response (blue) of multiple 

individual neurons (gray, n = 15) to optogenetic stimulation of M2 terminals in current 

clamp and regular ACSF.  F, Plot of excitatory versus inhibitory peak amplitude 

response to optogenetic stimulation of M2 terminals while holding at either -70mV or 

0mV.  G, Example responses to optogenetic stimulation showing inhibitory currents are 

mediated through GABAergic transmission which is blocked by bath application of 

Gabazine and CGP-35348. 
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These observations raise the possibility that motor cortical axons drive 

monosynaptic excitation and disynaptic feedforward inhibition onto auditory cortical 

pyramidal cells.  To more directly test this idea, I made whole-cell voltage-clamp 

recordings from auditory cortical pyramidal cells and optogenetically activated M2ACtx 

inputs at holding potentials that isolated either excitatory or inhibitory synaptic currents 

(Vh = -70 and 0 mV, respectively).  This approach confirmed that optogenetic activation 

of M2ACtx axons could elicit both excitatory and inhibitory synaptic currents from 

auditory cortical pyramidal cells.  These experiments also revealed that the amplitude of 

inhibitory current was approximately four times larger than the excitatory current 

(Figure 17F,G; n = 15 cells, 2 mice).  Inhibitory currents always lagged behind excitatory 

currents (on average by 3.84 +/- 2.70 milliseconds at 10% of maximum amplitude, n = 8 

cells, p = 0.0051, paired t test) and were reversibly blocked by bath application of 10 uM 

gabazine (GABAa recetor antagonist) and 50 uM CGP-36348 (GABAb receptor 

antagonist), demonstrating that they were mediated by GABA receptors (n = 8 cells, 3 

mice, p = 0.0018 paired t test; washout was obtained in n = 6 cells, 3 mice, p = 0.0155, 

paired t test).   

3.5 M2 axons make excitatory synapses on auditory cortical 

pyramidal cells and interneurons     

 The compound synaptic potentials I observed in current-clamp recordings 

suggest that M2ACtx axons make excitatory synapses on both pyramidal neurons and 

inhibitory interneurons within ACtx.  To directly test this idea, I made whole-cell 
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recordings from pyramidal neurons as described previously but included 1 uM TTX and 

100 uM 4-AP in the bath ACSF.  TTX blocks voltage-gated sodium channels, which 

eliminates action potential generation and thus isolates monosynaptic currents.  4-AP 

amplifies the effects of ChR2-evoked neurotransmitter release by blocking potassium 

channels.  Using this approach and at holding potentials of -70 mV, I detected fast, 

inward synaptic currents in ~75% of auditory cortical neurons (Figure 18B; 54 of 70 cells 

from eight mice).  Responsive neurons were distributed across all layers of ACtx, 

consistent with the widespread distribution of M2ACtx axon labeling revealed in tracing 

experiments.  I made targeted recordings in brain slices from L2/3 and L5 PV 

interneurons made to express tdTomato by crossing PV–Cre mice with Ai14 mice 

(Figure 18D).  In the presence of TTX and 4-AP and at a holding potential of -70 mV, 

optogenetic stimulation of M2ACtx axons evoked strong inward currents (Figure 18E,F; n 

= 12 cells, 3 mice).  I identified the laminar position of each recorded pyramidal neuron 

(Figure 18G; n = 47, identified by visualization of intracellular staining) and interneuron 

[identified by visualization of intracellular staining of either PV - targeted recordings (n 

= 12) or DIC-targeted recordings (n = 12)] and calculated the percentage of neurons 

responsive to optogenetic stimulation.  These experiments demonstrate that M2ACtx 

neurons make excitatory connections on both auditory cortical pyramidal neurons and 

PV interneurons, thus defining a circuit capable of modulating auditory cortical activity 

through direct excitation and feedforward inhibition. 
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Figure 18.  M2 axons make excitatory synapses on auditory cortical pyramidal 

cells and interneurons.  A, Morphological reconstruction of a L5 auditory cortical 

pyramidal neuron following intracellular recording.  B, Single trial (gray) and average 

(blue) response to optogenetic stimulation of M2 terminals on a pyramidal neuron 

clamped at -70mV and recorded in TTX+4-AP.  C, Cumulative probability distribution of 

response amplitude to optogenetic stimulation of M2 terminals from 54 ACtx neurons 

recorded in TTX+4-AP.  D, Morphological reconstruction of L2 PV interneurons (red) 

showing two cells filled with biotin and reacted with streptavidin (green).  Inset shows 

fluorescence overlay during whole-cell recording.  E, Single trial (gray) and average 

(blue) response to optogenetic stimulation of M2 terminals on a PV interneuron clamped 

at -70mV and recorded in TTX+4-AP.  F, Cumulative probability distribution of response 

amplitude to optogenetic stimulation of M2 terminals from 12 PV interneurons recorded 

in TTX+4-AP.  G, Summary of percent of pyramidal neurons (red) and interneurons 

(green) responsive to optogenetic stimulation, sorted by laminae.  Interneuronal 

recordings here include both fluorescence-targeted PV recordings and DIC-targeted 

recordings from visually identified interneurons.  PV recordings were selectively 

targeted to layers 2/3 and 5 because of the high PV expression pattern in these layers 

compared to layers 4 and 6. 
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3.6 Chapter 3 conclusions 

In summary, these experiments identify and characterize a cortico-cortical circuit 

involving neurons in M2 that directly innervate ACtx.  Through intersectional viral 

labeling techniques, I found that a subset of M2ACtx neurons also send projections to 

subcortical regions involved in executing movements.  By combining whole-cell slice 

physiology and optogenetic circuit mapping techniques, I showed that motor cortical 

axons make excitatory synapses in the auditory cortex but exert a largely suppressive 

effect on auditory cortical neurons mediated in part by feedforward inhibition involving 

PV interneurons. 
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4. M2ACtx projections function as corollary discharge 
circuit for auditory cortex 

What effect does activating M2ACtx neurons have on the spontaneous and tone-

evoked properties of auditory cortical neurons?  Activating M2ACtx projections in vitro 

results in feedforward inhibition, suggesting this circuit may inhibit tone 

responsiveness.  If this is the case, is this projection active during movements to function 

as a CD circuit?  Using 2-photon calcium imaging of M2ACtx neurons, as well as 

optogenetic manipulations of M2ACtx neurons in intact mice, combined with intracellular 

physiology, I demonstrate that M2ACtx projections are active during movements, and 

their activity underlies some of the movement-related suppression of auditory cortical 

pyramidal neurons.  These experiments were performed in collaboration with Dr. David 

Schneider, and our findings have been previously published (Nelson et al., 2013; 

Schneider et al., 2014).  David Schneider contributed to experiments illustrated in 

Figures 20-22, and performed experiments illustrated in Figures 24-25.  I performed the 

remaining experiments. 

4.1 M2 modulates spontaneous activity of auditory cortical 
neurons in vivo  

The tracing and optogenetic circuit mapping experiments I conducted in brain 

slices suggest that motor cortical inputs to ACtx could modulate auditory cortical 

activity, including responses to acoustic stimuli.  To begin to address this issue, David 

Schneider and I performed intracellular recordings from auditory cortical neurons and 
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optogenetically stimulated M2ACtx axons expressing ChR2.  Specifically, M2 of adult 

wild-type mice was injected with 650-700 nanoliters of AAV-ChR2-YFP and several 

weeks were allowed before sacrifice to achieve functional expression of ChR2 in M2ACtx 

axon terminals in the auditory cortex.  Sharp intracellular current clamp recordings were 

then made from auditory cortical neurons (Figure 19; n = 28 cells, 5 mice) under 

urethane anesthesia while optogenetically stimulating M2 terminals within ACtx, 

presenting sounds to the contralateral ear, or both.  In almost all (27/28) auditory cortical 

neurons, significant and reproducible responses to optogenetic stimulation of M2ACtx 

axon terminals were found in the absence of acoustic stimuli (Figure 20).  For most 

neurons, laser illumination over the recording site caused a small depolarization 

followed by a large and sustained hyperpolarization that outlasted illumination by 

approximately 200 milliseconds, remarkably similar to the compound synaptic 

potentials observed following optogenetic stimulation of M2 terminals in auditory 

cortical brain slices (Figure 20B; compare to Figure 17E).  To better quantify the synaptic 

effects of laser illumination, the depolarizing and hyperpolarizing areas during the 300 

milliseconds immediately following the onset of laser stimulation were calculated 

(Figure 20C, inset).  The hyperpolarizing effect was approximately 5 times greater than 

the depolarizing effect (-422 ± 408 mVs, hyperpolarizing; 83 ± 98 mVs, depolarizing) 

(Figure 20C), in close agreement with the ratio of inhibitory to excitatory currents 

measured in brain slices.   
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Population-averaged peri-stimulus time histogram (PSTH) in response to laser 

trials as well as blank trials were calculated to determine whether optogenetic 

stimulation of M2 terminals influenced the spontaneous action potential activity of 

auditory cortical neurons.  In the minority of auditory cortical neurons that generated 

action potentials spontaneously (11/27 cells), a brief (~25 milliseconds) increase in action 

potential rates were found soon after the onset of laser stimulation followed by a strong 

suppression of action potential activity that lasted ~200 milliseconds (Figure 20D).  

During this 200 milliseconds window, spontaneous firing was completely suppressed by 

laser stimulation (1.71 ± 0.99 spikes/second, blank trials; 0 ± 0 sp/sec, laser trials; p = 

0.016). 
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Figure 19.  Simultaneous intracellular physiology, sound presentation and 

optogenetic stimulation in vivo.  A, AAV-ChR2 injections in left M2. Schematic 

representation of electrode and fiber optic placement during simultaneous physiology 

and optogenetic stimulation. B, Morphological reconstruction of an ACtx neuron 

recorded in vivo. C, Representative subthreshold and spiking response (top) to tone 

presentation (bottom) and optogenetic stimulation of motor terminals (blue bars). Red 

line shows median-filtered membrane potential. Numbers at bottom show tone 

frequency, where 0 Hz represents a blank trial used as a control. 
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Figure 20.  M2 modulates spontaneous activity of auditory cortex neurons in 

vivo.  A, Single trials (gray) and average response (blue) of an individual ACtx neuron 

to 100 milliseconds optogenetic stimulation of M2 terminals.  B, Average response (blue) 

of multiple individual neurons (gray, n = 27) to optogenetic stimulation of M2 terminals.  

C, Net depolarizing and net hyperpolarizing areas during the 300 milliseconds 

following optogenetic stimulation. Inset shows the depolarizing (green) and 

hyperpolarizing (red) areas for a representative neuron.  D, Population PSTHs showing 

spontaneous firing rate (black) and firing rate following optogenetic stimulation (blue). 

In A, B and D, blue bars indicate duration of optogenetic stimulation. 
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4.2 M2 modulates sound-evoked activity of auditory cortical 
neurons in vivo 

David Schneider and I next determined the degree to which stimulation of M2 

terminals modulated sound-evoked activity in the auditory cortex.  Brief pure tones (80 

milliseconds, 80 dB SPL) were presented to the animal at a range of frequencies 

spanning the audible spectra of mice (2, 4, 8, 16, 32 and 81 kHz), and on 50% of trials 

tone presentation was paired with laser stimulation of M2 terminals in the auditory 

cortex.  In these experiments, laser stimulation was 100 milliseconds long, and masked 

the 80 milliseconds tone presentation.  In response to tones, individual neurons showed 

reliable and reproducible membrane potential depolarizations (100 ± 107 milliseconds) 

(Figure 21).  During simultaneous sound and laser stimulation, depolarizations were 

significantly shorter in duration than during sound presentation alone (60 ± 118 

milliseconds; p = 0.0002) and, for some neurons (7 of 27), laser stimulation was sufficient 

to completely abolish membrane potential responses to a subset of tones (e.g. Figure 

21B).  On average, optogenetic stimulation of M2 terminals truncated the depolarizing 

phase of auditory responses within 100 milliseconds of stimulus onset and significantly 

hyperpolarized neurons for the following 100 milliseconds (Figure 21C).  The voltage 

area measured during the 300 milliseconds after stimulus onset was significantly smaller 

during simultaneous sound and laser stimulation (-23 ± 468 mVs) compared to sound 

stimulation alone (267 ± 361 mVs; p = 6e-9).  Laser stimulation of M2 terminals also led 

to a decrease in sound-evoked spiking during the 300 milliseconds after stimulus onset 
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(1.10 ± 2.16 spikes/second, sound; 0.59 ± 1.56 spikes/second, sound and laser; p = 0.0002), 

including a complete absence of spikes in the 150 milliseconds window beginning 100 

milliseconds after laser onset (Figure 21D).  Although auditory cortical neurons as a 

group had a range of best frequencies, laser stimulation suppressed subthreshold 

responses consistently independent of stimulus frequency.   

Pure tones are not intrinsically a behaviorally relevant stimulus, so it is 

important to gauge the extent to which M2 activity can modulate responses to 

ethologically relevant and sounds with more complex structures.  To determine whether 

M2 terminal stimulation also suppressed responses to spectrotemporally complex 

sounds, for a subset of neurons (n = 14 neurons recorded from 2 male and 2 female 

virgin mice) mouse ultrasonic vocalizations were presented with and without 

simultaneous laser stimulation.  Auditory neurons were reliably depolarized by 

vocalizations and, as with tone stimulation, vocalization-driven responses were 

significantly suppressed by simultaneous laser stimulation (248 ± 356 mVs, sound; 39 ± 

596 mVs, sound and laser; p = 0.003) (Figure 21E).  These results indicate M2 axon 

activity can suppress auditory cortical responses to spectrotemporally complex, 

behaviorally relevant stimuli. 
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Figure 21.  M2 suppresses sound-evoked responses in vivo.  A, Single trials 

(gray) and average response (black) of an individual ACtx neuron to 80 milliseconds 

tone.  B, Single trials (gray) and average response (red) of the same neuron to 

simultaneous tone and optogenetic stimulation.  C, Population average response to tone 

(black) and to simultaneous tone and optogenetic stimulation (red). Shaded area shows 

SEM.  D, Population PSTH during tone presentation (black) and simultaneous tone and 

optogenetic stimulation (red), averaged across all tone frequencies.  E, Population 

average response to an ultrasonic vocalization (black) and in response to simultaneous 

vocalization and optogenetic stimulation (red). Shaded area shows SEM. 

 



 

74 

 

If M2ACtx axons normally function to convey a premotor signal to the auditory 

cortex, these signals should presumably precede the arrival of reafferent auditory 

information.  Therefore, the onset asynchrony between sound stimulation and laser 

stimulation was systematically varied (SOA).  This experiment can be used to determine 

how M2 inputs modulate sound-evoked activity at various time lags that are likely to 

encompass a natural range of premotor latencies exhibited by M2 neuron (Figure 22).  

Optogenetically stimulating M2ACtx axon terminals in the auditory cortex prior to sound 

presentation was often sufficient to completely abolish auditory-evoked depolarizations 

recorded from auditory cortical neurons, whereas reversing this sequence resulted in no 

significant suppressive effect (Figure 22A).  Across neurons (n = 7, 2 mice), the 

suppressive effect of M2 terminal stimulation was strongest when it preceded sound 

stimulation by 0 to 100 milliseconds (Figure 22B), in agreement with a model in which 

the more rapid propagation of motor-related activity to the auditory cortex acts to 

suppress longer latency reafferent auditory information. 
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Figure 22.  M2-mediated suppression is maximized when M2 input precedes 

auditory input.  A, Response of an individual ACtx neuron to a tone (top), to a tone 

preceded by optogenetic stimulation (middle) and to a tone followed by optogenetic 

stimulation (bottom). B, Normalized voltage area in response to a tone that is preceded 

(negative SOA) or followed (positive SOA) by laser stimulation. Normalized voltage 

areas less than 1 are smaller than the response to tone alone, and values less than 0 are 

hyperpolarized relative to baseline.  Error bars show SEM. Asterisks indicate 

suppression relative to tone presented alone (p<0.05). 
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4.3 M2ACtx neurons are active during movement  

 M2ACtx neurons are well positioned to provide movement-related information to 

inhibitory neurons in ACtx.  Are M2ACtx projections active during movement?  I used 

calcium imaging to monitor the activity of M2 neurons, including identified M2ACtx 

neurons, across behavioral state (Figure 23).  This involved injecting RG-LV-Cre or CAV-

Cre into the ACtx of Ai14 mice, labeling M2ACtx neurons with tdTomato.  An AAV 

encoding the calcium indicator GCaMP6s was then injected into M2, resulting in 

widespread labeling across M2 (Figure 23A,B).  This approach allowed me to monitor 

the activity of M2ACtx neurons as well as the broader M2 neuronal population.  2-photon 

calcium imaging of GCaMP6s-expressing M2 neurons in head-fixed mice running on a 

treadmill revealed that M2ACtx cells exhibited movement-related increases in 

fluorescence with a time course indistinguishable from that of the general M2 

population (Figure 23C).  Additionally, electrical recordings of M2 neurons performed 

by David Schneider show the motor cortical population is active before any movement-

related modulation of ACtx, including the increased firing rate of PV neurons.  These 

experiments indicate M2ACtx projections are well positioned to convey movement-related 

information to ACtx. 
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Figure 23.  M2ACtx neurons are active during movements.  A, Schematic showing 

2-photon calcium imaging of auditory cortex-projecting M2 neurons. Auditory cortex-

projecting M2 neurons were labeled with tdTomato after CAV-Cre was injected into 

auditory cortex, and broad populations of M2 neurons were infected with the calcium 

indicator GCaMP6s. B, tdTomato+ and tdTomato- M2 neurons expression GCaMP6s in 

M2.  C, Change in fluorescence of tdTomato+ and tdTomato- M2 neurons aligned to 

movement onset. Inset shows a representative imaging region in M2 with tdTomato+ 

and tdTomato- M2 neurons expressing GCaMP6s 
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4.4 M2ACtx terminals drive movement-like dynamics in wakeful 
mice 

 To begin to test whether M2ACtx cells can account for changes in auditory cortical 

dynamics like those observed during movement, David Schneider and I assessed 

whether activating M2 terminals in ACtx of resting mice was sufficient to induce 

movement-like membrane potential dynamics in auditory cortical excitatory neurons.  

Following viral infection of AAV-ChR2 in M2, optically activating ChR2+ M2 terminals 

in ACtx of resting mice decreased the membrane potential variability and tone-evoked 

responses of excitatory cells, and also resulted in a slight depolarization, highly similar 

to the effects of movement.   

One potential concern is that optogenetic activation of M2 terminals in ACtx 

triggers antidromic propagation of action potentials and thus excites other targets of 

M2ACtx cells, some of which may also innervate ACtx.  Two observations argue against 

such an indirect mechanism.  First, optogenetic activation of M2 terminals was equally 

efficacious in modulating auditory cortical dynamics when M2 cell bodies were 

pharmacologically silenced with the sodium channel blocker tetrodotoxin (TTX, Figure 

25).  Second, the onset of changes in auditory cortical dynamics following optogenetic 

activation of M2 terminals occurred more rapidly (~7 milliseconds) than the antidromic 

propagation time from auditory cortex to M2 (~12 milliseconds).  Therefore, activating 

M2 terminals within the auditory cortex is sufficient to induce movement-like auditory 

cortical dynamics without concomitant recruitment of indirect pathways.
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Figure 24.  M2 axon terminals in the auditory cortex are sufficient to produce 

movement-like auditory cortical dynamics during rest.  A, Schematic showing 

intracellular recording in the auditory cortex during optogenetic activation of ChR2+ M2 

terminals.  B, Optogenetic stimulation of M2 terminals in the auditory cortex causes 

changes in membrane potential dynamics similar to those observed during movement, 

including a slight depolarization and decreased variability (top).  M2 terminal 

stimulation also suppresses spontaneous spiking evoked by tonic depolarizing current, 

and causes neurons to hyperpolarize when they are artificially depolarized (spikes 

truncated).  C-E, M2 terminal stimulation leads to decreases in membrane potential 

variability (C), a slight depolarization (D) and decreased tone-evoked responses (E). 
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Figure 25. Antidromic action potential propagation does not contribute to 

M2ACtx-evoked modulation of ACtx.  A, Schematic showing intracellular recording in 

auditory cortex during optogenetic activation of ChR2+ M2 terminals and multielectrode 

array recordings in M2 during pharmacological silencing of M2 cell bodies with the 

sodium channel blocker, TTX.  B, Traces on the left show spontaneous spikes (top and 

bottom) and antidromic spikes evoked by optogenetic stimulation of M2 terminals in the 

auditory cortex (bottom) prior to TTX application. Right panels show the abolition of 

spontaneous and antidromic spiking in M2 after TTX application.  C-E, M2 terminal 

stimulation leads to decreases in membrane potential variability (C), a slight 

depolarization (D) and decreased tone-evoked responses (E) regardless of whether M2 

cell bodies are inactivated with TTX.  F, Normalized average change in membrane 

potential after M2 terminal stimulation with (red) and without (black) M2 cell bodies 

inactivated. Vertical black dashed line shows the latency of an antidromic spike 

traveling from the auditory cortex to M2. Horizontal dashed lines indicate significant 

depolarizations relative to baseline. 
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4.5 Chapter 4 conclusions 

 In summary, activation of M2ACtx projections in intact mice results in a 

nonselective suppression of neuronal responses to range of auditory stimuli.  This 

suppression is most effective when M2ACtx projections are active preceding the onset of 

auditory stimuli.  M2ACtx neurons are active during movements, and optogenetically 

activating M2ACtx projections in awake, resting mice, results in a recapitulation of the 

movement-related modulation of auditory cortical activity, strongly supporting the role 

of M2ACtx projections in driving the suppression of ACtx observed during a wide range 

of movements.  These results constitute the first identification and description of a 

synaptic and circuit basis for CD in ACtx. 



 

82 

5. Characterization of a movement-related 
neuromodulatory network and how it relates to M2ACtx 
circuitry 

 Movement-related signals are likely affecting auditory processing at multiple 

levels of the auditory system.  Similarly, it is likely that multiple movement-related 

signals infiltrate ACtx to affect sound processing during movement.  This notion is 

consistent with the observation that stimulation of M2ACtx fibers does not suppress tone-

evoked responses to the same degree as self-generated movements.  Among the many 

inputs to ACtx, the neuromodulatory acetylcholinergic projection from the BF is an 

attractive candidate for supplying additional movement-related information to ACtx.  

ACh can act to regulate both acute and chronic activity of large population of neurons, 

including those in ACtx.  ACh transmission in cortex has been implicated in a wide 

range of cellular, circuit, and behavioral processes, from changes in neuronal excitability 

to modulation of attention during behavior (see Chapter 1).  These results, among many 

others, make it a prime candidate to convey additional movement- and behavioral state-

related signals to ACtx.  These signals could be harnessed to acutely or chronically 

control and pattern the neural associations between movements and the reafferent 

sounds those movements produce. 

 While BF modulation of ACtx has been studied for decades, little is known about 

the cytoarchitechtural and synaptic organization of circuits responsible for 

acetylcholinergic modulation of ACtx (see Chapter 1).  How are acetylcholinergic BFACtx 
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neurons organized within BF?  What auditory cortical cell types do acetylcholinergic 

BFACtx projections directly target?  How does acetylcholinergic BFACtx activity influence 

auditory responsiveness?  How are acetylcholinergic BFACtx projections active across 

behavioral state?  And most interestingly, how does the activity of acetylcholinergic 

BFACtx projections influence the M2ACtx CD circuit?  I addressed these key issues using a 

range of methods, including intersectional cell type-specific tract tracing, optogenetics, 

calcium imaging, pharmacology, and physiology.  

5.1 Acetylcholinergic SInACtx neurons target all major cell types 
of ACtx 

To identify the major sources of acetylcholinergic innervation of ACtx, I 

conducted a series of intersectional presynaptic rabies tracing experiments targeted to 

the major excitatory and inhibitory cell types of ACtx.  This technique uses a deficient 

rabies virus encoding GFP to label monosynaptic inputs to a genetically defined cell or 

group of cells.  Normal rabies virus spreads transynaptically throughout the brain using 

the rabies glycoprotein (G) to recognize and cross presynaptic connections; by deleting 

this protein (ΔG), deficient rabies (RΔG) cannot infect presynaptic neurons.  Expressing 

G in a genetically defined group of neurons using Cre-Lox recombination allows RΔG-

GFP to presynaptically label only neurons proving input to that genetically defined cell 

type.  To ensure RΔG-GFP does not initially infect other cells beside the founder cells, 

the virus can be pseudotyped with the avian sarcoma leucosis virus glycoprotein EnvA 

(EnvA-RΔG-GFP).  EnvA-RΔG-GFP will only infect cells expressing the avian receptor 
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TVA, which can additionally be expressed in the cell type of interest using Cre-Lox 

recombination.  I chose to identify the inputs to four major cell types in ACtx: PV 

interneurons, VIP interneurons, SST interneurons, and excitatory neurons expressing 

CaMKII.  I injected ACtx of mice expressing Cre recombinase in one of these cell types 

with small volumes (100-200 nanoliters) of two Cre-dependent FLEX-AAVs, one 

expressing rabies G, and one expressing both TVA and mCherry.  After two weeks, 

these proteins were expressed in the neuronal cell type of interest (Figure 26).  I then 

injected ACtx with 500-700 nanoliters of EnvA-RΔG-GFP, which infected those neurons 

expressing TVA.  In a subset of those cells also expressing G, the virus traveled one 

synapse presynaptically, and labeled with GFP inputs to founder cells.  Neurons 

providing synaptic input to the founder cells can be identified by the presence of GFP 

and absence of mCherry.   

Using this strategy, I identified many brain regions providing input to PV 

neurons of ACtx, including MGB, contralateral ACtx, M1, M2, Cg, and the BF (Figure 

26).  Because it is a very large structure with several constituent brain regions, I wanted 

to identify the specific regions of BF providing input to the ACtx.  PV neurons of ACtx 

received the bulk of their BF innervation from the substantia innominata (SIn), a region 

including the extended amygdala and nucleus basalis of Meynert (Figure 26D).  SIn is 

characterized by a dispersed population of magnocellular neurons of various 

chemogenetic identities with various projection patterns.  I performed 
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immunohistochemistry to characterize the cellular phenotype of SIn neurons projecting 

to ACtx (SInACtx neurons).  SInACtx neurons stained positive for antibodies targeted to 

choline acetyltransferase (ChAT), indicating SInACtx neurons targeting PV neurons are 

acetylcholinergic (Figure 26L).  To determine if acetylcholinergic SInACtx neurons synapse 

on other inhibitory and excitatory types, I repeated these experiments for SST, VIP, and 

CaMKII neurons.  Indeed, for all cell types I found labeling of SInACtx neurons expressing 

ChAT, indicating acetylcholinergic SInACtx neurons provide synaptic input to all major 

cell types in ACtx (Figure 27).  By tracing inputs to deep layer neurons that express Rbp4 

(in Rbp4-Cre mice), I found acetylcholinergic SIn neurons also provide input to layer 5 

neurons of ACtx (Figure 28). 
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Figure 26.  Intersectional presynaptic rabies tracing targeted to auditory 

cortical PV neurons.  A-C, Time course of viral injections.  D, Composite micrograph of 

a coronal section showing the auditory cortical injection site.  E, High magnification 

inset from D.  Founder cells are marked with arrowheads.  F-L, Neurons presynaptic to 

auditory cortical PV neurons are found in a range of brain regions.  M, Presynaptic SIn 

neurons stain positive for ChAT (Red).  Arrowheads indicate double labeling.  The three 

panels to the right show high magnifications of the inset, with GFP, ChAT, and overlay.  

N, Coronal image from Paxinos and Franklin’s mouse brain atlas.  SIn is indicated by the 

box. 
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Figure 27.  SIn neurons synapse on the major cell types of ACtx.  A,  Schematic 

indicating SIn neurons synapse of PV neurons.  Below is a micrograph of SIn neurons 

providing input to PV neurons.  B, Schematic indicating SIn neurons synapse of VIP 

neurons.  Below is a micrograph of SIn neurons providing input to VIP neurons.  C, 

Schematic indicating SIn neurons synapse of SST neurons.  Below is a micrograph of SIn 

neurons providing input to SST neurons.  D, Schematic indicating SIn neurons synapse 

of CaMKII neurons.  Below is a micrograph of SIn neurons providing input to CaMKII 

neurons.   
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Figure 28.  SIn neurons synapse on the deep layer neurons in ACtx.  A, 

Composite micrograph of a coronal section showing the auditory cortical injection site in 

an Rbp4-Cre mouse.  B, High magnification image of the injection site from A.  

Arrowheads indicate starter neurons.  C, Neurons in MGB providing synaptic input to 

deep layer auditory cortical neurons.  D, SIn neurons providing input to deep layer 

auditory cortical neurons, stained positive for ChAT. 
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5.2 Topography and shared projection patterns of SInACtx 

neurons 

Do SInACtx neurons exclusively project to ACtx, or do these cells exhibit less 

selectivity in targeting cortical brain regions?  To address this question, I retrogradely 

labeled SInACtx neurons by injecting approximately 100-200 nanoliters of CAV-Cre into 

ACtx of Ai14 mice.  I then labeled SIn neurons proving input to M2 by injecting 200 

nanoliters of CTB-488 into M2 (Figure 29).  A small population of SInACtx neurons also 

projected to M2.  These cells were restricted to medial and caudal SIn, which likely 

corresponds to nucleus basalis (Figure 29B-D).  These results indicate SInACtx neurons can 

provide input to multiple cortical regions - including M2 - that can modulate ACtx. 

Because acetylcholinergic SIn neurons can also target M2, it is possible that SIn 

neurons indirectly influence ACtx by synapsing on M2ACtx neurons.  To address this, I 

performed an intersectional rabies tracing experiment to label inputs onto M2ACtx 

neurons.  This approach targets TVA and RG to a neuronal projection using a 

retrogradely-transported virus expressing Cre.  This involved injecting 200-250 

nanoliters each of AAV-FLEX-TVA-mCherry and AAV-FLEX-RG into M2, and 100-200 

nanoliters of CAV-Cre into ACtx (Figure 30A).  After TVA and RG were expressed in 

M2ACtx neurons, I injected 400-500 nanoliters of EnvA-RΔG-GFP into M2, which labeled 

monosynaptic inputs to in M2ACtx neurons.  I found M2ACtx neurons received inputs from 

a range of cortical and subcortical brain regions including retrosplenial dysgranular 
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cortex (RSD), somatosensory cortex (SCtx), contralateral M2 (cM2), motor thalamus, 

orbitofrontal cortex (OFC), and indeed, SIn (Figure 30B-J).  

Can M2ACtx-projecting SIn neurons also project to ACtx?  I answered this by 

performing the same experiment, but in Ai14 mice (Figure 31).  In addition to neurons 

synapsing on M2ACtx neurons labeled in GFP, inputs to ACtx were labeled with 

tdTomato.  This approach was effective in differentiating M2ACtx neurons from ACtx-

projecting neurons alone.  For instance, OFC neurons providing synaptic input to M2ACtx 

neurons were clearly segregated from OFC neurons projecting to ACtx (Figure 31B).  

Within BF, M2ACtx-projecting SIn neurons were predominately more rostral than SInACtx 

neurons.  However, a restricted region of SIn contained M2ACtx-projecting neurons 

interspersed with SInACtx neurons.  In fact, a small number of GFP-labeled M2ACtx-

projecting SIn neurons were colabeled with tdTomato, indicating M2ACtx-projecting SIn 

neurons can also project to ACtx.  A subset of these dually-labeled cells also stained 

positive for ChAT, indicating they are acetylcholinergic (Figure 31C-G).  These results 

demonstrate that while acetylcholinergic projection neurons are largely segregated 

within SIn by their target brain regions, there is a subpopulation of privileged cells that 

provide input to ACtx, M2, and the CD circuit bridging these regions.
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Figure 29.  Single SIn neurons can project to ACtx and M2.  A, Schematic 

showing the ACtx and M2 injection sites.  B, Coronal image from Paxinos and Franklin’s 

brain atlas.  Images from C-D roughly correspond to the boxed region.  C-D, Examples 

of retrogradely labeled SIn neurons.  Arrowheads indicate double labeled cells.  E, 

Coronal image from Paxinos and Franklin’s brain atlas.  Images from F-G roughly 

correspond to the boxed region.  F-G, Examples of retrogradely labeled SIn neurons. 
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Figure 30.  Intersectional presynaptic rabies tracing targeted to M2ACtx neurons.  

A, Schematic of the experimental design.  B, Confocal micrograph of the M2 injection 

site.  C-D, Higher magnification confocal micrographs of GFP and mCherry labeled 

neurons from the inset in B.  E, Overlay of C and D.  The arrowhead indicates a double 

labeled neuron.  F-I, Presynaptic inputs to M2ACtx neurons from a range of brain regions.  

J, SIn neurons presynaptic to M2ACtx neurons. 
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Figure 31.  Intersectional presynaptic rabies tracing targeted to M2ACtx neurons 

combined with retrograde tracing from ACtx.  A, Schematic of the possible SIn neuron 

projection types.  Green neurons project only to M2ACtx neurons.  Red neurons project 

only to ACtx.  Yellow neurons project to both M2ACtx neurons and ACtx.  B, Composite 

micrograph of orbitofrontal cortex, showing neurons providing input to M2ACtx neurons 

or ACtx.  C, SIn neurons providing input to M2ACtx neurons, ACtx, or both (arrowhead).  

ChAT is labeled in blue.  D-G, High magnification sections from C showing a ChAT+ 

neuron that projects to M2ACtx neurons and ACtx. 
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5.3 Intrinsic physiology of acetylcholinergic SInACtx neurons 

Acetylcholinergic SInACtx neurons have no immediately clear morphological 

property to distinguish one from another, suggesting that these neurons have 

comparable intrinsic physiological properties.  And yet, studies using targeted patch 

clamp recordings from local acetylcholinergic BF neurons have shown these neurons 

group into two distinct electrophysiological groups (Unal et al., 2012).  Early spiking 

(ES) neurons include those that respond rapidly to intracellular current injection with 

action potential firing, the frequency of which increases linearly with increasing current 

injection.  Late spikers (LS) fire less-readily to current injection, with spikes evoked later 

into current injection, and a shallower current-spiking transformation.   However, these 

studies did not isolate acetylcholinergic BF neurons with any identified cortical 

projection pattern.  Do acetylcholinergic SInACtx neurons belong to either physiological 

class of cell, ES or LS?  To address this question, I recorded from labeled SInACtx neurons 

in acute brain slices.  This involved injecting 100-200 nanoliters of CAV-Cre into ACtx of 

Ai14 mice, and after approximately two weeks, cutting coronal brain slices containing 

SIn.  After patching SInACtx neurons and determining their intrinsic physiological 

identify, I processed the tissue to determine if those cells from which I recorded were 

indeed acetylcholinergic (Figure 32A-F).  Using this strategy, I found acetylcholinergic 

SInACtx neurons belonging to either the ES or LS groups (Figure 32G-I). 
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Figure 32.  Intrinsic physiology of acetylcholinergic SInACtx neurons.  A, 

Schematic of the experimental design.  B, Fluorescent image of a SInACtx neuron labeled 

with tdTomato, targeted for whole-cell recordings, and filled with Alexa Fluor 488.  C-F, 

A confocal micrograph of recovered SInACtx neuron (E) filled with and stained for 

Neurobiotin (D) and ChAT (C).  G, An example early spiking neuron’s voltage response 

to a family of negative and positive current pulses intracellularly injected.  H, An 

example late spiking neuron’s voltage response to a family of negative and positive 

current pulses intracellularly injected.   
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5.4 Cortical projection pattern of SInACtx neurons 

 The results from 5.1 indicate SInACtx neurons synapse on a wide range of cell 

types in ACtx and suggest SInACtx neurons form a broad projection pattern across 

auditory cortical laminae.  To directly test this idea and to more precisely interrogate 

how SInACtx projections interact with other circuits within ACtx, I used an intersectional 

strategy to label acetylcholinergic SIn neurons and their axonal projections.  This 

involved injecting 500-700 nanoliters AAV-FLEX-GFP into SIn of ChaT-Cre mice, which 

express Cre in acetylcholinergic neurons (Figure 33A).  GFP expression in somata was 

restricted to acetylcholinergic neurons, confirmed through ChAT immunostaining 

(Figure 33B-D).  Acetylcholinergic SIn neurons projected widely across cortical regions, 

including ACtx (Figure 33E).  Within ACtx, SInACtx neurons projected across cortical 

laminae with a relatively uniform distribution, slightly peaking in the most superficial 

and the deepest cortical layers (Figure 33F).  To identify axonal terminations from this 

projection pattern, I used high resolution (1 or fewer airy units) confocal imaging of 

putative contacts between SInACtx axons and neurons immunolabeled for PV, SST, VIP, 

and NeuN (a marker for all neurons; putative pyramidal neurons were identified by 

their morphology and size)(Figure 34).  Although this method does not identify 

functional synapses, close appositions were readily identified on each of these cell types 

assayed.  These data support results from 5.1 indicating SInACtx neurons target all major 

cell types of ACtx.
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Figure 33.  Anterograde tracing of acetylcholinergic SInACtx neurons.  A, 

Composite confocal micrograph of the injection site, showing GFP labeling of ChAT 

neurons.  B-D, Insets from A showing GFP labeling (B), ChAT immunolabeling (C), and 

the overlay of B and C (D).  E, Composite confocal micrograph of SIn axons in cortex.  F, 

Inset from E showing SIn axon labeling in ACtx.  The inset shows fluorescence intensity 

across auditory cortical layers from several measurements across several auditory 

cortical sections, averaged. 
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Figure 34.  Anterograde tracing of acetylcholinergic SInACtx neurons combined 

with auditory cortical cell type identification.  A, Confocal micrograph of 

acetylcholinergic SIn axons (green) in ACtx with NeuN neurons stained red.  DAPI is 

blue.  The panels to the right are single optical sections of immunolabeled neurons 

showing close appositions with SIn axons.  All images are 0.33-0.5um in axial resolution 

(less than or equal to 1 airy unit).  B-D, The same as in A, but immunostained for PV (B), 

SST (C), or VIP (D). 
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5.5 SInACtx projections are in close proximity to M2ACtx axons 
suggesting pre- and postsynaptic interaction  

How does the projection pattern of acetylcholinergic SInACtx neurons compare to 

that of M2ACtx neurons?  I addressed this question by anterogradely tracing both 

acetylcholinergic SInACtx axons and M2ACtx axons.  I injected 500-700 nanoliters AAV-

FLEX-GFP in SIn of ChAT-Cre mice, and 20-25 nanoliters of AAV-tdTomato in M2 of the 

same mouse (Figure 35).  Using confocal imaging, I found acetylcholinergic SInACtx axons 

and M2ACtx axons in close proximity, across auditory cortical layers.  Often, 

acetylcholinergic SInACtx axons and M2ACtx axons formed very close appositions which 

were sometimes colocalized with nicotinic AChRs, suggesting these axons interact 

presynaptically (Figure 35C-H).  In the absence of presynaptic interactions, the close 

appositions between acetylcholinergic SInACtx axons and M2ACtx axons -particularly at 

sites near putative cell bodies (Figure 35C) - strongly suggest single auditory cortical 

neurons receive input from M2 and SIn.   

5.6 SInACtx projections drive excitatory and inhibitory currents 
through activation of nicotinic AChRs. 

To understand how SInACtx and M2ACtx projections could be interacting 

postsynaptically, I wanted to determine how SInAtx projections alone can functionally 

influence auditory cortical neurons.  To this end, I expressed ChR2 in acetylcholinergic 

SInACtx projections by injecting 500-700 nanoliters of AAV-FLEX-ChR2 in SIn of ChAT-

Cre mice, and then cut acute coronal brain slices (Figure 36A).  In SIn, ChAT-expressing 
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neurons expressed ChR2, visualized by immunostaining for GFP (Figure 36B).  

Photostimulation of ChR2 resulted in large direct currents in SIn neurons expressing 

ChR2 (Figure 36C).  ChR2-expressing SInACtx axons densely innervated all layers of ACtx 

and could be found closely apposed to cell bodies and neurites of single cells, including 

the most distal apical dendrites of pyramidal cells (Figure 36D-F).  



 

101 

 

Figure 35.  SInACtx projections are in close proximity to M2ACtx axons. A, 

Schematic of the viral injections.  B, SInACtx axons (green) and M2ACtx axons (red) in ACtx.  

DAPI is blue.  The inset shows fluorescence intensity across auditory cortical layers from 

several measurements across several auditory cortical sections, averaged.  C, Confocal Z 

stack of SInACtx axons and M2ACtx axons.  The arrow indicates a contact that was 

superimposed with labeling of a nicotinic AChR from alpha-Bungarotoxin conjugated to 

Alexa Fluor 647.  D, High magnification reconstruction of the area indicated by the 

arrowhead in C.  The 3D Z stack was interpolated and rotated to permit a better view of 

the contact.  E-H, Higher magnification single optical sections from C showing the 

putative contact between a M2ACtx axon (E), SInACtx axon (F), and a nicotinic AChR (G).  

Overlay in H. 
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Figure 36.  Optogenetic stimulation of acetylcholinergic SInACtx axons, 

combined with in vitro whole-cell physiology.  A, Schematic showing the injection and 

recording strategy.  B, GFP labeling of ChAT neurons in SIn.  DAPI is blue.  C, An 

example of a recorded SIn neuron expressing ChR2.  The light stimulus (blue bar) 

evokes a very large excitatory current when holding the membrane potential at -70mV.  

D, A recorded pyramidal neuron, reconstructed after filling with Neurobiotin.  SIn 

axons expressing ChR2 and immunostained against GFP are in green.  E, Higher 

magnification region from the cell filled in D, showing close appositions between SIn 

axons and a dendritic segment.  F, High magnification region from the cell filled in D, 

showing very close appositions between SIn axons and a segment of apical dendrite.   
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Because ChR2 was expressed in axons spanning auditory cortical layers, full field 

optogenetic stimulation should permit temporally precise activation of SInACtx axons 

forming contacts across the entire somatodendritic axis of neurons in ACtx.  Short (10 

milliseconds) photostimulation of ChR2-expressing SInACtx axons resulted in inward, 

excitatory currents in pyramidal neurons when clamping the membrane voltage at -

70mV, and inhibitory currents when clamping at 0mV (Figure 37A).  Currents were 

preserved after I applied NBQX and AP5 - blockers of glutamatergic transmission - as 

well as atropine, an antagonist of muscarinic AChRs.  Currents were and totally blocked 

by subsequent application of mecamylamine, an antagonist of nicotinic AChRs (Figure 

37B).  On average, these currents had a relatively quick onset, and persisted beyond the 

stimulation for seconds (Figure 37C).  In both normal ACSF (nACSF), peak excitatory 

and inhibitory current were not significantly different (n = 18, excitatory current = 75.56 

pA, inhibitory current = 80.17 pA, p = 0.7564).  However, upon application of muscarinic 

and glutamatergic blockers, peak inhibitory current was significantly larger than peak 

excitatory current (n = 12, excitatory current = 48.42 pA, inhibitory current = 100.30 pA, p 

=0.0294).  Together, these results indicate SInACtx axons synapse directly on excitatory 

and inhibitory neurons in a relatively balanced fashion, with a bias towards increased 

inhibitory tone mediated by nicotinic acetylcholinergic transmission.
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Figure 37.  Acetylcholinergic SIn axons drive excitation and inhibition in ACtx.  

A, Currents evoked through optogenetic stimulation (vertical blue bar) of 

acetylcholinergic SIn axons while patching a pyramidal neuron in ACtx.  Holding 

potentials are -70mV to isolate excitatory currents and 0mV for inhibitory currents 

(lighter outward blue trace). Recordings were made in regular ACSF.  B, Excitatory and 

inhibitory (lighter outward traces) evoked currents in the same cell as A, in two ACSF 

conditions: blocking glutamatergic and muscarinic receptors (red), and additionally 

blocking GABAa receptors (orange).  C, Population average (n = 10 cells) of excitatory 

currents evoked through optogenetic stimulation in ACSF with blockers for 

glutamatergic transmission.  The lighter traces indicate the SE.  D, Peak excitatory 

current plotted against peak inhibitory current for recordings in regular ACSF (blue 

points) and blockers of glutamatergic and muscarinic transmission (red points; n = 17 

cells for regular ACSF, n = 11 for blockers; a subset of the cells sampled in regular ACSF 

later had blockers applied to them and are included in this plot) 
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5.7 SInACtx and M2ACtx activity functionally converges on single 
neurons 

The dual anterograde tracing results depicted in Figure 35 suggest single 

neurons may be receiving input from both SInACtx and M2ACtx projections.  To directly test 

this possibility, I made whole-cell recordings in auditory cortical brain slices and 

optogenetically stimulated SInACtx and M2ACtx axons together.  First, I injected 500-700 

nanoliters AAV-FLEX-ChR2 into SIn of ChAT-Cre mice as well as 100-150 nanoliters of 

AAV-ChR2 into M2 of the same mouse (Figure 38A).  After expression of ChR2 in both 

of these neuronal populations, I made whole-cell recordings from auditory cortical 

pyramidal neurons, and stimulated both of these projections with a single 10 millisecond 

pulse of blue light.  At holding potentials of either -70mV or 0mV, this stimulation 

produced compound excitatory or inhibitory synaptic currents, characterized by a fast 

transient current followed by a large sustained current.  If both SInACtx and M2ACtx axons 

functionally converge on the cell, blockers of acetylcholinergic transmission should 

preserve the glutamatergic current mediated through M2ACtx axons, but eliminate the 

longer lasting current mediated through SInACtx axons.  Indeed, bath applying 

mecamylamine and atropine eliminated the longer lasting, slow excitatory and 

inhibitory current, but did not block the transient glutamatergic current (Figure 38B-D).  

Interestingly, mecamylamine and atropine application reduced the amplitude of the 

glutamatergic photocurrent, suggesting an additive or facilitatory interaction between 

SInACtx and M2ACtx activity.  
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Figure 38. SInACtx and M2ACtx projections functionally converge on single neurons.  

A, Schematic showing the two injection sites and the recording strategy.  ChR2 is 

expressed both in glutamatergic M2ACtx axons as well as acetylcholinergic SInACtx axons.  

B, An example neuron’s response to optogenetic stimulation (blue bar) at holding 

potentials of either -70mV or 0mV.  In regular ACSF (grey trace) stimulation evokes both 

fast and slow currents mediated by both M2 and SIn axons.  Application of 

acetylcholinergic blockers (orange) blocks the slow current but also attenuates the 

transient current.  Application of glutamatergic and cholinergic blockers (red) eliminates 

the evoked response.  C, Magnification of the dashed section from C showing the fast 

transients.  D, Excitatory charge evoked through optogenetic stimulation for single cells 

in regular ACSF and then in blockers of acetylcholinergic transmission (rACSF: .872uC 

+/- 0.37uC; blockers: 0.23uC +/- 0.14 uC; p = 0.0726; n = 3 neurons). 
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However, I did not attempt to wash out acetylcholinergic receptor blockers and test for 

restoration of ChR2-evoked responses.  Future experiments will be necessary to increase 

the sample size of these experiments and include additional controls. 

Consistent with BF-mediated modulation of M2Actx response, I found local 

application of ACh can result in modulated response to M2ACtx stimulation in single cells.  

In these experiments, I used a low resistance patch electrode to focally apply ACh to 

either the patched cell body or it’s dendrites, after which I photostimulated M2Actx axons.  

While puffing ACh resulted in increased responses to M2ACtx stimulation in a subset of 

cells, as a population there was not a significant effect (Figure 39).  Nevertheless the 

above experiments indicate acetylcholinergic SInACtx transmission can modulate M2ACtx-

evoked responses. 
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Figure 39.  ACh can modulate responses to M2ACtx stimulation.  A, Schematic of 

the experimental design.  ACh was puffed onto the recorded neuron, either at the soma 

or at the neuron’s apical dendrite or dendritic nexus (inset).  B, Averaged inhibitory 

current response evoked through optogenetic stimulation (blue bar) alone (grey traces: 

pre and post ACh test) or immediately following a 500 millisecond puff of ACh (red).  

The vertical grey bar shows the difference in peak amplitude evoked through 

stimulation.  C, Normalized excitatory current evoked through M2ACtx stimulation in in 

regular ACSF or following ACh puff (rACSF: 224.91 +/- 78.24; blockers: 347.38 +/- 148.09; 

p = 0.27; n = 5 neurons).  D, Normalized inhibitory current evoked through M2ACtx 

stimulation in in regular ACSF or following ACh puff (rACSF: 291.14 +/- 103.52; 

blockers: 428.19 +/- 190.53; p = 0.135; n = 5 neurons). 
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5.8 Cortically-projecting SIn axons are active during movements 

Because SInACtx and M2ACtx projections converge on single cells in ACtx, activity 

from these circuits may interact postsynaptically if these neurons are coactive or nearly 

coactive in the behaving animal.  Additionally, the time course of currents evoked 

through optogenetic stimulation of SInACtx and M2ACtx projections varies greatly, 

permitting a window through which these activity patterns may interact on the order of 

2-3 seconds (compare Figure 18 and Figure 37).  Are SInACtx projections active before and 

during movements, as M2ACtx neurons are?  To address this question, I carried out 2-

photon calcium imaging of acetylcholinergic SIn axons in several cortical regions, 

including ACtx.  I first injected 500-700 nanoliters of AAV-FLEX-GCaMP6s and 100-200 

nanoliters of AAV-FLEX-tdTomato into SIn of ChAT-Cre mice (Figure 40A,B).  After 2-4 

weeks, I cemented a headplate to the cranium and implanted a laminated glass coverslip 

over the cortical imaging site (Figure 40C,D).  For imaging in ACtx, the headplate was 

implanted at an angle such that ACtx was near horizontal when the mouse was head 

fixed.  After acclimating the animal to head fixation, I imaged SIn axons while the mouse 

was free to move or rest on a freely spinning disc.  Because basal fluorescence and 

spontaneous activity was very low, tdTomato expression helped me find regions of 

interest (ROIs).  However, tdTomato and GCaMP6s expression did not always overlap, 

so ROIs were selected for analysis only if they showed changes in GCaMP6s 

fluorescence.  By analyzing change in fluorescence of single varicosities or short 
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stretches of axon and aligning this activity to movements, I found that SIn axons were 

active before and during movements in ACtx, with a time course quite similar to the 

activity seen in M2ACtx neurons (Figures 41,42).  A wide range of behaviors including 

whisking, paw movement, grooming, and locomotion were correlated with SInACtx 

activity.  However, vigorous movements often resulted in artifacts that were impossible 

to correct for post hoc, possibly a consequence of angling the head during imaging.  For 

this reason, analysis of SInACtx activity was limited to smaller movements like whisking 

or paw movement (Figure 41A,B).  However, SIn axon activity was similarly observed 

during movements in a range of cortical areas including visual cortex and motor cortex, 

where artifacts were less pronounced.  In such areas, vigorous locomotion was similarly 

correlated with large changes in SIn axon activity (Figure 41C-F, 42C,D). 
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Figure 40.  Strategy to image SIn axons in the cortex of awake mice.  A, 

Schematic showing the injection site and imaging site.  B, GCaMP6s-GFP labeling in SIn 

neurons immunostained for ChAT.  C, Chronic windows over M2 and visual cortex.  D, 

A mouse with a chronic window implanted over ACtx.  The mouse is head fixed and 

free to rest or move on a non-motorized spinning disc.   
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Figure 41.  Examples of acetylcholinergic SIn axon activity in different cortical 

regions during movements.  A, Average intensity projection of an image series of 

GCaMP6s-labeled SIn axons in ACtx.  B, Fluorescence change (blue trace) of SIn axons in 

ACtx during rest and movements (red trace).  C, Average intensity projection of an 

image series of GCaMP6s-labeled SIn axons in VCtx.  D, Fluorescence change (blue 

trace) of SIn axons in VCtx during rest and movements (red trace).  E, Average intensity 

projection of an image series of GCaMP6s-labeled SIn axons in M2.  F, Fluorescence 

change (blue trace) of SIn axons in M2 during rest and movements (red trace).   
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Figure 42.  Acetylcholinergic SIn axons are active during movement with a 

time course similar to M2ACtx neurons.  A-B, Average normalized change in 

fluorescence of SIn axons in ACtx aligned to movement onset (A) and movement offset 

(B) (n = 5 ROI, 1 mouse).  C-D, Average normalized change in fluorescence of SIn axons 

in M2 aligned to movement onset (C) and movement offset (D) (n = 5 ROI, 2 mice).  E, 

Average normalized change in fluorescence of M2ACtx neurons aligned to movement 

onset (n = 7 ROI, 2 mice). 
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5.9 SInACtx neurons receive input from a broad range of brain 
regions 

SInACtx neurons are active during movements, suggesting that they receive 

signals from brain regions involved in the generation and control of movements.  What 

brain regions involved in controlling movement or internal brain state provide synaptic 

input to SInACtx neurons?  To address this question, I used an intersectional presynaptic 

rabies tracing strategy similar to that described for M2ACtx neurons in section 5.2.  I first 

injected 100-200 nanoliters each of AAV-FLEX-TVA-mCherry and AAV-FLEX-RG into 

SIn of WT mice.  I then injected 100-200 nanoliters of CAV-Cre into ACtx of the same 

mouse.  After RG and TVA-mCherry were expressed in SInACtx neurons, I injected 400-

600 nanoliters of EnvA-RΔG-GFP into SIn.  One week later, inputs to SInACtx neurons 

were labeled with GFP only, while SInACtx neurons were labeled with mCherry, and GFP 

if they were also infected with EnvA-RΔG-GFP (Figure 43).  Using this strategy I found 

several neuron types and brain regions that provide input to SInACtx neurons.  I found 

SInACtx neurons receive input from interneurons within SIn, including those expressing 

neuropeptide Y (NPY) and PV (Figure 43F,G).  Many brain regions, up to several 

millimeters away synapse on SInACtx neurons, including regions directly implicated in 

movement and brain state control, such as mesencephalic locomotor region, 

peripeduncular nucleus, locus coeruleus, and raphe (Figure 44). 
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Figure 43.  Labeling and characterizing local inputs to SInACtx neurons.  A, 

Strategy to label presynaptic inputs to SInACtx neurons.  B, Composite confocal 

micrograph showing the SIn injection site.  C-E, Images of SIn, showing GFP labeling 

(C), mCherry labeling of founder cells (D), and the overlay of C and D (E).  Putative non-

founder neurons are in GFP only.  F, SIn neurons presynaptic to SInACtx neurons (green 

without orange) can stain positive for NPY (magenta).  The white arrowheads show 

neurons positive for GFP and NPY only.  The yellow arrowheads show founder cells.  

The insets depict higher a magnification of the inset from F.  G, SIn neurons presynaptic 

to SInACtx neurons (green without orange) can stain positive for PV (magenta).  The white 

arrowhead shows a neuron positive for GFP and PV only. The insets depict higher a 

magnification of the inset from G. 



 

116 

 
 

Figure 44.  SInACtx neurons receive synaptic input from a range of brain 

regions.  A-K, Neurons providing input to SInACtx neurons arise from brain regions 

including mesencephalic reticular region (A,B; glutamatergic), locus coeruleus (C, 

noradrenergic), peripeduncular nucleus & suprageniculate nucleus (D), hypothalamus 

(E), nucleus basalis (F), cuneiform nucleus and dorsal raphe or PAG (G,H; negative for 

markers of seratonin), frontal cortex (I,J), and raphe (K, seratonergic or noradrenergic 

[insets]). 
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5.10 Chapter 5 conclusions 

 In summary, all of the major cell types of ACtx receive synaptic input from 

acetylcholinergic projection neurons in SIn.  SInACtx neurons can project to neurons in 

multiple cortical regions, including M2ACtx neurons.  SInACtx neurons are made up of two 

distinct electrophysiological cell populations, either early or late spiking neurons.  

SInACtx axons broadly overlap with M2ACtx axons, and can synapse on the same neurons.  

Excitation of SInACtx axons drives rapid and prolonged activation of nicotinic currents in 

both excitatory and inhibitory neurons, which outlast glutamatergic M2ACtx-evoked 

currents by seconds.  Nevertheless, coactivation of SInACtx and M2ACtx axons can result in 

a summed or potentiated response indicating these inputs interact synaptically within 

ACtx.  Moreover, SInACtx axons are active on similar time scales to M2ACtx axons during a 

broad range of movement, and receive a range of brain-wide neuronal inputs, including 

from structures involved in the control of movements.  These results identify a 

movement-related neuromodulatory network that is capable of directly influencing 

ACtx, as well as indirectly modulating ACtx through close interactions with CD circuits 

during movement.  Future experiments will be critical for determining the relative 

contributions of SInACtx and M2ACtx circuits to movement-related modulation of ACtx, as 

well as the significance of interactions between these circuits in development and 

plasticity of motor-auditory associations.  
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6. Conclusions and future directions 

The experiments described above characterize a long-range neuronal projection 

from the motor cortex that provides movement-related signals to an inhibitory 

microcircuit in ACtx.  Activity of this circuit is sufficient to account for the movement-

related suppression of ACtx seen during natural movements.  In complementary 

experiments I identified and characterized a neuromodulatory network that closely 

interacts with this CD circuitry in a way that can acutely modulate its action, and 

possibly subserve neuronal plasticity to better entrain associations between movements 

and the sounds they produce.  These experiments provide the first synaptic, cellular, 

and circuit basis for CD in the mammalian ACtx, as well as the first evidence of such CD 

circuits interacting with identified neuromodulatory networks.  In the following sections 

I will discuss the implications and limitations of each set of experiments in Chapters 2-5, 

and suggest additional experiments to support these results and test additional 

hypotheses. 

6.1 Synaptic and local cortical mechanisms underlying 
movement-related modulation of auditory cortical activity 

Experiments in Chapter 2 focused on understanding how movements affect 

auditory processing at a synaptic level, and the local cortical mechanisms underlying 

movement-related modulation of auditory cortical activity.  By making intracellular 

recordings ACtx in awake, unrestrained and freely moving mice, I was able to show that 
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the membrane potential of pyramidal neurons becomes depolarized and 

desynchronized prior to and throughout movements, and that this transition occurs 

before the onset of movement.  This modulation is accompanied by a decreased 

responsiveness to tone stimuli of each frequency tested, and a decreased intrinsic 

neuronal excitability and input resistance.  Optogenetically-guided extracellular 

recordings were used to show that PV interneurons increase their activity before 

changes in pyramidal neuron membrane potential modulation, suggesting these cells 

contribute to the suppression of ACtx during movement. 

6.1.1 Intracellular recordings from unrestrained mice 

Independent of the experimental findings in Chapter 2, these results have 

technical contributions to the fields of neuroscience and engineering.  The microdrive 

used in this study was designed to be exceptionally lightweight and low profile, 

enabling intracellular recordings from animals with minimal impact on animal health 

and well-being.  Anecdotally, the recordings acquired using the microdrive appear 

especially clean and stable, perhaps because the microdrive chassis can move with the 

animal, minimizing torque applied to the cranium that can happen in head-fixed 

preparations.  Despite the advantages of using the intracellular microdrive, this 

experimental approach is labor intensive, low-yield, and especially difficult, which is 

possibly why very few studies have been published using similar approaches (English et 

al., 2014; Hamaguchi et al., 2014; Long et al., 2010).  Simplifying and improving this 
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methodology will be tremendously valuable for furthering the study of synaptic 

correlates of complex behaviors that cannot be studied using restrained animal 

preparations. 

6.1.2 Auditory cortical membrane potential dynamics during 
movement 

The initial finding that the membrane potential of pyramidal neurons becomes 

depolarized and less variable is reminiscent of results from studies of other sensory 

cortices, including visual cortex, where there is a coincident increase in sensory 

responsiveness (Niell and Stryker, 2010; Polack et al., 2013).  Why do auditory cortical 

neurons respond less vigorously to sensory stimuli at both the intracellular and 

extracellular vantage, if the membrane potential is depolarized and presumably closer to 

spike threshold?  One possibility is that the equilibrium potential of chloride 

conductance sits depolarized relative to the resting membrane potential, such that 

increased inhibitory neurotransmission would effectively depolarize the cell.  In this 

case, excitatory inputs would still be shunted through these sites of increased 

conductance (increased leakiness), and have less impact on the membrane potential 

(Andersen et al., 1980; Monier et al., 2008).  The results from Figure 10 are consistent 

with this possibility; varying the resting membrane potential with tonic current injection 

indicated movement-related modulation of membrane potential reversed at 

approximately -72mV, which is close to the chloride equilibrium potential reported for 

mouse auditory cortical pyramidal neurons (Tan and Wehr, 2009).  Thus, although 



 

121 

movement-related signals can depolarize the cell, this shunting inhibition is effective in 

limiting the influence of coordinated synaptic input on the membrane potential. 

6.1.3 Interpretation of vocalization-related modulation of ACtx 

By monitoring a wide range of behaviors, I found that pyramidal neurons in 

ACtx are modulated across all identified movements, from whisking to locomotion.  

Interestingly, the changes seen in membrane potential during ultrasonic courtship 

vocalization were indistinguishable from those seen during other movements.  This 

result is reminiscent of results from marmoset, where auditory cortical neurons are 

similarly suppressed during vocalization (Eliades and Wang, 2003, 2008).  However, 

because other body movements, including translocation, accompanied these mouse 

vocalizations, it was impossible to determine the relative contribution of vocalization 

alone to the suppression of the recorded neurons.  Additionally, because of the low 

throughput of making intracellular recordings in unrestrained mice, it was not possible 

with this limited dataset to determine if there was correspondence between the 

membrane potential and the acoustic structure of the mouse’s vocalization, which may 

have indicated a more precise prediction of expected reafference.  It will be necessary to 

repeat these experiments to substantially increase the sample size, which may allow 

identification of such interactions.  Alternatively, mice could be trained to vocalize in a 

head fixed preparation while remaining still, where the majority of movement-related 

modulation would be due to vocalization alone.   
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An interesting follow-up experiment could include distortion of auditory 

feedback to identify a synaptic basis for error detection in ACtx.  This would 

complement experiments by Eliades and Wang using pitch-shifted auditory feedback in 

vocalizing marmoset combined with extracellular recordings.  Using intracellular 

methods would allow me to determine if similar, yet opposing mechanisms of cortical 

inhibitory control are at play in the increased cellular responsiveness seen during pitch-

shifted vocal-auditory feedback. 

6.1.4 Absence of spectrotemporally specific movement-related 
modulation of ACtx 

The experiments depicted in Figure 7 indicate that responsiveness to auditory 

stimuli is equally suppressed across all frequencies tested.  However, the stimuli used in 

these experiments were restricted to a limited set of pure frequency tones of fixed 

duration.  For this reason, I was unable to determine if CD signals can preferentially 

modulate responsiveness to acoustically complex sounds like frequency-modulated 

sweeps or conspecific ultrasonic vocalizations.  Moreover, the panel of auditory stimuli 

probably carried little behavioral significance.  CD signals may modulate responsiveness 

to sensory information that is more ethologically relevant or carries some previously-

determined salience, as well as being more tightly spectrotemporally related to the 

sounds animal’s own movements.  Performing additional experiments will be necessary 

to determine if CD signals can be used to predictively modulate responsiveness to 

sounds that carry a specific behavioral relevance.  For example, if a 4kHz tone was 
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played every time a mouse ran on a wheel, that tone has effectively become a form of 

reafference, and I would hypothesize that CD circuits could be entrained to act as a 

notch filter and selectively suppress the 4 kHz auditory representation. 

6.1.5 Movement-related suppression is largely local to ACtx 

By intracellularly manipulating the membrane potential of impaled auditory 

cortical neurons, I showed that intrinsic excitability and input resistance of pyramidal 

neurons decreased before and during movements.  These results strongly suggest local 

inhibition is contributing to the suppression of ACtx during movements.  Consistent 

with increased cortical inhibition, optogenetically-identified interneurons – including PV 

interneurons – increased their activity before and during movements.  Because PV 

interneurons can strongly inhibit pyramidal neurons through perisomatic GABAergic 

transmission, it is likely that this increased PV interneuron tone is contributing to the 

inhibition of excitatory neurons during movement.  This is supported by the result that 

interneurons increased their firing rate before any changes seen in pyramidal neurons.  

That being said, these results do not preclude the possibility of other classes of 

interneurons contributing to the modulation of ACtx.  For example, SST neurons can 

inhibit pyramidal neurons by primarily targeting distal dendrites (Markram et al., 2004; 

Pfeffer et al., 2013).  Since movement-related signals are very effective at shunting 

excitatory inputs, which can synapse at the far reaches of pyramidal neurons’ dendritic 

arbors, dendritic targeting of inhibition can be effective at suppressive evoked auditory 
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responsiveness, even in the absence of strong perisomatic inhibition.  In addition to SST 

and PV inhibition, there are several polysynaptic inhibitory and disinhibitory 

microcircuits composed of several interneuron species within neocortex that are known 

to receive long-range input, including from motor cortex (Mao et al., 2011; Jiang et al., 

2013).  These circuits may be engaged during movement in addition to simple 

recruitment of feedforward inhibition through PV interneurons.   

It is important to note that movement-related signals can potentially modulate 

auditory responsiveness across the entire auditory neuraxis, including sites outside of 

cortex like the thalamus and even brainstem.  While the above data are consistent with a 

postsynaptic cortical locus of inhibition, some of the diminished responsiveness during 

movement could be inherited from inhibition upstream of cortex.  For instance, activity 

in the rodent auditory thalamus is modulated during attention-demanding tasks, an 

activity change that is fed into cortex (Jaramillo et al., 2014).  To test if similar 

mechanisms are at play, David Schneider optogenetically stimulated thalamocortical 

axons during periods of rest and movement, and measured the evoked synaptic 

response in pyramidal neurons (Schneider and Mooney, 2015).  By bypassing the 

ascending auditory stream, he found that the degree of suppression of optogenetically-

evoked activity during movement was linearly related to the degree of suppression of 

tone-evoked activity during movement.  In fact, approximately 60 per cent (slope = 0.6) 

of the movement-related suppression of tone-evoked responses in auditory cortical 
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excitatory neurons arises through mechanisms local to the auditory cortex.  These results 

indicate that around 40 per cent of the suppression of auditory responsiveness must 

happen upstream of ACtx.  It will be important to determine alternative sites of action 

for CD signals, possibly by repeating the experiments described in Chapter 1 in other 

auditory brain regions, such as the auditory thalamus or auditory tectum. 

6.2 A circuit for motor cortical modulation of auditory cortical 
activity 

Experiments in Chapter 3 focused on identifying motor-auditory circuits that 

could be responsible for the movement-related modulation of auditory cortical activity.  

Using intersectional genetic tracing, I identified a population of excitatory neurons in the 

motor cortical region M2 that project to ACtx and are well positioned to function as a 

CD circuit in ACtx.  A subpopulation of these neurons project to subcortical motor 

regions involved in motor control, including PAG and brainstem.  Using optogenetic 

stimulation, pharmacology, and intracellular recordings in brain slices, I showed that 

M2ACtx neurons target both pyramidal neurons and PV interneurons across cortical 

layers, and the net impact of the activity of this synapse on ACtx is feedforward 

inhibition.    

6.2.1 A novel viral-genetic neurotracing strategy 

The strategy used in Figure 13 to retrogradely label motor cortical inputs to the 

auditory cortex is based on the injection of a lentiviral vector pseudotyped with the 

fusion protein between the extracellular domain of rabies envelope glycoprotein and the 
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transmembrane/intracellular domain of VSV-G (FuG-B2), and encoding Cre recombinase 

(RG-LV-Cre) into the brain of a mouse in which neurons are engineered to express 

tdTomato in a Cre-dependent manner (Kato et al., 2011b; Kato et al., 2011a; Kato et al., 

2011c; Kuramochi et al., 2011; Kinoshita et al., 2012).  This strategy was developed 

largely through efforts by Jun Takatoh and Fan Wang, collaborators on Chapter 3 

(Nelson et al., 2013).  Similar pseudotyped LV vectors have been shown to enhance 

retrograde transport of viral content, a strategy now extensively characterized in both 

rodents and monkeys.  In addition to the enhanced retrograde transport characteristic of 

rabies viruses, this pseudotyping strategy benefits from stable expression characteristic 

of lentiviruses.  As documented here, these technical advantages, combined with robust 

Cre-dependent reporter expression characteristic of the Ai14 transgenic mouse line, 

permit the ready visualization of neuronal cell bodies, dendrites and extensive axonal 

processes.  

6.2.2 Motor cortical input to ACtx 

The cortical and subcortical brain regions retrogradely labeled in these 

anatomical experiments using RG-LV-Cre are similar to those described in prior 

anatomical studies that have mapped auditory cortical afferents using conventional and 

viral retrograde tracing methods (Budinger et al., 2006; Budinger et al., 2008).  It is 

important to note that injections of retrogradely transported viruses into ACtx were not 

strictly limited to primary ACtx, and thus might have infected neurons in shell, or 
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secondary auditory cortical regions.  Thus, the retrograde tracing experiments did not 

precisely reveal if brain regions target any portion of ACtx.  However, the anterograde 

tracing experiments depicted in Figure 14 showed that anterior and shell auditory 

cortical regions appeared to have denser axonal labeling from M2 projections, although 

these data have not been quantified. 

One novel observation revealed by the RG-LV-Cre method used here was the 

much higher proportion of auditory cortical input derived from deep layer neurons in 

M2, compared to mostly superficial layer cells in M1.  Because some of these deep layer 

M2 neurons also project to subcortical and brainstem regions, they are well situated to 

directly convey copies of descending motor information to ACtx.  Consistent with this 

model, RG-LV-Cre injections into ACtx of Ai14 mice resulted in a high density of axon 

labeling in the pyramidal tract (Fig 13F), suggesting that some frontal cortical neurons 

that extend axons into the brainstem and spinal cord also extend axon collaterals to 

ACtx.  Furthermore, an intersectional viral strategy confirmed that individual deep layer 

M2 neurons extend axons to both ACtx and one or more subcortical brain regions, 

including the PAG, a region important to vocalization as well as reproductive behaviors 

(Jürgens, 1994; Düsterhöft et al., 2004).   

6.2.3 Diverse projection patterns of M2ACtx neurons 

Using anterograde viral-mediated tracing, I independently confirmed the 

projection from M2 to the ACtx and found that M2 axons extend across all laminae of 
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the ACtx, with the highest density of innervation in superficial (layers 1 and 2/3) and 

deep (layer 5) cortical layers (Figure 14).  The dense innervation of L1 is not unexpected, 

given the large body of literature indicating cortico-cortical projections strongly target 

the most superficial cortical layers (Cauller et al., 1998; Petreanu et al., 2009; Letzkus et 

al., 2011).  

My results indicate that deep layer corticofugal neurons, as confirmed through 

intersectional retrograde tracing, can also project to ACtx (Figure 15).  This is somewhat 

at odds with the canonical model of cortical connectivity, where cortical- and striatal-

projecting neurons are largely confined to the superficial intratelencephalic neuronal 

population and segregated from the corticofugal projection neuron population, found 

predominately in deeper layers (Kiritani et al., 2012; Shepherd, 2013; Li et al., 2015).  

Although these intersectional neurotracing experiments revealed a relatively small 

population of these neurons, I confirmed the results by performing dual retrograde 

tracing from both ACtx and PAG.  Indeed, double-labeled neurons were located in M2, 

predominately in deeper layers (Figure 16).  These results suggest that direct copies of 

the motor plan or sequence generated at the motor cortex and relayed to subcortical 

motor effectors could be directly impinging upon ACtx, a projection well positioned to 

function as a CD circuit. 
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6.2.4 M2 axon activity drives feedforward inhibition in ACtx 

The experiments illustrated in Figures 17 and 18 were essential to determine the 

cell types M2 axons target in ACtx and how M2 activity functionally influences ACtx.  I 

made efforts to ensure recordings were restricted to ACtx, through either anterograde or 

retrograde tracing from the auditory thalamus.  Also, while most in vitro recordings 

were targeted to what appeared, based on morphology, to be primary ACtx, it is likely 

that some recordings were made from shell, or secondary, auditory cortical regions.  

Although this may have resulted in differing amplitude of evoked potentials or currents, 

the population voltage response had relatively little variability, and the 

excitation/inhibition relationship across neurons was largely linear.  For this reason it is 

likely there is no dramatic difference between M2 axon-evoked activity on primary 

versus secondary regions of ACtx.   

One additional concern with the slice electrophysiology experiments lies in the 

variability of opsin expression between cells and across experimental animals.  For this 

reason I did not compare the strength of optogenetically-evoked potentials or currents 

across cells, but rather quantified the number of cells across laminae and cell type 

responsive to stimulation.  However, given the apparent differences in terminal fiber 

density across layers, it is likely that M2 axons more strongly target cells in some layers 

over others.   
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Finally, although I only targeted pyramidal and PV neurons for whole-cell 

physiology, M2 axons may make synapses onto other cell types of ACtx.  Although it is 

possible that pyramidal and PV neuron activity can account for the entire effects of 

movement on ACtx, it will be critical to test how M2 connects to other inhibitory and 

excitatory cell types in ACtx. 

6.3 M2ACtx projections function as corollary discharge circuit for 
ACtx 

Experiments in Chapter 4 focused on understanding how M2ACtx projections 

influence ACtx in vivo, and how this circuit is active across behavior.  These 

experiments were critical to identify M2ACtx circuitry as a CD circuit responsible for the 

movement-related inhibition of ACtx.  Initial experiments utilized intracellular 

physiology in anesthetized animals, combined with optogenetic stimulation and sound 

playback to map the effects of M2ACtx activity on physiological properties of auditory 

cortical excitatory neurons.  Subsequent experiments used 2-photon calcium imaging of 

identified M2ACtx neurons to show these projections were active during movement in a 

way that allows for them to contribute to movement-related modulation of ACtx.  Using 

optogenetic manipulations and intracellular physiology in awake animals free to rest or 

move on a spinning disc, the last experiments of Chapter 4 demonstrate that M2ACtx 

activity is sufficient for the effects of movement-related signals on modulation of ACtx.  

Additional loss-of-function optogenetic experiments indicate M2ACtx circuitry is 

necessary for normal movement-related modulation of ACtx. 
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6.3.1 Motor signals are maximally suppressive when preceding 
auditory stimuli 

By combining intracellular physiology with optogenetic stimulation and sound 

playback in vivo, I extended the finding that M2ACtx neurons and their axons exert a 

suppressive effect on ACtx in the intact brain.  More specifically, David Schneider and I 

showed that optogenetic stimulation of M2ACtx terminals in ACtx can suppress the 

subthreshold and action potential responses of auditory cortical neurons to both simple 

and complex sounds, and that motor terminal activation was maximally suppressive 

when it preceded auditory stimulus presentation by around 100 milliseconds, which 

was the maximum lead time for the stimulus onset asynchrony experiments depicted in 

Figure 22.  However, results from Chapter 1 indicated auditory cortical neurons are 

suppressed on average 225 milliseconds before the onset of movements (Figure 6).  It 

would be interesting to repeat the stimulus onset asynchrony experiments with lead 

times extending into this time frame of several hundred milliseconds, which I predict 

would result in a more potent suppression of auditory-evoked potentials.  Regardless, 

the timing of the M2-driven suppression that was observed in ACtx of the anesthetized 

mouse is in general agreement with movement-related suppression observed in ACtx of 

behaving animals, including humans, non-human primates, songbirds, and now mice 

(Curio et al., 2000; Eliades and Wang, 2003; Keller and Hahnloser, 2009).  Thus, these 

experiments provide a plausible circuit mechanism by which motor-related signals 

emanating from M2 could function as a CD circuit in behaving animals. 
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6.3.2 M2ACtx neurons are active during movement 

I used 2-photon calcium imaging of M2 neurons labeled with GCamP6s, 

combined with retrograde labeling from ACtx, to show that M2ACtx neurons are active 

during movements (Figure 23).  Because I labeled both the broad M2 population with 

viral injection as well as the subpopulation of those neurons projecting to ACtx, I was 

able to monitor and compare the activity of M2ACtx neurons to other unlabeled M2 cells 

in the vicinity.  The activity pattern of M2ACtx neurons did not differ from that of the M2 

population.  This result was important, since experiments by David Schneider using 

electrical recordings showed that M2 neurons as a population increase their firing rate 

before any movement-related modulation of auditory cortical activity.  Together, these 

data indicate that M2ACtx neurons are active on a timescale permitting their function as a 

CD circuit to modulate ACtx.   

Because the conduction delay between frontal cortex and ACtx must be 

substantial - on the order of tens of milliseconds - it will be important to confirm M2 

axon terminals in ACtx are active before increases in PV interneuron firing rate.  I plan 

to address this concern by performing 2-photon calcium imaging of M2 axons directly in 

ACtx.  This experiment has several advantages over imaging M2ACtx somata, including 

the ability to monitor activity that may differ across regions of ACtx, including primary 

and secondary areas.  Using this technique I will also be able to monitor axon activity 

across layers of ACtx - information that will complement and extend the observation 
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that M2 axons densely target the most superficial and deep layers of cortex.   To gain 

optical access to the deepest regions of ACtx, I will use a small microprism inserted in 

the cortex, permitting an orthogonal imaging plane and allowing me to simultaneously 

image M2 axons in different layers of cortex (Andermann et al., 2013).  Since projection 

neurons emanating from superficial or deep layers can have different activity profiles 

across behavior and sensation, I will monitor the activity of M2ACtx axons from either 

superficial or deep layers of M2 (Glickfeld et al., 2013; Li et al., 2015).  This will involve 

injecting a Cre-dependent GCaMP6s-expressing virus into M2 of mice expressing Cre in 

either layer 2/3 or layer 5 neurons and imaging those axons in ACtx (Gerfen et al., 2013).   

6.3.3 M2ACtx activity is sufficient and necessary for movement-related 
modulation of ACtx 

Using optogenetic stimulation of M2 terminals in awake, resting mice, David 

Schneider and I showed that activation of this projection results in pyramidal cell 

membrane potential dynamics remarkably similar to what is seen during natural 

periods of movement (Figure 24).  Interestingly, the response evoked through M2ACtx 

stimulation in anesthetized animals appears quite different from the response in awake, 

resting mice.  Specifically, M2ACtx stimulation in anesthetized mice evoked a small, short 

latency depolarization followed by a persistent hyperpolarizing potential.  In awake, 

resting mice, optogenetic stimulation resulted in a slight depolarization and decrease in 

membrane potential variance, highly similar to the desynchronized, shunted membrane 

potential seen in moving mice.  The discrepancy between these responses likely reflects 
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the differences in resting membrane potential, inhibitory tone, intrinsic excitability, and 

other physiological properties of neuronal networks seen between anesthetized and 

waking states (Franks and Lieb, 1994; Sceniak and Maciver, 2006; Schumacher et al., 

2011; Huang et al., 2013).  Despite these apparent differences, the effect of M2ACtx 

stimulation is suppressive in both anesthetized and awake animals.   

An important control in Figure 24 was to discount or minimize the potential for 

antidromic propagation of action potentials from M2 axon stimulation.  These spikes 

could result in activation of M2 and subsequently, brain regions downstream of M2 that 

may in turn project to ACtx.  By infusing the sodium channel blocker TTX into M2, 

antidromically-evoked action potentials did not influence M2 neurons, and yet the 

effects of M2 axon stimulation on ACtx persisted, suggesting modulation of ACtx was a 

direct result of M2 synapses in ACtx.  Moreover, the effects from M2ACtx stimulation 

preceded the approximation for the antidromic latency between ACtx and M2.  

Together, these controls strongly suggest that M2 axon stimulation directly influences 

auditory cortical dynamics, rather than acting through intermediaries excited by 

antidromic action potentials.  That being said, there are some seemingly unavoidable 

limitations of this technique.  TTX injection was restricted to M2, and thus likely did not 

inactivate axon branch points that were outside of the infusion bolus.  Antidromic action 

potentials could still access these branch points and be propagated to other brain 

regions.  However, given the rapid and strong onset of ACtx principal cell membrane 
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potential modulation following M2ACtx stimulation, any effects mediated through these 

channels are probably minimal.   

Finally, experiments performed by David Schneider indicate M2ACtx activity is 

necessary for some of the effects of movement-related suppression of ACtx (Schneider et 

al., 2014).  Optogenetic inhibition of M2 during movement resulted in a rapid reversion 

of rest-like membrane potential dynamics in ACtx, which preceded any substantial 

changes in the animal’s movements.  Suppression of M2 contralateral to the recording 

hemisphere led reversion of rest-like membrane potential only after the animal stopped 

moving.  These results strongly suggest that a direct, or at least a short intrahemispheric 

circuit arising from M2, is responsible for the movement-related suppression of ACtx.  

However, to confirm this hypothesis more completely, it will be necessary to suppress 

M2ACtx axons specifically, without altering the influence that M2 has on other 

downstream brain regions, particularly motor effectors.  Accomplishing this will be 

dependent on a potent method for suppressing axon terminals. 

6.4 Characterization of a movement-related neuromodulatory 
network and how it relates to M2ACtx circuitry 

To understand how CD circuits develop, function, and are subject to change, it is 

critical to study how these circuits are organized and active in relation to broader brain 

networks, particularly those related to neuroplasticity.  As discussed in Chapter 1, 

acetylcholinergic projections from the basal forebrain are a prime candidate for 

interacting with CD circuits in a way that could help entrain motor-auditory 
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associations.  Testing this hypothesis hinges on a well-developed understanding of how 

neuromodulatory circuits are organized and function within ACtx, a foundation that 

was incomplete and outdated.  Initial experiments in Chapter 5 were focused on 

identifying an acetylcholinergic neuromodulatory circuit from BF to ACtx, as well as 

characterizing the organization and function of this circuit by using reduced 

experimental preparations.  Subsequent experiments were focused on understanding 

how acetylcholinergic projections to ACtx interact with the M2ACtx circuit – an interaction 

I hypothesize is critical for development and entrainment of motor-auditory 

associations. 

By using intersectional genetic tracing methods, anterograde tracing, whole-cell 

physiology, optogenetics, pharmacology, and axonal calcium imaging in moving mice, I 

identified and characterized the organization and function of this neuromodulatory 

network, and how it closely interacts with M2ACtx circuits.  In the following sections, I 

will review the implications and limitations of my experiments characterizing the 

function of acetylcholinergic SInACtx circuitry and the interactions between this 

neuromodulatory circuit and M2ACtx circuits.  I will then focus on hypotheses of how 

acetylcholinergic circuit activity can contribute to emergent circuit and behavioral 

processes, and the literature to support these ideas.  Finally, I will outline mechanisms 

by which neuromodulatory systems can contribute to both acute modulation and 

chronic plasticity of cortical circuits and behaviors.  These results, along with extensions 
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of my experiments, will be important for addressing the hypothesis that CD circuits 

closely interact with neuromodulatory networks to form the associations between 

movements and the reafferent sounds resulting from these movements.   

6.4.1 Network anatomy of acetylcholinergic projection neurons 

Using intersectional presynaptic rabies tracing, I identified a source of 

acetylcholinergic neurons in SIn that provide synaptic input to the major cell types of 

ACtx, including CaMKII-, PV-, SST-, and VIP-expressing neurons (Figure 26,27,45,47-49, 

Appendix A).  The method to label inputs to a given cell type of interest was based on 

previously described strategies (Wickersham et al., 2007a; Wickersham et al., 2007b).  

Here, the infection of a cell type of interest with rabies was dependent on the expression 

of TVA in that cell type.  Presynaptic labeling was then dependent on RG expression in 

that cell type.  Both RG and TVA were introduced by injecting Cre-dependent AAVs 

into ACtx of mice expressing Cre in the cell type of interest.  Including TVA expression 

in this strategy allows for founder cells to be differentiated from presynaptically labeled 

neurons, primarily by the expression of GFP and absence of mCherry expression.   

However, due to the intrinsic leakiness of AAVs, there was some concern about the 

specificity of this approach, particularly considering that very little TVA expression is 

necessary for infection of starter cells.  In this case, mCherry expression may not be 

detectable with less sensitive imaging methods, despite the presence of TVA in the 

neuron on interest.  However, transsynaptic infection is contingent on conditional 
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expression of RG in the cell type of interest along with the TVA.  The combination of 

these factors minimizes concern about nonspecific infection and labeling.  Moreover, 

anterograde tracing experiments strongly suggest acetylcholinergic SIn neurons contact 

all cell types of concern, and slice electrophysiology experiments confirm 

acetylcholinergic SIn neurons target both excitatory and inhibitory neurons.  That being 

said, any analysis of local connectivity (that is, within the vicinity of the injection site) 

should be approached with caution, as a neuron deemed presynaptic might simply be 

expressing TVA-mCherry at very low concentrations.  Immunohistochemistry and 

careful statistics could be used to obviate this concern.   

The fact that acetylcholinergic SIn neurons target all the major cell types of ACtx 

underscores the importance of this projection in modulating cortical circuits, and yet 

raises questions about how specific circuits may be modulated over others.  Recent 

studies have found a topographical organization between BF and medial prefrontal 

cortex, where the rostral to caudal axis of acetylcholinergic BF projections maps on to 

both the dorsal-to-ventral and rostral-to-caudal cortex, as well as superficial and deep 

layers (von Engelhardt et al., 2007; Bloem et al., 2014).  It remains unclear if SIn similarly 

contains specific groups of neurons that target the different cell types of ACtx, an 

organization that could permit modulation of discrete cortical circuits.  In a cursory 

inspection across experimental animals, I found no gross anatomical segregation of SIn 

neurons targeting one cell type or another.  If there are discrete channels, they might 
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rather be interspersed within SIn.  One concern is that the intersectional rabies tracing 

strategy does not give reliable information about the strength of connectivity between 

SIn and the different cell types assayed in these experiments.  To address this concern, I 

plan on making targeted whole-cell recordings from identified PV, SST, CaMKII, and 

VIP neurons, stimulate acetylcholinergic SIn axons expressing ChR2, and compare the 

strength of the evoked responses across cell types. 

Using dual retrograde tracing methods, I demonstrated that single SIn neurons 

can project to both ACtx and M2, as well as M2ACtx neurons (Figures 29-31).  While the 

proportion of cells providing input to both these structures is relatively small, this 

connectivity pattern provides a basis by which SIn can comodulate multiple brain 

regions.  How this complex network is regulated and the functional significance of this 

organization remains unclear.  Future experiments will be necessary to understand 

when specific classes of SIn projection neurons are active, and how this activity 

differentially influences M2 versus ACtx. 
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Figure 45.  Simplified wiring diagram of SInACtx and M2ACtx connectivity.  

Neurons in M2 (A) project to ACtx (B) and synapse onto PV (light blue) and excitatory 

(grey) neurons, with the net result being feedforward inhibition on pyramidal neurons.  

Acetylcholinergic SIn neurons (C) synapse on all cell types in ACtx (orange: VIP 

neurons, red: SST neurons), as well as axons originating from M2 neurons.  For 

simplicity, information about layers and more esoteric synaptic connections is omitted. 
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6.4.2 Intrinsic physiology of acetylcholinergic SInACtx neurons 

Using targeted whole-cell recordings from retrogradely labeled SInACtx neurons 

in brain slices, combined with post hoc immunolabeling, I characterized the intrinsic 

electrophysiological properties of acetylcholinergic SInACtx neurons (Figure 32).  I found 

two distinct physiological groups of SInACtx neurons: early spiking (ES) neurons and late 

spiking (LS) neurons.  ES neurons include those that respond rapidly to intracellular 

current injection with action potential firing, the frequency of which increases linearly 

with increasing current injection.  LS neurons fire less-readily to current injection, with 

spikes evoked later into current injection and a shallower current-spiking 

transformation.  These data are consistent with a recent study that identified ES and LS 

neurons in BF, yet made no attempt to isolate and characterize the physiological 

properties of BF neurons projecting to any brain region (Unal et al., 2012).  What 

morphological or physiological qualities lead to differences in the electrophysiology of 

ES and LS neurons?  Although I made no rigorous attempt to quantify morphological 

differences between ES and LS neurons, these cells were indistinguishable in 

appearance, similar to results from Unal et al.  Instead, they identified the key 

differentiating factor between these classes to be a higher density of low voltage 

activated calcium current in ES neurons, which might counteract transient potassium 

currents and shorten spike latency (Unal et al., 2012). 
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6.4.3 Close interactions between SInACtx and M2ACtx axons 

By using dual anterograde tracing, immunolabeling, and confocal imaging, I 

showed acetylcholinergic SInACtx axons and M2ACtx axons closely interact in ACtx (Figure 

35).  By analyzing the density of fluorescence across cortex, I found that SIn and M2 

axons are closely distributed across cortical layers, with a shared bias for superficial 

cortex, primarily layer 1.  High-resolution imaging indicated that SIn and M2 axons 

form very close appositions within ACtx.  These presumptive contacts were very easy to 

find, although I did not overtly quantify colabeling (Figures 35,51; Appendix A).  Using 

alpha-bungarotoxin (which selectivity binds alpha-7 nicotinic acetylcholine receptors) 

conjugated to Alexa Fluor 647, I found that nicotinic acetylcholine receptors can be 

found colocalized with SIn and M2 axons in ACtx.  This further supports the possibility 

of a presynaptic interaction between SIn and M2 axons in ACtx.  Despite this, these data 

do not directly indicate a functional presynaptic interaction between axons.  To 

structurally test for axon-axon interactions, I would like to perform electron microscopy 

combined with immmunolabeling, or a super resolution light microscopic technique like 

STED.  These imaging strategies give more confidence in determining if neural 

structures are indeed functionally interactive.  Alternatively, I could use physiological 

techniques to test for presynaptic interactions. These experiments would be an extension 

of experiments depicted in Figure 38, which I will discuss in the following sections. 
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In the absence of direct axon-axon interactions, SIn and M2 projections can 

interact by converging onto single neurons or even single circuits within ACtx.  My 

tracing data support this possibility for two reasons: 1) M2 and SIn axons are extremely 

dense within cortex and terminate in similar cortical layers; and 2) M2 and SIn axons can 

be found together closely apposed to neuronal cell bodies.  Together, these data both 

strongly suggest M2 and SIn projections interact in ACtx, and complement physiological 

experiments that I will discuss in the following sections. 

6.4.4 Synaptic responses to optogenetic SInACtx stimulation 

Using optogenetic stimulation of acetylcholinergic SIn axons, whole-cell 

physiology, and pharmacology, I characterized the effect that SIn activity has on the 

postsynaptic membrane of auditory cortical principal cells (Figures 36-37).  This 

technique affords several advantages over previous strategies to study the influence of 

basal forebrain on ACtx: 1) expression of ChR2 is restricted to acetylcholinergic neurons; 

2) optogenetic stimulation is very brief (10 milliseconds), minimizing desensitization 

and other side effects of bath drug application or even focal drug application; 3) 

optogenetic stimulation allows for activation of axons targeting all aspects of the 

somato-axonal-dendritic axis; and 4) whole-cell physiology permits the isolation of 

excitatory and inhibitory currents, monosynaptically-evoked responses, and currents 

mediated through different channels and receptors.  Therefore, this approach can 

overcome limitations from previous studies and may provide a more complete 
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understanding of the organization and function of acetylcholinergic SInACtx projections 

(Munoz and Rudy, 2014). 

I found that stimulation of acetylcholinergic SIn axons leads to rapidly activated 

excitatory and inhibitory currents in pyramidal neurons of ACtx.  The fact that 

excitatory currents were preserved in blockers of glutamatergic transmission indicates 

they are likely a result of direct projections to the recorded neuron.  The only 

conceivable way this may not be true is if local cholinergic interneurons receive input 

from SIn axons, and their activity relays the ChR2-evoked activity to pyramidal neurons 

(von Engelhardt et al., 2007).  However, if cholinergic cortical interneurons do contribute 

to the evoked response, currents evoked through direct projections, which are extremely 

dense and ubiquitous across layers, likely dwarf the contribution.  That being said, I 

could repeat these experiments in TTX, which would block action potentials and 

preserve only monosynaptically evoked ChR2 responses. 

Bath application of atropine, a blocker of muscarinic acetylcholine receptors, did 

not eliminate optogenetically-evoked currents.  In fact, in some cases ChR2-evoked 

currents were larger upon application of atropine, suggesting that muscarinic 

transmission may facilitate inhibitory tone.  In some neurons, evoked responses were 

slightly weaker, although I cannot be sure this change was independent of 

desensitization, choline depletion, or axon deterioration and cell death.  Either way, SIn 
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axon activity leads to both muscarinic and nicotinic transmission, but the bulk of the 

responses I observed were nicotinic in nature.   

Because I could evoke inhibitory currents by stimulating SIn axons while 

blocking glutamatergic transmission, I conclude that SIn axons synapse directly onto 

inhibitory neurons, which subsequently evoke strong feedforward inhibition onto 

pyramidal neurons.  However, because I did not make recordings in current clamp 

configuration, I am uncertain about the net effect of these currents on the membrane 

potential and action potential generation.  Nevertheless, these results are consistent with 

my presynaptic rabies tracing data, and indicate acetylcholinergic axons make functional 

synapses onto excitatory and inhibitory auditory cortical neurons across cortical layers. 

6.4.5 Convergence of CD and neuromodulatory activity on single 
neurons 

Auditory cortical neurons respond quite rapidly to optogenetic stimulation of 

acetylcholinergic SIn axons with both excitatory and inhibitory currents.  These currents 

persist for several seconds after light offset, suggesting BF may have a prolonged 

influence over auditory cortical circuits.  How might this activity influence responses to 

M2 stimulation?  Do M2ACtx-mediated and SInACtx-mediated currents even converge on 

the same neurons as my tracing experiments suggest?  Indeed, by optogenetically 

stimulating both M2ACtx and SInACtx projections and subsequently applying 

pharmacological blockers, I showed these projections can evoke activity onto single 

neurons (Figure 38).  As expected, this response consisted of two phases: an early and 



 

146 

rapid current, likely mediated by glutamatergic M2 projections, and a persistent current 

mediated through acetylcholine receptors.  Unexpectedly, application of acetylcholine 

receptor blockers led to a diminished response to the glutamatergic-mediated current, 

suggesting acetylcholine can act presynaptically to potentiate M2-evoked activity.  

However, to make this conclusion I need to perform additional experiments with more 

controlled conditions and more thorough pharmacology.  Additionally, these data 

would benefit from experiments using shifted opsins to selectively stimulate M2 and SIn 

axons in the same mice (Klapoetke et al., 2014).  Finally, these experiments do not 

explicitly isolate monosynaptic projections from M2 and SIn onto the recorded neuron.  

Because application of glutamatergic blockers (which I used to isolate monosynaptic SIn 

responses) blocks M2ACtx-evoked currents, I will repeat these experiments in conditions 

blocking polysynaptic transmission by bath applying TTX and 4AP. 

By puffing acetylcholine onto either the soma or dendrites of pyramidal neurons 

that I patched in brain slices, I showed that acetylcholine transmission can modulate the 

responses of single cells to M2ACtx stimulation (Figure 39).  This technique is far from 

ideal, as the puffing was restricted to a small bolus at a neuronal compartment that I 

chose.  In some experiments I attempted to maximize potential effects of acetylcholine 

by puffing at the nexus of the apical dendritic arbor, which sits in superficial layers that 

are the chief target of M2 axons.  Nevertheless, I suspect endogenous acetylcholinergic 

transmission would have a much more profound influence over M2-evoked responses.  I 
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plan to test this by using shifted opsins, which will allow me to independently and 

extensively stimulate acetylcholinergic SIn axons, followed by stimulation of M2 axons 

(Klapoetke et al., 2014).  This approach will allow for a more controlled stimulation and 

natural pattern of acetylcholine release.  From these experiments, I conclude that 

acetylcholinergic transmission can acutely and rapidly modulate neuronal response to 

activity evoked through M2ACtx projections.   

6.4.6 SInACtx and M2ACtx projections are coactive during movements  

Using 2-photon calcium imaging in awake, head-restrained mice, I showed 

acetylcholinergic axons are active during a wide range of movements, remarkably 

similar to M2ACtx projection neurons (Figures 40-42).  These data indicate signals arising 

from and M2 and SIn are coactive in ACtx, and because these projections can converge 

on the same auditory cortical neurons, their activity likely interacts during movements.  

Why would these projections, which both seemingly carry movement-related 

information to the cortex, exist in parallel?  One possibility is that SIn axons and M2 

axons are active during movements, but the precise onset and duration of their activity 

differ.  To test this possibility, I will perform axonal calcium imaging of M2ACtx and 

SInACtx projections simultaneously using GCaMP and RCaMP indicators.  This will allow 

me to visualize temporal differences in the activity of these projections. 
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6.4.7 Brainwide inputs to SInACtx projection neurons 

Using intersectional presynaptic tracing, I identified local and long-range 

neuronal inputs to SInACtx neurons.  Within SIn, SInACtx neurons received substantial 

input from neuropeptide y (NPY) expressing neurons.  This is particularly interesting, 

since previous studies have shown NPY infusion into the basal forebrain can modulate 

physiology of cortex, measured using EEG (Toth et al., 2005; Toth et al., 2007).  In 

addition, SInACtx neurons receive input from a range of cortical and subcortical brain 

regions (Figures 43-44,46).   Many of the brain regions providing input to these neurons 

are believed to carry information pertaining to movement, including frontal cortex, 

mesencephalic locomotor region, and peripeduncular nucleus (Jenkinson et al., 2004; Lee 

et al., 2014).  Other regions include those related to attention and arousal, including 

hypothalamus, locus coeruleus, raphe, and dorsal raphe.  These data suggest that SInACtx 

projection neurons are integrating information pertaining to a wide range of brain states, 

and that this information could be routed to cortex.  However, these experiments did not 

exclusively trace the input onto acetylcholinergic SInACtx projection neurons.  GABAergic 

projection neurons are known to project from BF to cortex, and may have been included 

in the founder cells tagged in these experiments (Sarter and Bruno, 2002).  I would like 

to repeat these experiments using additional variables to restrict infection of deficient 

rabies and RG to acetylcholinergic neurons projecting to ACtx (Fenno et al., 2014).  It 

would be interesting to note if these neurons receive differential input, perhaps from 
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regions exclusively related to movement.  Alternatively or additionally, early spiking or 

late spiking SInACtx projection neurons may receive input from different brain regions 

related to movement or arousal and attention.  Such an organization would support the 

notion that these two electrophysioligcally distinct populations carry different 

information to ACtx.  I could test this hypothesis by optogenetically stimulating axons 

from motor related or attention related brain regions while patching either LS or ES 

neurons, and establishing if there is any preference in connectivity.   
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Figure 46.  Summary of inputs to SInACtx neurons.  SInACtx neurons receive synaptic 

input from a wide range of brain regions and neuronal cell types.  This diagram likely 

underrepresents less dense connectivity, and should be taken as preliminary.  

Movement-related and modulatory brain regions may have alternative functions. 
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6.5 Non-linear contributions of neuromodulators to circuit 
function: implications for cortical circuits 

How can SInACtx circuits control auditory cortical activity in a meaningful way, if 

there is no overtly topographic organization to this projection?  In the absence of overtly 

segregated SIn projects to different cortical cell types, there are strategies the system 

could use to dynamically modulate cortical circuit physiology.  For instance, different 

auditory cortical cell types express varying types and numbers of acetylcholine 

receptors, with varying affinities and response kinetics to acetylcholine binding (Munoz 

and Rudy, 2014).  Cortical physiology can thus be controlled by different circuits under 

conditions of either low or high acetylcholine release.  For instance, imagine cell type A 

has a high affinity for acetylcholine, and cell type B has a low affinity for acetylcholine.  

At low concentrations of acetylcholine, cell type A will dominate cortical function.  

Under conditions of high acetylcholine release, cell type B becomes excited, and perhaps 

suppresses cell type A while exerting its influence over other cortical circuits.   

Interactions like this can transform a simple signal like acetylcholine release at 

varying intensities into a complex cortical activity pattern.  This sort of non-linear 

interaction between neuromodulatory tone and qualitative jumps in circuit and 

behavioral output have been characterized and modeled with high resolution in 

invertebrates such as the crustacean.  In the crab stomatogastric ganglion (STG), 

neuromodulators can differently influence the activity patterns of identified neurons 

depending on their existing state (Marder et al., 2014).  In a model of a relatively small 
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circuit, varying the tone of a single hypothetical neuromodulator, in conjunction with 

changes in excitatory or inhibitory conductance, leads to abrupt changes in the activity 

pattern of the network, which alters motor control of the gastric mill during digestion 

(Gutierrez et al., 2013; Marder et al., 2014).  Addition of a second hypothetical 

neuromodulator increases the range of behaviors of this circuit, better reflecting the 

actual influence of the neuropeptides proctolin and allatostatin on STG function (Skiebe 

and Schneider, 1994; Szabo et al., 2011). 

Similarly dramatic influences of neuromodulators on circuit function and animal 

behavior have been observed in Caenorhabditis elegans.  This foraging nematode has 

two major behavioral states during feeding: dwelling and roaming.  Roaming animals 

explore an area rapidly and turn infrequently when in the presence of limited food, 

whereas dwelling animals show increased turning behavior and slowed movements in 

the presence of ample food (Ben Arous et al., 2009).  How does this switch in behavior 

arise in a neural circuit of only 302 neurons?  Again, the answer appears to be 

neuromodulation.  Seratonin and pigment dispersing factor (PDF) have opposing 

functions, where increased serotonin signaling acts to extend dwelling state and PDF 

extends roaming state.  Additionally, these neuromodulators mutually inhibit each other 

through an identified circuit (Flavell et al., 2013).  From these experiments it is clear even 

a relatively small neural circuit can exhibit a wide range of behaviors in the presence of 

variable neuromodulatory transmission. 
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6.5.1 Potential acute consequences of SInACtx activity on M2ACtx 
function 

From these examples, it is clear neuromodulators can have a profound influence 

on small circuits.  While cortical circuits are much more complex than invertebrate 

neural networks, there is an abundance of literature characterizing the influence of 

neuromodulators on both neural circuit physiology and animal behaviors, particularly 

related to acute modulation of neuronal activity.  For instance, acute application of 

acetylcholine or activation of acetylcholinergic fibers can modulate cortical 

responsiveness to sensory stimuli (Foote et al., 1975; Herrero et al., 2008; Pinto et al., 

2013; McKenna et al., 1988; Munoz and Rudy, 2014).  And yet, most of our 

understanding of acetylcholinergic modulation of neuronal activity is restricted to 

responsiveness to sensory stimuli, rather than internal circuits like those related to CD.  

My experiments provide a foundation to conceptually and experimentally address how 

acetylcholine is important for acutely modulating auditory cortical responsiveness to 

internal models of the motor command. 

How is SInACtx activity organized to acutely modulate M2ACtx activity?  In ACtx, 

mutually postsynaptic neurons can respond quite differently to activity of these axonal 

projections.  M2ACtx currents have a rapid onset and rapid offset, decaying in tens to 

hundreds of milliseconds, while SInACtx currents decay on the order of seconds.  The 

temporal disparity between SInACtx- and M2ACtx-evoked currents could thus be used to 

acutely potentiate or depress neuronal responsiveness to synaptic input.  As a simple 
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example, if SInACtx excitatory currents onto inhibitory neurons were activated slightly 

before M2 inputs, SIn- and M2-mediated currents would summate, and potentially reach 

spiking threshold more easily.  I would like to test the role of SInACtx projections in such 

modulation of M2-mediated suppression by recording from auditory cortical pyramidal 

neurons in wakeful mice and suppressing SInACtx projections.  I anticipate suppressing 

acetylcholinergic SInACtx neurons will lead to a diminished modulation of ACtx by M2ACtx 

activity, which would indicate these circuits act acutely to comodulate ACtx. 

How else are SInACtx projections organized to dynamically modulate auditory 

cortical responsiveness to M2 input?  The presence of two electrophysiologcally distinct 

populations of acetylcholinergic SInACtx neurons provides a layer to this circuit that could 

lead to different profiles of acetylcholine release into ACtx.  Acetylcholinergic tone has 

been implicated in both movement-related signals, as my data suggest, as well as 

attention-related signals.  ES and LS neuronal projections could be two circuits by which 

either movement-related or attention-related signals are conveyed to cortex.  Testing this 

hypothesis could be difficult, since there no clear genetic methods to isolate either ES or 

LS neurons.  However, since ES neurons express a higher density of low voltage 

activated calcium current, there may be a differentially expressed calcium channel 

subtype that could be a target for selectively expressing reporters or opsins in either cell 

class.  If this is possible, I would like to test the hypothesis that ES neurons mediate a 

general, low intensity movement-related acetylcholine release to cortex, and LS neurons 
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mediate a higher intensity acetylcholine release that is only recruited during attention-

demanding tasks.  Perhaps then, during times of high acetylcholinergic tone (more 

vigorous movements, attention), CD circuits are more effective at suppressing auditory 

cortical responses to reafferent stimuli. 

6.5.2 Potential chronic consequences of SInACtx activity on M2ACtx 
function 

In addition to acetylcholine acting acutely to modulate neuronal circuits and 

behavioral state, the coexistence of SInACtx and M2ACtx projections and the convergence of 

these projections onto the same neural circuits could be used in the establishment or 

entrainment of neuronal representations of motor-auditory associations.  Acetylcholine 

may act as a gate for spike timing dependent plasticity between M2ACtx projections and 

thalamocortical inputs carrying information related to auditory reafference.  This gate 

would overcome the noise inherent in cortical circuits of the intact brain, which would 

otherwise lead to nonspecific plasticity (Pawlak et al., 2010).   

There is clear precedent for neuromodulators being important for long term 

plasticity in ACtx.  As discussed in Chapter 1, pairing BF stimulation with tone 

presentation results in a persistently increased evoked excitation/inhibition ratio in 

auditory cortical neurons to local cortical stimulation (Froemke et al., 2007).  However, it 

is still unknown if and how such mechanisms are engaged naturally during 

development and throughout adulthood.  Furthermore, the functional consequences of 

each of these experiments are not clear: what are the specific cortical circuits that are 
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subject to plasticity during BF activity and how do they contribute to auditory cortical 

physiology?   

I hypothesize that the persistent and coordinated coincidence of movements and 

auditory reafference leads to the emergence or consolidation of neural circuits 

representing specific motor-auditory associations.  I further hypothesize that this 

entrainment is permitted by movement-related acetylcholinergic transmission in ACtx, 

which overcomes the noise inherent in cortical circuits that would otherwise lead to 

aberrant plasticity.  I would like to test this hypothesis by using shifted opsins to 

stimulate both M2ACtx and SInACtx projections along with tone presentation 

simultaneously and repetitively, and determine if this tetanic pairing leads to an 

enhancement of M2ACtx-mediated suppression of auditory neurons’ responsiveness to 

the subject tone.  By optogenetically removing SInACtx activity during the acquisition of 

motor-auditory associations, I can then test how this circuit is necessary for plasticity. 
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6.6 Final conclusions 

The experiments I have performed identify and characterize for the first time a 

synaptic and circuit basis for corollary discharge in the auditory cortex, as well as a 

broad neuromodulatory brain network that closely interacts with this CD circuit.  Major 

questions about the function of these networks remain open for interpretation and 

further experimentalism.  For instance, why do movement-related signals suppress tone 

responses in a seemingly nonspecific fashion?  Is this result reflecting the true nature of 

ACtx during movement, or were the methods used not sensitive to subtle, perhaps 

population-level changes in neuronal responsiveness?  Is the suppression of ACtx a 

physiological characteristic that can be shaped by experience to better match the 

auditory consequences of an animal’s actions?  Fundamentally, what is the consequence 

of suppression of ACtx during movement on an animal’s ability to perceive and 

discriminate auditory information?  How is the acetylcholinergic basal forebrain system 

implicated in development and plasticity of motor-auditory associations?  Finally, how 

does dysfunction of circuits specialized for the development and function of corollary 

discharge underlie symptoms of neuropsychiatric disorders like schizophrenia?  

Resolving each of these issues will be fundamental to our understanding of how 

corollary discharge functions in both the healthy and diseased brain. 
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Appendix A: Supporting Data 

Intersectional presynaptic rabies tracing examples 

Figures 47-49 show example results from intersectional cell type-specific 

presynaptic tracing experiments for auditory cortical SST neurons (Figure 47), VIP 

neurons (Figure 48), and CamKII neurons (Figure 49), similar to results depicted in 

Figure 26.  In Figure 47, approximately 100 nanoliters of AAV-tdTomato was injected 

into ACtx along with AAV-FLEX-TVA-mCherry and AAV-FLEX-RG to label axons from 

auditory cortical projection neurons.  Axons were found in close proximity to 

retrogradely-labeled SIn neurons, suggesting SIn and ACtx are reciprocally connected.   

Figure 50 is a series of composite confocal micrographs of coronal sections 

through ACtx, showing the injection of EnvA-RΔG-GFP is restricted to ACtx.  ACtx was 

identified by overlaying atlas images from Paxinos and Franklin or from Allen Institute 

for Brain Science (Paxinos and Franklin, 2012; Allen Institute for Brain Science, 2015). 
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Figure 47.  Presynaptic tracing of inputs to auditory cortical SST neurons.  A, 

Composite confocal micrograph of injection site.  B, High magnification image of the 

inset from A.  Arrowheads indicate putative founder neurons.  C-G, Presynaptic 

labeling in contralateral ACtx (C), zona incerta (D), ventral MGB (E), medial MGB (F), 

claustrum (G).  H, Schematic to label reciprocal projections between ACtx and SInACtx 

neurons.  Inclusion of AAV-tdTomato allows for identification of putative contacts 

between ACtx projection neurons onto retrogradely labeled SIn neurons.  I, SInACtx 

neurons surrounded by axons from ACtx.  J, High magnification image from inset in I 

showing axonal varicosities contacting a SInACtx neuron. 
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Figure 48. Presynaptic tracing of inputs to auditory cortical VIP neurons.  A, 

Composite confocal micrograph of injection site.  B, High magnification image of the 

inset from A.  Arrowheads indicate putative founder neurons.  C-G, Presynaptic 

labeling in contralateral ACtx (C), zona incerta (D), medial MGB and suprageniculate 

nucleus (E), subparafascicular nucleus, parvicellular part (F), somatosensory cortex (G).   
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Figure 49.  Presynaptic tracing of inputs to auditory cortical CaMKII neurons.  

A,  Composite confocal micrograph of injection site.  B-H, Presynaptic labeling in MGB 

(B), rostral ACtx (C), contralateral ACtx (D), primary motor cortex (E), cingulate cortex 

(F), orbitofrontal cortex (G), and secondary motor cortex (H). 
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Figure 50.  An example of deficient rabies expression restricted to ACtx.  A, A 

representative series of composite confocal micrographs from an intersectional 

presynaptic rabies tracing experiment.  The virus injections (GFP from deficient rabies 

expression, in this example) were restricted to ACtx. 
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Examples of SInACtx and M2ACtx axon-axon interactions 

Figure 51 depicts examples of close appositions between acetylcholinergic SInACtx 

axons and M2ACtx axons from experiments depicted in Figure 35 or similar.  Individual 

optical sections of less than 0.5 micrometer thickness were used to identify close 

appositions, and 3D rendering software in Image J was used to rotate images and 

visualize axon-axon contacts. 

Figure 52 shows an example of layer 1-targeting acetylcholinergic SInACtx axons 

and M2ACtx axons forming a close apposition that was colabeled with alpha-

bungarotoxin Alexa Fluor 647.  Additionally, both acetylcholinergic SInACtx axons and 

M2ACtx axons made contact with a cell in the vicinity identified with DAPI.  This example 

suggests that the same acetylcholinergic SInACtx axons and M2ACtx axons can interact both 

postsynaptically and presynaptically.
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Figure 51.  Examples of close appositions between SInACtx and M2ACtx axons.  A, 

Low magnification image of SInACtx (green) and M2ACtx (red) axons.  B-E, High 

magnification examples of close appositions between SInACtx and M2ACtx axons.  On 

bottom are higher magnification 3D reconstructions of the insets from the images in the 

top row. 



 

165 

 

Figure 52.  Example of close apposition between SInACtx and M2ACtx axons and a 

cell body in superficial cortex.  A, Low magnification median filtered Z stack of SInACtx 

(green) and M2ACtx (red) axons near  DAPI-labeled cells (blue), with nicotinic AChRs 

labeled using alpha-bugarotoxin (greyscale).  B, Z stack from the inset in A, showing 

contacts between SIn and M2 axons apposed to the cell body labeled using DAPI, and 

colabeled with alpha-bungarotoxin.  C-E, single optical images of alpha-bungarotoxin 

labeling (C), M2 axon labeling (D), and SIn axon labeling (E). 
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Table 2.  Summary of the viruses and tracers used in this work 

Abbreviated 
Name 
 

Full Virus or 
Tracer Name 
 

Type 
 

Payload or 
Fluorescence 
 

Path of 
Transport 
 

Serotype or 
Pseudotyping 
 

RG-LV-Cre FuG-B2-LV-
Cre 

lentivirus Cre retrograde FuG-B2 

VSV-G-LV-
Cre 

VSV-G-LV-
Cre 

lentivirus Cre anterograde VSV-G 

CAV-Cre CAV2-Cre CAV Cre retrograde 2 

AAV-FLEX-
GFP 

AAV.2/1.CAG
.eGFP.WPRE 

AAV eGFP anterograde 2.1 

AAV-DIO-
ChR2 

AAV.2/1.CaM
KII.DIO.ChR2
.EYFP 

AAV ChR2-EYFP anterograde 2.1 

AAV-ChR2 AAV.2/1.hSyn
.ChR2.EYFP.
WPRE 

AAV ChR2.EYFP anterograde 2.1 

AAV-
GCaMP6s 

AAV.2/1.hSyn
.GCaMP6s.W
PRE 

AAV GCaMP6s local 2.1 

AAV-FLEX-
GCaMP6s 

AAV.2/1.CAG
.FLEX.GCaM
P6s.WPRE 

AAV GCaMP6s anterograde 2.1 

AAV-FLEX-
RG 

AAV.2/1.CAG
.FLEX.RG 

AAV RG local 2.1 

AAV-FLEX-
TVA 

AAV.2/1.EF1
a.FLEX.TVA-
mCherry 

AAV TVA-mCherry local 2.1 

EnvA-RdG-
GFP 

EnvA.RdG.G
FP 

Rabies GFP retrograde  

AAV-RFP AAV.2/1.hSyn
.turboRFP 

AAV turboRFP anterograde 2.1 

AAV-
tdTomato 

AAV.2/1.CAG
.tdTomato.W
PRE 

AAV tdTomato anterograde 2.1 

CTB-594 CTB-Alexa 
Fluor 594 

cholera toxin Alexa Fluor 
594 

retrograde  

CTB-488 CTB-Alexa 
Fluor 488 (or 
FITC) 

cholera toxin Alexa Fluor 
488 or FITC 

retrograde  
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Appendix B: Experimental Methods 

Intracellular recording from unrestrained mice 

 Intracellular recordings were made from the auditory cortex of male wild-type 

mice (2-4 months of age) using a custom-built miniature-motorized microdrive based on 

previous designs.. The microdrive consisted of a chassis constructed through 

stereolithography (Agile Manufacturing, Inc), which housed a motorized linear actuator 

(Part # 0206A001B+02/1 47:1-Y2825, Faulhaber) and a glass microelectrode, which rested 

in a cradle integrated in the chassis design.  Two metal screws were threaded through 

the chassis wall along the axis of the actuator to stabilize and position the 

microelectrode.  A miniaturized headstage constructed from a four-layer printed circuit 

board and surface-mounted components was mounted to the chassis.  Signals and 

command current were acquired and sent using an intracellular amplifier (Axoclamp-

2B, Axon Instruments) connected to the headstage via a flexible tether cable (Omnetics).      

Mice were anesthetized with isoflurane (1-2% in O2) and placed in a stereotaxic 

holder (Leica).  Body temperature was maintained at 37˚C with an electrical heating pad.  

The scalp overlying the skull was removed, and the skull was cleaned with several 

washes of saline and povidone-iodine antiseptic (Betadine).  A small metal pin was 

glued to the skull, which permitted animal restraint and head manipulation during 

electrode placement.  The microdrive was positioned over the auditory cortex at a 10-15 

degree angle relative to vertical to facilitate electrode travel along the axis of auditory 
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cortex.  The base of the chassis was cemented to the skull with dental acrylic.  A 

craniotomy was made over the contralateral somatosensory cortex and a silver chloride 

reference ground was rested on the brain, followed by bone wax and dental acrylic.  

Mice were given topical analgesic and supplemental feed, and were allowed to recover 

for up to one week. 

On the first day of recording, animals were anesthetized with isoflurane and 

restrained in a stereotaxic device.  A small craniotomy (typically 100 x 100um) was made 

over the auditory cortex, and the dura was carefully resected with an insect pin.  The 

exposed brain surface was coated with silicon oil (1000cs, Dow Corning).  Sharp 

borosilicate glass electrodes were fabricated with a horizontal puller (P-97, Sutter 

Instruments), and tips were filled with 3M K-acetate containing 5% Neurobiotin.  

Electrodes were cut to size and backfilled with 3M K-acetate, resulting in electrode 

impedances ranging from 80 to 120 MΩ.  An electrode was attached to a metal shuttle, 

which traveled along the linear actuator.  A copper fabric Faraday cage connected to an 

electrical ground then covered the entire assemblage to limit both electrical and 

mechanical interference.  The mouse was released from restraint and allowed to fully 

recover for up to one hour before recordings were made.  The electrode was advanced in 

the brain until the tip penetrated a neuron.  Intracellular signals were acquired with a 

Power 1401 using Spike 2 (Cambridge Electronic Design), and used for further analysis 

only if the resting membrane potential was less than -50mV and was modulated by an 
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auditory stimulus. At the end of a recording session, the electrode was removed and the 

brain surface was coated with silicon elastomer (Kwik-Cast, WPI) until the following 

recording session. Vocalizations were elicited by presenting a cotton swab with 20uL of 

urine from female mice. Data collected from unrestrained mice are included in analyses 

of movement-related changes in membrane potential dynamics, movement-related 

changes in excitability, and membrane potential changes during vocalization/ 

Intracellular recording from head-restrained mice 

 One to three days prior to physiology, mice were anesthetized with isoflurane 

and a custom plate that left auditory cortex and frontal cortex exposed was attached to 

the skull with cyanoacrylate and Meta-bond (Parkell). Ink dots were placed on the 

surface of the skull at stereotaxic coordinates over the auditory cortex and M2. On the 

day of physiology, the implanted plate was held by two plate clamps (Standa) and mice 

were positioned on top of a 7-inch Styrofoam cylinder or at the periphery of a 7-inch 

spinning disk (Flying Saucer, Drs. Foster and Smith). In both preparations, mice freely 

transitioned between periods of rest and movement, including locomotion, grooming, 

posturing, facial movements, and forelimb movements. Mice were briefly anesthetized 

with isoflurane and a small craniotomy was made over the auditory cortex. A sharp 

electrode was placed in an Axoclamp headstage (HS-2A) and was lowered vertically 

into the brain with a hydraulic manipulator (SD Instruments) until the tip penetrated a 

neuron. Intracellular signals were acquired and processed as in unrestrained 
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experiments. Tone presentation and laser stimulation were controlled with custom 

software (Spike2, CED). A small video camera (Logitech) was positioned to monitor 

treadmill and body movements, and an optical mouse was positioned near the treadmill 

to monitor its rotational velocity in real time. An ultrasonic-sensitive microphone 

(Avisoft Bioacoustics) was also positioned near the mouse to monitor sounds. Video, 

treadmill rotation, and physiology recordings were synchronized post-hoc based on an 

aperiodic train of digital pulses (mean rate: ~0.2 Hz) that was simultaneously sent to all 

acquisition devices. For pharmacologically silencing M2, a craniotomy was made that 

spanned ~2.5mm along the rostral-caudal axis of M2, the dura was removed, and 20uM 

TTX was applied to the brain surface. Neural activity in M2 was monitored before, 

during and after TTX administration with an extracellular array spanning all cortical 

layers and positioned at the rostral and caudal ends of the craniotomy to ensure 

suppression of spontaneous and antidromic activity. 

Sound stimuli were 80 millisecond pure tones (2, 4, 8, 16, 32 and 81 kHz) that 

were ramped on and off with 10 milliseconds cosine ramps. For some neurons, a second 

set of sounds comprising ultrasonic vocalizations from unfamiliar male mice was 

subsequently presented. Vocalizations had been previously recorded with a condenser 

microphone (Avisoft Bioacoustics CM16/CMPA) and sampled at 192 kHz (RME Fireface 

400). Vocal bouts from two individual mice were presented in their entirety (1 sec), as 

were 14 utterances (50 to 200 milliseconds) that were extracted from the two bouts. 
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Sounds were presented through a free field electrostatic speaker (TDT ES1) located 30 

cm from the contralateral ear. All sounds were presented at 80 dB SPL. For a particular 

stimulus set (tones or vocalizations), individual stimuli were pseudorandomly 

interleaved and were presented 10 to 30 times each. Included in each stimulus set were 

laser-alone and blank trials, the latter of which contained neither sound nor laser 

stimulation. Subsequent stimuli were separated by a silent interval of random duration 

(range: 550 to 1100, milliseconds; mean = 770 milliseconds). On 50% of the trials, sound 

presentation was accompanied by simultaneous laser stimulation. For one half of the 

sounds (selected at random) laser stimulation occurred on odd numbered trials and for 

the remaining half of the sounds laser stimulation occurred on even numbered trials. For 

a subset of neurons, the onset asynchrony between sound and laser stimulation (SOA) 

was randomly varied between -100 and 100 milliseconds, in 25 milliseconds increments, 

during repeated playback of a single tone that drove a reliable response. Laser 

stimulation lasted 100 milliseconds and the stimulation power was constant across all 

experiments (140 mW/mm). Sound presentation, laser stimulation and data acquisition 

were controlled by custom software written in Spike2 (CED). 
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Extracellular recording from head-restrained mice 

 Surgical, behavioral, data recording, and stimulus presentation were the same as 

intracellular recordings in head-fixed mice. A 32-channel (4x8; 0.8x0.8mm recording 

area) multi-electrode array (NeuroNexus) was lowered vertically into either M2 or the 

auditory cortex and allowed to rest for 30 minutes. The electrode array was connected 

directly to a digitizing headstage (Intan Technologies) via a 36-pin connector (Omnetics). 

Neural activity on all 32 channels was referenced to an Ag-Cl pellet implanted over 

contralateral somatosensory cortex and was monitored during tone presentation and as 

mice transitioned between periods of rest and movement. Analog traces were filtered 

(300 to 5000Hz), digitized and recorded (20kHz/channel) for offline analysis. Putative 

action potentials were identified based on deviation from the mean and individual 

neurons were sorted based on spike features (WaveClus). Each electrode placement 

yielded 10 to 30 unique neurons. Neurons were classified into PV+, VGAT+ (inhibitory) 

and putative excitatory populations in PV-ChR2 and VGAT-ChR2 mice, respectively. 

Recordings were coupled with blue light stimulation over the brain surface, directed 

toward the recording face of the electrode array. Identified PV+ interneurons were 

excited by blue light in PV-ChR2 mice and always had fast action potentials. Identified 

inhibitory interneurons were excited by blue light in VGAT-ChR2 mice and typically 

had fast action potentials. Putative excitatory neurons had broad action potentials and 

were suppressed by blue light stimulation in VGAT-ChR2 mice. 
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Stereotaxic injections 

Ai14, PV-Cre, and C57BL/6, SST-Cre, VIP-Cre, CamKII-Cre, Rbp4-Cre, and 

ChAT-Cre mice were obtained from The Jackson Laboratory.  For anatomical tracing 

and in vivo physiology experiments, 2-4 month old animals of either sex were used.  For 

slice physiology experiments, P20-P30 animals of either sex were used.  Mice were 

anesthetized with isoflurane and placed in a stereotaxic holder (Leica) and secured with 

custom made zygoma cups.  A midline incision was made to reveal the skull, and a 

small craniotomy was made with a dental drill over the stereotaxically identified region 

of interest.  Small volumes of virus or tracer were pressure injected slowly to minimize 

efflux.  For physiology and 2P imaging experiments, animals were allowed to survive 2-

3 weeks.  For tracing experiments, animals lived for 1-3 weeks post injection before 

perfusion.    

Slice electrophysiology and photostimulation  

Mice were first anesthetized with ketamine/xylazine (100mg/kg, 10mg/kg, 

respectively, i.p.), and transcardially perfused with ice-cold carbogenated artificial 

cerebrospinal fluid (ACSF) containing (in mM): 119 NaCl, 2.5 KCl, 1.30 MgCl2, 2.5 

CaCl2, 1.0 NaH2PO4, 26.2 NaHCO3, 11.0 dextrose. The brain was removed and the 

rostral pole was glued to the stage of a vibrating microtome (Leica). A 2% agar block 

was used to support the ventral surface of the brain, and 300 μm coronal slices were cut 

in a bath of ice-cold ACSF. Slices were incubated for 14 minutes in a 34°C bath of 
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carbogenated modified ACSF containing (in mM): 92 N-methyl-D-glucamine, 2.5 KCl, 

1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 dextrose, 5 sodium ascorbate, 2 thiourea, 3 

sodium pyruvate, 10 MgSO4, 0.5 CaCl2, and transferred to room temperature ACSF for 

the duration of the experiment. For voltage clamp recordings, patch electrodes (2-6 MΩ) 

were filled with internal solution of (in mM) 5 QX-314, 2 ATP Mg salt, 0.3 GTP Na salt, 

10 phosphocreatine, 0.2 EGTA, 2 MgCl2, 5 NaCl, 10 HEPES, 120 cesium 

methanesulfonate, Neurobiotin (0.15%), 0.5 Alexa Fluor 594 cadaverine or 0.1 Alexa 

Fluor 488 Na salt. For current clamp recordings, patch pipettes were filled with an 

internal solution containing (in mM): 135 K gluconate, 2 MgCl2 0.5 EGTA, 2 MgATP, 0.5 

NaGTP, 10 HEPES, 10 phosphocreatine, Neurobiotin (0.15%), 0.5 Alexa 594 cadaverine 

or 0.1 Alexa Fluor 488 Na salt.  All recordings were made using a Multiclamp 700B 

amplifier, the output of which was digitized at 10kHz (Digidata 1440A). Series resistance 

was always <30 MΩ, and was compensated up to 90%.  Initial in vitro current clamp 

recordings were made with sharp intracellular electrodes filled with Neurobiotin (5%) 

and backfilled with KAc (3 M) resulting in electrode impedances ranging from 80-120 

MOhms.  To isolate monosynaptic connectivity, recordings were made with room 

temperature ACSF containing 1μM TTX (Sigma) + 100μM 4-AP to block action potentials 

and accentuate light-evoked neurotransmitter release from ChR2-expressing terminals.  

To block GABAergic transmission, slices were superfused with ACSF containing 10μM 

Gabazine (Tocris) and 50μM CGP-35348 (Tocris).  To block glutamatergic transmission, 
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slices were superfused with ACSF containing 20uM 2,3-dihydroxy-6-nitro-7-sulfamoyl-

benzo[f]quinoxaline-2,3-dione (NBQX) and 50uM (2R)-amino-5-phosphonovaleric acid; 

(2R)-amino-5-phosphonopentanoate (AP5).  To block nicotinic and muscarinic 

transmission, slices were superfused with ACSF containing 100uM mecamylamine and 

5uM atropine, respectively.  For acetylcholine application, a neurite or the soma of the 

recorded neuron was approached with a low impedance patch electrode containing 1uM 

acetylcholine in ACSF.  2-5 PSI of pressure, delivered from a Picospritzer III (Parker), 

was used to apply the drug to the cell.  In a subset of experiments, auditory cortex was 

identified by both slice morphology and the presence of CTB or AAV-XFP fluorescence 

from MGB injections.  Neurons were targeted using DIC and epifluorescence when 

appropriate, and neuronal identity was confirmed by morphology following 

intracellular fill with fluorescent dye.  For current clamp recordings, pyramidal neurons 

were identified both by morphology following intracellular dye fill and by intrinsic 

membrane properties including current injection-induced firing pattern and action 

potential shape.  For whole-cell recordings from PV interneurons, tdTomato-expressing 

neurons were visually targeted and overlay of fluorescence from Alexa Fluor 488 Na salt 

and native td-Tomato was confirmed.  ChR2-expressing axon terminals were stimulated 

by 10 milliseconds laser pulses (gated by a Uniblitz shutter) of 488nm laser light (Prairie 

Technologies) delivered through a 10x or 40x (for interneurons only) objective parfocal 

with the slice surface and centered over the recording site.  For some experiments, a 
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fiber optic directly coupled to the laser was used for ChR2 stimulation.  In these 

experiments a TTL gated the power source driving the laser.  All stimulation protocols 

were designed and implemented using Clampex.  Brain slices were histologically 

processed to visualize Neurobiotin-filled cells using streptavidin Alexa Fluor 488 or 546. 

Calcium imaging 

Two weeks following the GCaMP6s injection, mice were anesthetized with 

isoflurane and a custom, horse-shoe-shaped plate was attached to the skull with 

cyanoacrylate and Meta-bond (Parkell).  Mice were acclimated to head fixation for 1-3 

days prior to the initial imaging session, and 30uL dexamethasone (4mg/mL) was 

administered (i.m.) on the last acclimation day, 6-12 hours before windowing.  A 

rectangular craniotomy was then made over the site to be imaged, and a laminated glass 

coverslip assemblage was placed over the craniotomy and sealed with Meta-bond.  Mice 

were allowed to recover and imaging proceeded in a room illuminated only with 

infrared light.  Imaging was performed using a two-photon microscope (Zeiss LSM 510) 

with a mode-locked titanium sapphire laser at 910nm.  Images were acquired at up to 

10Hz with a 40x water-immersion objective while the mouse volitionally transitioned 

between periods of rest and movement.  A small infrared-sensitive video camera 

(Logitech) was positioned to monitor treadmill and body movements.  Video and 

acquired images were synchronized post-hoc based on an aperiodic train of digital 

pulses (mean rate: ~0.2 Hz) that was simultaneously sent to all acquisition devices.  
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Images were registered using the ImageJ plugin TurboReg to correct for movement 

artifact in the horizontal plane.  ROIs were selected manually using average intensity 

projections of image time-series, and ΔF/F for each ROI was calculated in Matlab with 

user-defined periods of basal fluorescence.  ΔF/F traces were aligned and averaged 

within cell with respect to movement onset, determined as described below.  

Optogenetic stimulation in head-restrained mice 

For stimulation over the auditory cortex, the skull was thinned lateral to the 

physiology craniotomy and a fiber optic cable was positioned over the thinning at a 30-

degree angle relative to horizontal, directed toward the location of the recording 

electrode. For stimulation over M2, the skull was thinned or removed over M2 and a 

fiber optic cable was positioned over the brain at a 60-degree angle relative to horizontal, 

directed down and toward the midline. The junction between the fiber and the skull or 

brain was coated in silicon oil to facilitate optical transmission, and the other end of the 

fiber was coupled to a blue laser (473 nm, Shanghai). For stimulation of M2 cell bodies or 

M2 terminals in the auditory cortex, laser illumination was controlled manually for 

variable durations, typically lasting between 0.2 to 2.0 seconds, and in some experiments 

it was automated to deliver fixed-duration pulses with a constant inter-pulse interval. 

For stimulation of thalamic terminals during movement and rest, brief (5 milliseconds) 

pulses of light were delivered with an inter-pulse interval of ~4 seconds during periods 

of movement and rest. For paired-pulse stimulation of thalamic terminals in the 
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auditory cortex, two brief (5 milliseconds) pulses of light were separated by 50 

milliseconds, and the pair of pulses was repeated every 4 seconds. Laser power ranged 

from 4 mW/mm2 to 32 mW/mm2.  

Behavioral analysis 

An optical treadmill monitor was constructed by disassembling the housing of a 

computer mouse and positioning the disassembled optical monitor near the treadmill to 

detect rotation in real time. The USB end of the optical mouse was plugged into a data 

acquisition card (Arduino Mega) that was programmed to monitor treadmill 

displacement in units of pixels, which was sampled at ~100 Hz using custom software 

(Matlab). Rotational velocity was calculated by empirically calculating the number of 

pixels that corresponded to one rotation of the treadmill and through post hoc 

calibration with simultaneous video recordings. 

Videos were analyzed offline to detect treadmill, forelimb, body, and facial 

movements during head-fixed experiments, and to detect head movements, body 

movements and translocation in unrestrained experiments. Movement was extracted by 

defining two-dimensional regions of interest (ROIs) for each body part, as well as one 

ROI for the treadmill and one ROI for a red LED that was used to synchronize the video 

to simultaneously acquired physiology data. Within each ROI, the average change in 

pixel intensity was calculated across subsequent frames (30 Hz sampling rate) as a 

measure of movement. For unrestrained experiments, a single ROI encompassed the 
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entire arena and movements included either gross changes in posture that resulted in 

body movement greater than 10mm or translocation of distances greater than 2.5cm that 

lasted for at least 1 second. 

Histology and imaging 

Mice were deeply anesthetized with sodium pentobarbital (250mg/kg, i.p.) and 

transcardially perfused with phosphate buffered saline (PBS) followed by 4% cold 

paraformaldehyde.  Brains were postfixed overnight in 4% paraformaldehyde 

containing 30% sucrose.  Brains were blocked in Optimum Cutting Temperature 

compound (Tissue-Tek), and 30-50um coronal sections were cut on a sliding freezing 

microtome.  Brain slices were first rinsed in PBS for 10 minutes, then in two washes of 

PBS containing 0.3% Triton X-100 (PBST) for 20 minutes.  Slices were then incubated in 

PBST with 10% Blocking One blocking buffer (Nacalai Tesque) for 1h at room 

temperature.  Immunostaining was performed with primary antibodies in PBST 

containing 10% blocking buffer for three days at 4C.  After three washes of 10 minutes in 

PBS, slices were incubated in secondary antibodies from Jackson Immunoresearch at a 

concentration of 1:1000 in PBST containing 10% blocking buffer overnight at 4C.  

Sections were washed several times in PBS, incubated in PBS containing DAPI for 30 

minutes, rinsed again, and mounted.  For visualizing Neurobiotin cell fills, 

permeabilized 75um sections were incubated overnight in PBST containing streptavidin 

Alexa 546 or Alexa 488.  All images were acquired with a Zeiss 710 LSM confocal 
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microscope.  Some images (indicated in figure captions) were median filtered 1 pixel 

using ImageJ.  3D rotations and projections were created using the 3D Viewer plugin in 

Image J, with a single plane of interpolation.   

Statistical analyses 

Whole-cell response strength was quantified in Clampfit using peak current 

amplitude for at least 8 trials per stimulus regime. For analyzing subthreshold responses 

of in vivo and in vitro current clamp intracellular recordings, voltage traces were 

median-filtered (5 milliseconds) to truncate action potentials. The average subthreshold 

response to repeated presentations of a single stimulus was computed by subtracting the 

average membrane potential value during the 200 milliseconds of silence preceding each 

stimulus onset. Hyperpolarizing and depolarizing areas were measured from average 

voltage traces during the 300 milliseconds immediately following stimulus onset. Action 

potentials were automatically detected based on the magnitude (>-30 mV) and 

derivative of large depolarizations. Peri-stimulus time histograms were computed by 

binning action potential times in 1 milliseconds bins, smoothing with a 5 milliseconds 

hanning window, and averaging across trials and across neurons. For in vivo 

anesthetized intracellular electrophysiology experiments the non-parametric Mann-

Whitney U test was used to determine significance.  Student’s t-test was used to 

determine whether the mean of a single distribution differed from some null value. 

Paired t-test was used to compare the means of samples with repeated measures. Two-
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sampled t-test was used to compare independent populations. For all statistical tests, 

significance was measured against alpha of 0.05. 
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