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Abstract 
 

Role of Basal Ganglia Output on Thalamo-Cortical Activity and Licking Behavior in Mice 
 

By Arthur Morrissette 
 
The planning and execution of voluntary movement involves multiple brain areas including the 

cortex, thalamus, and basal ganglia. How these areas interact to control movement remains 

unknown. The basal ganglia are thought to contribute to motor control by providing tonic inhibitory 

output to the thalamus in order to suppress unwanted movements and facilitate desired ones. To 

test this prediction, we used rapid optogenetic activation and inactivation of the GABAergic output 

of the basal ganglia to the motor thalamus in mice that were trained in a sensory cued left/right 

licking task. We found that 1s of unilateral optogenetic inhibition of GABAergic output from the 

substantia nigra reticulata (SNr) biased decision making towards the contralateral lick spout even 

during ipsilaterally cued trials. In contrast, 1s of optogenetic excitation of SNr terminals in motor 

thalamus resulted in a bias towards the ipsilateral direction. Output from the SNr continues to the 

motor thalamus which then projects widely across sensorimotor cortex. Thus, in order to examine 

cortical activity across cortex with high spatiotemporal resolution, we utilized mice expressing the 

fluorescent voltage indicator in excitatory cortical neurons. While previous studies have shown 

that the pupil provides important insights in neural processing as a proxy for arousal, it is unknown 

how arousal signals as measured by pupil diameter are represented by changes in cortical 

activity. We found that pupil diameter is tightly coupled to global changes in cortical voltage. This 

coupling is dependent on both frequency and location, with lower frequency signals and medial 

areas of the sensory-motor cortex most strongly coupled with arousal especially during periods 

of orofacial movements. Finally, we measured voltage activity across cortex in behaving mice to 

determine the voltage changes across cortex while mice prepared, withheld, and initiated licking 

movements. We found that membrane voltage in the contralateral motor cortex before the onset 

of the response period predicts the reaction time on a trial-to-trial basis such that increased 

voltage activity preceding the first lick is elevated on faster reaction time trials. Together, these 

experiments provide new insight in to the mechanisms by which the basal ganglia-thalamocortical 

circuits contribute to voluntary motor behavior.  
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Chapter 1: General Introduction  

The ability to properly initiate and suppress movements is a critical aspect of 

animal behavior. Several brain centers have been implicated in the control of movement 

including the motor cortex, the cerebellum, and the basal ganglia. The basal ganglia (BG), 

a collection of subcortical nuclei, are thought to influence the control of movement by 

inhibiting and facilitating selected motor programs to accomplish and reinforce goal-

directed behavior (Albin et al., 1989, DeLong, 1990). Our long-standing understanding of 

the BG’s role in the control of movement suggests that the output nuclei of the BG provide 

tonic inhibition over motor areas of the thalamus and brainstem to suppress unwanted 

movements, with pauses in the inhibitory output facilitating movement initiation (Deniau 

and Chevalier, 1985, Mink, 1996, Hikosaka, 2007). In support of this classic basal ganglia 

functional model, optogenetic excitation of the basal ganglia direct pathway has been 

found to be pro-kinetic, leading to a reduction in the inhibitory output of the substantia 

nigra pars reticulata (SNr), the primary basal ganglia output nucleus in the rodent, and 

disinhibition of downstream targets (Freeze et al., 2013, Oldenburg and Sabatini, 2015). 

Additionally, pauses in SNr activity preceded initiation of orienting movements in rats 

performing an auditory-cued Go-Stop task (Schmidt et al., 2013). It remains unclear, 

however, how cortical planning activity and motor initiation is affected by output from the 

basal ganglia.  

In order to examine basal ganglia contributions to cortical processing underlying 

motor control, we adapted an existing behavioral task in mice previously shown to require 

cortical (and thalamic) processing for successful task execution. This task requires a 

head-fixed mouse to distinguish sensory stimuli (air-puffs) towards the left or right 
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whiskers and provide a lick response to either a left or right lick spout positioned in front 

of the mouse in order to receive a sucrose liquid reward. Similar behavioral tasks from 

which ours was adapted have shown increases in activity before and during voluntary 

licking behavior in a specific region in the pre-motor territory of the mouse cortex known 

as the anterior lateral motor cortex (ALM) (Li et al., 2015).  

 The following chapters will focus on two associated neural systems contributing to 

cognitive motor control. First, I will discuss the influence of basal ganglia output via the 

SNr and the SNr projections to the motor thalamus (MT) on control (including preparation 

and initiation) of directional licking behavior. In the following chapter, I will describe the 

voltage dynamics across the dorsal cortex underlying arousal as measured by 

fluctuations in pupil dilation in spontaneously behaving mice. Finally, I will examine the 

cortical voltage dynamics of the sensory-motor cortex (which receives input from the 

motor thalamus) underlying movement preparation, suppression and execution using the 

same licking behavioral task. 

1.1 The Basal Ganglia 

1.1.1 Basal Ganglia Anatomy 

The basal ganglia are a set of interconnected subcortical nuclei that are critical for 

voluntary behavior. The BG integrates input from a large array of cortical, thalamic, and 

brainstem inputs, and influences downstream circuits through two major pathways. These 

include a direct, descending projection to brainstem targets as well as an ascending 

projection to several nuclei in the motor thalamus (Kultas-Ilinsky et al., 1978, Parent and 

Parent, 2004). The input nucleus, the striatum, receives heavy, roughly topographic 
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cortical input (Albin et al., 1989, Alexander and Crutcher, 1990). Cortical pyramidal 

neurons synapse with spines of medium spiny neurons, the projection neurons of the 

striatum. The medium spiny neurons are GABAergic and make up more than 90% of the 

striatal neurons. They fall into two major categories that can be distinguished based on 

their gene expression profiles and connectivity. 

 
 
Figure 1.1 Basal Ganglia Input and Output Anatomical Pathways 
The basal ganglia receive cortical input from many areas including motor and sensory 

regions. The basal ganglia internal circuitry is removed for simplification. The output from 

the basal ganglia projects to downstream circuits via an ascending pathway to the 

thalamus including a region of the motor thalamus referred to as the basal ganglia 

recipient motor thalamus (BGMT) as well as the reticular thalamic nucleus (nRT). The 
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basal ganglia output also projects to the brainstem via a descending pathway to targets 

such as the superior colliculus (SC) and the pedunculopontine nucleus (PPN). The basal 

ganglia are therefore able to influence motor control via cortico-basal ganglia-

thalamocortical loops as well as through the brainstem motor centers that project to the 

spinal cord. While most projection pathways throughout this motor system are excitatory 

(black lines), the basal ganglia output pathways are inhibitory projections (red lines). 

 

The striatonigral (or 'Direct') pathway is composed of medium spiny neurons that 

express dopamine D1-like receptors and project directly to the output nuclei of the basal 

ganglia. The striatopallidal (or 'Indirect') pathway is composed of medium spiny neurons 

that project to the external segment of the globus pallidus and express dopamine D2-like 

and adenosine A2A receptors (Alexander and Crutcher, 1990, Gerfen et al., 1990, Fuxe 

et al., 2005). Neurons from both pathways receive neuromodulatory input from dopamine 

neurons located in the ventral midbrain, composed of the ventral tegmental area (VTA) 

and substantia nigra pars compacta (SNc). The direct and indirect pathways are thought 

to regulate motor output in an opposing manner. It has been argued that activation of 

direct pathway medium spiny neurons facilitates movement, whereas activation of indirect 

pathway medium spiny neurons inhibits movement (Kravitz et al., 2010).   

The major output nucleus of the basal ganglia in rodents is the SNr. The SNr 

neurons receive inhibitory afferent projections from striatal projection neurons (direct 

pathway) as well as from globus pallidus neurons (indirect pathway). They also receive 

glutamatergic input from the subthalamic nucleus and the thalamus. SNr neurons are 

GABAergic and project to the thalamus and brainstem and are critical for movement 

planning, initiation, and execution (Faull and Mehler, 1978, Parent and Hazrati, 1995). Of 

particular interest to the data presented in this thesis are the projections from the SNr to 
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the midbrain tectum, specifically, to the superior colliculus (SC). The SNr neurons that 

project to the SC tend to be restricted to the more deep and lateral regions. That is, 

neurons located more laterally in the SNr tend to project to the SC, while more superficial 

and medial neurons target the thalamus (Faull and Mehler, 1978). A large proportion of 

basal ganglia outputs are directed to several nuclei in the thalamus including the ventral 

lateral, ventral anterior, ventral medial, mediodorsal, parafascicular, centromedial, and 

thalamic reticular nuclei (Graybiel and Ragsdale, 1978, Parent, 1990). The ventral 

portions of the thalamus receiving input from the basal ganglia are referred to as the motor 

thalamus, or more specifically the basal ganglia recipient motor thalamus (BGMT). While 

the remaining basal ganglia receiving regions may influence motor behaviors, they are 

considered to primarily serve associative or executive functions (Alexander et al., 1990, 

Haber and McFarland, 2001, Schmitt et al., 2017, Gent et al., 2018). Finally, outputs to 

the thalamic reticular nucleus are also of interest as this area of the thalamus provides 

inhibitory control over many of the other thalamus nuclei including those not receiving 

direct input from the basal ganglia and is implicated in sleep/wake cycles and arousal 

(Halassa et al., 2014, Lewis et al., 2015). 

1.1.2 Basal Ganglia Control of Movement:       

The function of the basal ganglia has for decades been the subject of extensive 

debate (Wichmann and DeLong, 1996, Nelson and Kreitzer, 2014, Yin, 2014, Dudman 

and Krakauer, 2016, Wallace et al., 2017). However, there is apparent consensus that 

the basal ganglia are critical for control of movement. As noted above, the medium spiny 

neurons of the striatum receive both glutamatergic input from diffuse cortical regions as 

well as neuromodulatory input from dopamine cells located in the ventral midbrain. 
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Dopamine signaling on medium spiny neurons is thought to underlie the synaptic plasticity 

that accompanies changes in behavior during learning via opposing actions of D1-like 

and D2-like receptors (Nicola et al., 2000, Shen et al., 2008). These opposing actions are 

thought to lead to long term potentiation or depression of medium spiny neuron activity, 

which are thought to underlie learning.       

However, the function of dopamine in continuous regulation of motor behavior is 

less clear than its role in synaptic modification. In patients with Parkinson's disease, in 

which nigrostriatal dopamine neurons die, voluntary movement is severely impaired: PD 

patients ultimately become unable to produce voluntary movements. Similarly, when 

striatal dopamine is depleted in primates and rodents, movement is disrupted, producing 

symptoms that mimic Parkinson’s disease including tremors and akinesia (Bergman et 

al., 1990). In contrast, dopamine receptor agonists within the striatum can potentiate 

locomotion (Essman et al., 1993). Based on these results and because dopamine cannot 

directly activate neurons but instead modulates the existing signals, it is proposed that 

dopamine acts as a gain function on the descending cortico-striatal signals (Servan-

Schreiber et al., 1990). 

Given the effects of striatal dopaminergic receptor manipulations on movement, it 

is unsurprising that striatal projection neurons have been implicated in the control of 

movement. The direct and indirect pathways are thought to act in opposition to one 

another (Kravitz et al., 2010, Kravitz et al., 2012). It is thought that activation of the direct, 

striatonigral, pathway facilitates movement, whereas activation of the indirect, 

striatopallidal, pathway inhibits movement. While this schematic of basal ganglia function 

in which the direct pathway acts as an accelerator for movement and the indirect pathway 
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acts as a brake, provides a convenient functional characterization, the actual functions of 

these pathways are much less dichotomous. For example, recent studies have shown 

that neurons in both pathways are activated during action initiation (Cui et al., 2013, 

Isomura et al., 2013), and that activation of both pathways is necessary for movement 

(Tecuapetla et al., 2014, Tecuapetla et al., 2016). Together, these results suggest that 

binary activation of one pathway is insufficient to explain movement. Rather, dynamic, 

balanced activity between the two likely determines motor output.    

 The SNr is a major output nucleus of the basal ganglia that is downstream of both 

the direct and indirect pathways. SNr neurons have been widely thought to act as a gate, 

facilitating movement when they are inhibited and preventing movement when they are 

active (Hikosaka and Wurtz, 1983a, b). This has proven a particularly attractive 

hypothesis in light of the supposed antagonistic nature of the direct and indirect pathways. 

This 'model' was largely based on electrophysiological recordings from neurons in the 

SNr and downstream targets as restrained monkeys performed discrete eye movements. 

Because of the discrete nature of these tasks, it was difficult to understand how SNr 

neurons contribute to continuous limb movement. However, accumulating evidence 

suggests that SNr neurons do not regulate movement in such a binary manner. Selective 

activation of medium spiny neurons belonging to either the direct or indirect pathways has 

both inhibitory and excitatory effects on SNr output neurons (Freeze et al., 2013). During 

free movement, putative GABAergic output neurons recorded from the SNr of mice show 

both increased and decreased activity during movement. Additionally, during postural 

changes and goal-directed head movements, subsets of SNr neurons exhibit both 

increased and decreased activity patterns based on the specific movement of the animal 
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(Barter et al., 2015). In a recent paper, researchers investigated the effects of either direct 

or indirect pathway activation on firing rate activity in motor cortex (Oldenburg and 

Sabatini, 2015). In these experiments, cell-type specific optogenetic activation of either 

the direct or indirect pathway striatal MSNs was achieved using transgenic mice 

expressing cre in the direct pathway MSNs (D1-cre) or indirect pathway MSNs (A2A-cre). 

Optogenetic activation of the direct pathway (inhibiting SNr thereby disinhibiting 

thalamus) led to an increase in firing rates in the motor cortex. Conversely, activating the 

indirect pathway (exciting the SNr and inhibiting the thalamus) led to a decrease in firing 

rates in motor cortex. While these pathways exhibited opposite or antagonistic effects on 

cortical activity, the changes were not symmetric, such that certain cortical neurons 

exhibited biphasic firing rate modulation by indirect pathway activation with brief increases 

followed by prolonged suppression of activity. Interestingly, the effects on motor cortex 

by both direct and indirect pathway stimulation were diminished when the animal 

performed a lever pulling action. Another recent study sought to examine brain-wide 

changes in neural activity following basal ganglia manipulation, specifically 

optogenetically stimulating the direct or indirect pathways in the striatum (Lee et al., 

2016). To observe and record activity throughout the entire mouse brain, they performed 

the optogenetic manipulations while the mouse was anesthetized in an fMRI scanner, 

allowing imaging of the entire extent of the brain at a temporal resolution on the level of 

seconds. Stimulating direct pathway MSNs led to large increases of blood volume in 

downstream targets like the thalamus and various regions of sensory and motor cortices, 

supporting the idea that inhibiting basal ganglia output will disinhibit downstream thalamic 

and cortical circuits.  
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The basal ganglia have additionally been implicated in the control of rodent 

orofacial behaviors specifically. Systemic injections of dopamine receptor agonists 

produce oral stereotypy, which includes tongue and jaw movements (Redgrave et al., 

1980). The SNr is especially implicated in the control of orofacial behaviors. For example, 

SNr neurons fire bursts of action potentials during orofacial behavior associated with 

syntactic grooming sequences in rats (Meyer-Luehmann et al., 2002) as well as drinking 

(Joseph et al., 1985). When muscimol, a GABA receptor agonist, or GABA is injected 

directly into the SNr firing of SNr output neurons is effectively shut down (Westby et al., 

1994) and rapid licking is observed (Taha et al., 1982). Inactivation of the SNr with 

lidocaine significantly reduces oral stereotypies induced by injections of amphetamine 

into the ventrolateral striatum (Canales and Graybiel, 2000). Finally, bilateral optogenetic 

excitation of SNr output to the superior colliculus disrupts voluntary licking behavior and 

interval timing (Rossi et al., 2016, Toda et al., 2017).  

1.1.3 Basal Ganglia Disorders and Movement: 

Basal ganglia disorders often result in severe motor impairment. This motor 

impairment falls along a spectrum ranging from hypokinesia, in which patients cannot 

move as much as they would like to, to hyperkinesia, in which patients are often unable 

to suppress unwanted movements (DeLong, 1990). The classic example of a hypokinetic 

disorder is Parkinson's disease (PD). In these patients, the dopaminergic neurons of the 

substantia nigra die, resulting in significantly reduced dopamine release in the dorsal 

striatum. Common behavioral consequences of the death of nigral dopamine neurons in 

PD are resting tremors, bradykinesia, and impaired posture. 
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Conversely, Huntington's disease (HD) is a hyperkinetic disorder. The chief 

symptom is chorea, or involuntary movements. The motor symptoms of HD are thought 

to be driven in part by death of striatal medium spiny neurons which is caused by buildup 

of Huntingtin protein and subsequent neurotoxicity. Numerous observations in humans 

and animal models have established that very large disturbances of the basal ganglia, 

such as those seen in PD and HD patients, are sufficient to generate profound 

impairments in movement. However, since the pathologies that result in changes in motor 

control tend to be very wide-spread it can be difficult to dissociate specific motivational 

symptoms from more motor-related symptoms.  

 Basal ganglia disorders can also lead to orofacial specific motor impairments. For 

instance, PD patients treated with chronic L-DOPA can develop tardive dyskinesia, which 

is characterized by uncontrolled movement of limbs as well as the tongue and jaws 

(Gerlach et al., 1974, Gerlach, 1977). Speech deficits also occur as the result of basal 

ganglia pathologies. Proper control of the muscles of the tongue and jaw is necessary for 

articulation during speaking. PD patients often have disrupted speech, both on and off 

medication, because they have limited control of the tongue and jaw (Ackermann and 

Ziegler, 1991). Moreover, the inability to initiate speaking or slowness of speech are 

common outcomes of focal basal ganglia lesions and are particularly common when 

lesions are restricted to the putamen and globus pallidus (Bhatia and Marsden, 1994). 

1.2 Cognitive Control of Movement 

While many basic motor functions can be executed by highly conserved motor 

programs stored in brain stem centers, it is thought that movements requiring complex 

preparation, sequencing, and coordination are primarily controlled by forebrain circuits 
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(Svoboda and Li, 2018). This “cognitive” control of movement requires complex 

processing between memory, sensory, and executive functions and it thought to be 

mediated in part by cortico-basal ganglia-thalamocortical pathways. While a central node 

in this BG-thalamocortical loop, it remains unclear how the thalamus acts to coordinate 

and influence motor control, though several past and present studies have begun to 

investigate thalamic function in goal-directed sensory-motor behavior. 

1.2.1 Thalamic Control of Movement  

While the thalamus was long considered a simple relay (Sommer, 2003, Sherman, 

2007), researchers are beginning to uncover the complex interactions and importance of 

the thalamus in coordinating activity across cortical and sub-cortical circuits. Early studies 

implicating the thalamus in control of movement focused on the oculomotor system and 

activity of the central thalamic nuclei on targeting and fixating on visual stimuli (Schlag 

and Schlag-Rey, 1971). The thalamus has additionally been the target for several 

neurosurgical techniques that relieve motor dysfunction in diseases like Parkinson’s and 

dystonia (Lee and Marsden, 1994, Cury et al., 2017). The traditional motor areas of the 

thalamus, aptly referred to as the “motor thalamus” or “mthal” includes ventral areas such 

as the ventral lateral (VL), ventral anterior (VA), and ventromedial (VM) nuclei. While the 

delineations between these nuclei differ slightly between species, in the mouse thalamus 

the VL and VA portions primarily receive excitatory input from the cerebellum while parts 

of the VA and the VM nuclei receive GABAergic input from the basal ganglia output nuclei 

such as the SNr and Globus Pallidus internal segment (GPi). Throughout the rest of the 

thesis, the cerebellar receiving motor thalamus will be referred to as the CBMT, while the 

basal ganglia receiving motor thalamus will be referred to as the BGMT. Pathways from 
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the motor thalamus project to the entire motor-related cortex including primary, pre-motor, 

and supplementary motor areas (Kuramoto et al., 2009, Kuramoto et al., 2015). These 

two pathways from the motor thalamus differ, however, in their primary cortical targets, 

with the CBMT primarily targeting primary motor cortex and the BGMT projecting more 

diffusely across frontal cortex the same axon collaterals reaching sensory, motor, and 

prefrontal cortices. Lastly, an important anatomical difference between the two projection 

pathways that has a large impact on how these pathways influence cortical function is 

that the CBMT projections typically target pyramidal cell somas in L5 and L2/3 while the 

BGMT projections primarily contact apical dendrites of the same cells in layer 1 as well 

as L1 inhibitory interneurons (Garcia-Munoz and Arbuthnott, 2015). While both ascending 

pathways from the motor thalamus deserve thorough consideration regarding their 

contributions to motor control, the remaining background will focus primarily on the basal 

ganglia recipient region when possible and features of the motor thalamus broadly. 

 The primary hypothesis as to the function of the BGMT is that is facilitates 

generation of willful or voluntary movements (Mushiake and Strick, 1995, van Donkelaar 

et al., 1999, Hikosaka et al., 2000, Middleton and Strick, 2000, van Donkelaar et al., 

2000). Unlike neurons in the in the CBMT, BGMT activity lacks sensory responses and 

typically shows purely motor related activity changes. The BGMT has also been shown 

to be preferentially associated with internally generated movements as opposed to 

visually triggered movements as inactivation studies have found that internally generated 

movements and not externally cued movements were impaired (van Donkelaar et al., 

1999, 2000). 
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Figure 1.2 Differences in thalamocortical pathways from the motor thalamus 
Single neuron reconstructions from the VM (BGMT) thalamus (top, middle, right). Three 

different neurons are labelled green, red, and blue. All axonal projections from the VM 

ascend towards superficial (layer 1) cortex across pre-frontal (green), primary motor (red), 

and somatosensory (blue) areas of cortex with large axon arbors. In contrast to VM 

neurons, reconstructed neurons from the VL (CBMT) thalamus (bottom, middle, right) 

project to deep cortical layers with restricted axonal arbors from each cell almost entirely 

within the primary motor cortex. Allen Brain Atlas Surface Maps are provided on left for 

reference. Data and projection renderings from Janelia MouseLight project 

(http://mouselight.janelia.org/). 

 

Recent studies in rodents have continued to provide support for the role of the 

motor thalamus in movement. One study has utilized optogenetic strategies to try and 

recover motor function in a hemi-parkinsonian mouse model (Seeger-Armbruster et al., 

2015). In this study, rats performing a reach-to-grasp task during a drug-induced 
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parkinsonian state demonstrate akinesia similar to that seen in Parkinson’s disease. 

Using the neural activator, Channelrhodopsin (ChR2), they stimulated the motor thalamus 

at various frequencies and patterns of activity. Interestingly, stimulation frequencies used 

for deep brain stimulation were not effective at increasing reaching movements, however 

optically stimulating the thalamus with more complex patterns such as “theta burst 

stimulation” and “physiological” stimulation patterns recorded from healthy motor 

thalamus units was effective at partially recovering the rats reaching ability.  These results 

point to the pattern of activity in motor thalamus as being as important or more important 

that simply the frequency of activity for movement initiation.  

Another study optogenetically inhibited motor thalamus by stimulating inhibitory 

axons (from the thalamic reticular nucleus) projecting to the VAL/VM thalamus to 

determine the role of the thalamus in directed licking behavior (Guo et al., 2017). During 

normal behavior, the motor thalamus showed ramping activity preceding lick initiation 

during the HOLD period of a forced choice task. They found that inhibiting the motor 

thalamus (including both CBMT and BGMT regions) disrupted the ramping activity and 

reduced performance in the licking task to chance. Since the optogenetic inhibition of the 

thalamus was performed during the HOLD period of the task when the mice are relying 

on working memory to plan its upcoming movement, the authors interpret these results 

as the motor thalamus is required for maintenance of preparatory activity prior to 

movement initiation.  

Finally, recent work has further examined motor thalamus activity in mice 

performing a two-forced choice task where mice must orient towards a right or left lick 

port based on an auditory cue (Gaidica et al., 2018). This study suggests that there may 
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be two types of neurons in the motor thalamus that encode different aspects of movement. 

In this study, authors recorded single-unit motor thalamus activity in male rats performing 

a two-alternative forced choice task. Their results found that within a large population of 

thalamic neurons that increased their activity briefly near movement initiation, one 

functional group of neurons were tightly locked to the instructional cues while another was 

more tightly locked to movement onset. In addition to the timing of the neural responses, 

the movement onset units predicted the direction of orienting movement while the cue-

locked units did not predict which direction the rat would move. Activity in movement onset 

neurons was also anti-correlated with reaction time and movement time, together 

suggesting that motor thalamus activity influences choice behavior in two stages: first 

showing a short-latency, non-specific increase in activity followed by direction specific 

activity representing action selection and movement vigor. While the location of these 

recordings were based on histological reconstruction, their anatomical results show that 

these two functional groups of neurons are not segregated within the cerebellar or basal 

ganglia receiving zones of the motor thalamus (VAL and VM thalamus, respectively). 

While seemingly functionally intermixed, these two areas of the thalamus have very 

different projection patterns and influence on cortical activity (Kuramoto et al., 2009). 

Future studies may utilize juxta-cellular recordings with cell labelling or optogenetic 

tagging of basal ganglia or cerebellar receiving areas of the thalamus to better understand 

the functional heterogeneity of basal ganglia vs. cerebellar receiving thalamus, especially 

in the context of action selection and movement vigor (See Future Directions). 

 While the motor thalamus has clear links to motor control and movement initiation, 

there are several other nuclei that are also situated to influence cognitive control of 
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movements, though receive far less focus than the classic motor thalamus. One such 

nucleus is the mediodorsal (MD) thalamus. The MD thalamus is placed within another 

brainstem-thalamic-cortical motor loop; in this case receiving input from the superior 

colliculus (SC) and projecting to the frontal eye fields (or anterior lateral /prefrontal cortex 

of rodents). Studies recording from the MD thalamus during alternative choice tasks found 

activity relating to the more cognitive aspects of behavior such as working memory or 

attentional control (Schmitt et al., 2017). The MD thalamus also receives substantial input 

from the basal ganglia output nuclei and projects primarily to prefrontal cortical regions, 

providing further support for the idea that MD influences more cognitive aspects of 

behavior (Halassa and Kastner, 2017).  

1.2.2 Cortical Motor Systems 

The primary motor cortex, or M1, is one of the principal brain areas involved in 

motor function. The role of the primary motor cortex is to generate signals that control the 

execution of movement. Signals from M1 cross the body’s midline to activate skeletal 

muscles on the opposite side of the body, meaning that the left hemisphere of the brain 

controls the right side of the body, and the right hemisphere controls the left side of the 

body. Other regions of the cortex involved in motor function are called the secondary 

motor cortices. These regions include the premotor cortex and the supplementary motor 

area (SMA), which are collectively considered part of the premotor cortex in rodents. In 

humans and non-human primates, the supplementary motor area lies above, or medial 

to, the premotor area, and also in front of the primary motor cortex. Both the premotor 

and SMA are involved in the planning of complex movements and both send information 

to the primary motor cortex as well as to brainstem motor regions and spinal cord.  
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Neurons in M1, SMA and the premotor cortex give rise to the fibers of the 

corticospinal tract. The corticospinal tract is the only direct pathway from the cortex to the 

spinal cord and is composed of over a million fibers in humans. These fibers descend 

through the brainstem where the majority of them cross over to the opposite side of the 

body at the level of the medulla. After crossing, the fibers continue to descend through 

the spinal cord, terminating at the appropriate spinal levels. The corticospinal tract is the 

main pathway for control of voluntary movement in humans. There are other motor 

pathways which originate from subcortical groups of motor neurons (nuclei). These 

pathways control posture and balance, coarse movements of the proximal muscles, and 

coordinate head, neck and eye movements in response to visual targets. Subcortical 

pathways can modify voluntary movement through interneuron circuits in the spine and 

through projections to cortical motor regions (Pivetta et al., 2014, Arber, 2017, Arber and 

Costa, 2018). 

Movement Preparation 

Recent research has shown that a particular area of the premotor cortex in rodents 

known as the anterior lateral motor cortex is required for proper execution and planning 

of directed licking movements (Guo et al., 2014c, Li et al., 2015, Allen et al., 2017, Chen 

et al., 2017, Guo et al., 2017, Guo et al., 2018).  Additional work by the same authors has 

implicated the thalamus and more specifically the motor thalamus (encompassing the 

ventral medial and ventral lateral nuclei) as an additional piece of the circuit critical to 

generating preparatory activity that is necessary to perform a delayed licking task (Guo 

et al., 2017). This area of the thalamus is important as it is considered the primary bridge 

by which the basal ganglia can influence the cortex. The ventral medial nucleus of the 
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thalamus receives dense inhibitory input from the SNr and projects primarily to apical 

dendrites of neurons in the superficial layers of the cortex, including sensory, motor, and 

prefrontal regions (Guo et al., 2018). This is different than the ventral lateral nucleus that 

receives excitatory input from the cerebellum and projects to the cell bodies of layer 2/3 

and layer 5 neurons located primarily in the motor cortex (Kuramoto et al., 2009). 

Activity in the pre- and primary motor cortex predicts specific movements seconds 

before they occur and is often referred to as “preparatory” activity or “motor readiness” 

(Alexander and Crutcher, 1990, Cisek and Kalaska, 2005, Churchland et al., 2006b, 

Churchland et al., 2010, Kaufman et al., 2010, Kaufman et al., 2014, Li et al., 2015, 

Svoboda and Li, 2018). There is abundant evidence that voluntary movements are 

prepared before they are initiated (Day et al., 1989, Riehle and Requin, 1993). A large 

body of evidence comes from “instructed-delay tasks” where a temporal delay separates 

an instruction stimulus from a subsequent “go” cue. In addition to featuring a temporal 

delay to distinguish sensory information from the following movement, delay tasks also 

allow for the measurement of reaction times (RTs) following the “go” cue as well as the 

effects of the delay length on the RT. Previous work has shown that RT decreases and 

then plateaus as a function of the delay period length (occurring during the first 200ms) 

which suggests that some time-consuming preparation process is provided a head start 

by the forced delay (Riehle and Requin, 1989, Requin et al., 1990, Crammond and 

Kalaska, 2000). This ability to prepare movements ahead of initiation/execution is 

considered to be related to preparatory activity that is present throughout cortex and 

subcortical structures. Two areas of focus regarding preparatory neural activity are the 

premotor cortex (referred to as “M2” in the mouse) and primary motor cortex (referred to 
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as “M1”), which both show changes in activity such as ramping increases during the delay 

period (Tanji and Evarts, 1976, Godschalk et al., 1985, Wise et al., 1986, Kalaska et al., 

1997, Crammond and Kalaska, 2000). While population averages may show what 

appears to be coordinated preparatory activity, examination of single cells shows wide 

variety in the types of temporal activity structure (Churchland et al., 2006a, Li et al., 2015). 

Recent studies have begun examining preparatory activity in rodents. In a delayed 

response where rats must orient towards one of two reward ports, preparatory activity 

was measured in an area of motor cortex known as the frontal orienting fields (FOF). A 

substantial proportion of FOF neurons participate in rat choice behavior, though neurons 

selective for both movement directions are intermixed within the same hemisphere (Erlich 

et al., 2011). Additional studies have been performed in mice that are required to report 

a decision by directional licking. Using both calcium imaging and electrophysiological 

techniques, activity was recorded as the mice whisked to determine the location of a pole 

in front of the whiskers, during a 1s delay period, and finally during the response period 

signaled by an auditory tone. Preparatory activity that was selective for licking direction 

appeared earliest in the anterior lateral motor cortex (ALM) and remained localized to 

ALM until movement onset. A large proportion of neurons in L2/3 and especially L5 

showed preparatory activity, though the temporal structure was not the same among all 

cells (Li et al., 2015, Chen et al., 2017). The researchers were able to separate the neural 

preparatory patterns in to 3 types of cell responses: the first showing selective preparatory 

activity only during the sample and delay periods, the second type showing direction 

selective activity during both the delay and during movement onset, and the third showing 

direction selective activity only at movement onset. While many neurons are direction 
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selective, the ALM contains equal proportions of intermingled neurons predicting ipsi- or 

contralateral movements. However, unilateral inactivation of this cortical region during 

movement planning disrupts contralateral movements and produces and ipsiversive bias 

(Li et al., 2015). Further examinations using cell-type-specific electrophysiology, cellular 

imaging and optogenetic perturbation have shown that layer 5 neurons projecting within 

the cortex have unbiased laterality (Economo et al., 2017). Further activity with a 

contralateral population bias arises specifically in layer 5 neurons projecting to the 

brainstem, and only late during movement planning (Economo et al., 2017). While these 

results reveal the transformation of distributed preparatory activity into movement 

commands within hierarchically organized cortical circuits, the origin and maintenance of 

this preparatory activity is unknown, but both basal ganglia and cerebellar circuits have 

been hypothesized to contribute to the ramping activity in preparation to move. The origin 

of preparatory activity in the cortex remains elusive. Previous work in the primate basal 

ganglia found preparatory neural activity in nearly a third of neurons in the caudate and 

putamen as well as the globus pallidus in a delayed reaching task (Jaeger et al., 1993). 

In a recent study by Guo and colleagues, preparatory activity was found in the motor 

thalamus including both basal ganglia and cerebellar receiving areas (Guo et al., 2017). 

This preparatory activity was similar to that found in the ALM such that when the thalamus 

was inactivated it produced an ipsiversive bias. 

Movement Initiation 

Disentangling neural activity underlying movement preparation and initiation is 

difficult as the two are not mutually exclusive in many scenarios. Several studies have 

begun to parse neural circuits responsible for preparatory activity compared to initiation 
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signals finding that populations of neurons that show activity before, during, and or after 

movement initiation suggesting that preparatory and initiation activity is shared within and 

across individual neurons (Li et al., 2015, Economo et al., 2017).  The brain areas 

responsible for movement initiation have been extensively examined through recordings 

techniques that provide insights in to the neural activity around the initiation and execution 

of movements as well as electrical and optical stimulation techniques that are able to 

artificially drive movements by activating specific brain areas. Like the primary sensory 

cortex, the motor cortex is considered to be organized in a topographical fashion, with 

different areas of motor cortex responsible for initiating movements across different parts 

of the body, particularly in lateral extremities that require complex coordination (as 

opposed to axial muscle systems that do not receive as much innervation from the 

pyramidal system). However, there is considerable debate on the localization of different 

muscles or movements within motor cortex. Recent micro-stimulation experiments in 

monkeys have found that instead of specific muscle innervation (simple movements) 

being triggered by localized micro-stimulation, stimulating different areas of motor cortex 

triggered different types of complex behavior (Graziano et al., 2002). Additionally, the 

distance between stimulation sites corresponded to the similarity of the triggered 

behaviors, suggesting that instead of specific areas of motor cortex innervating specific 

muscles, motor cortex is instead controlling the initiation of complex motor programs or 

behaviors.  

Though several hypotheses emerged early on proposing models for how neural 

activity in the motor cortices leads to movement initiation after decades of extensive 

research, the fundamental model of cortical function remains elusive. There exist 
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numerous models for neural control of movement initiation, several of which will be 

highlighted here. One of the popular model classes has existed since the 1970s and is 

known as the class of “accumulator” models (Thura and Cisek, 2016). In accumulator 

models, a movement is triggered when a signal that represents the decision process 

grows over time to reach a threshold level. From this larger group, two alternative models 

elaborate on the basic concept of the accumulator model: a variable rate model, where 

the reaction time depends on the rate of increase of activity before reaching the threshold; 

and a variable threshold model, where the reaction time depends on a changing threshold 

value that must be reached to initiate movement (Hanes and Schall, 1996). 

 In the context of licking or orofacial behavior in mice, a number of cortical areas 

have been implicated in the control of movement initiation. Guo and colleagues used a 

photoinhibition technique (silencing small cortical areas by optically stimulating inhibitory 

interneurons expressing ChR2) (Guo et al., 2014c). They found a relatively large region 

of pre-motor cortex extending from 1.5-3mm anterior and 0.5-1.5mm lateral of bregma, 

that when silenced using photoinhibition prevented voluntary licking to the contralateral 

direction. In another recent study, researchers used micro-stimulation and found a similar 

territory of pre-motor and primary motor cortex (though quite variable between individual 

mice) that triggered orofacial and specifically tongue movements (Komiyama et al., 2010). 

Movement Suppression 

While it is typically considered that the cortex acts to initiate movements, firing 

rates in cortex do not only increase around movement preparation and initiation events, 

but can also exhibit decreased activity during movement (Ebbesen et al., 2017). This 

suggests that motor cortex may play a more complicated role in motor control by also 
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actively coordinating movement suppression. In addition, the tonic, powerful inhibitory 

nature of the basal ganglia output to ascending and descending motor systems has 

provided support for the notion that the basal ganglia act as a “gate” on movements: 

constantly inhibiting motor activity and only allowing movements to occur with pauses in 

the output activity (Hikosaka, 2007). 

1.2.3 Control of Voluntary Licking Behavior 

In the context of this thesis, it is important to take a critical look at the motor 

systems involved in directed licking behavior. Goal directed licking movements are 

controlled via a motor cortical circuit where pyramidal tract neurons from layer 5B of ALM 

project to the contralateral intermediate nucleus of the reticular formation, which then 

projects to the hypoglossal nucleus. The hypoglossal nucleus then controls both the 

intrinsic and extrinsic muscles of the tongue (Travers and Jackson, 1992, Travers et al., 

1997). The layer 5B pyramidal tract neurons in ALM show directional selectivity relating 

to the direction of licking movements and silencing the ALM prevents contralateral licking 

behavior. Additionally, optical stimulation of these neurons biases mice to lick to the 

contralateral direction, regardless of the rewarded spout direction (Li et al., 2015). 
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Figure 1.3. Neural circuits for preparation and initiation of directed licking in mice  
The circuits underlying the preparation and execution of directed (left/right) licking 

behavior has been extensively studied in the mouse. The anterior lateral motor (ALM) 

cortex is thought to be a primary center where both preparatory and initiation signals 

emerge. The ALM then projects to many cortical targets such as the superior colliculus 

(SC), the striatum (Str), the motor thalamus, and finally the intermediate nucleus of the 

brainstem reticular formation (iRt). The iRt is one of the final output nuclei as it then 

projects to the hypoglossal nucleus that directly innervates the intrinsic and extrinsic 

muscles of the tongue. There are indirect pathways as well to the iRt such as those from 

the basal ganglia output nucleus (substantia nigra pars reticulata – SNr) as well as the 

SC. The recurrent projections between the motor thalamus and the ALM are thought to 

maintain neural activity amongst each other in preparation for a future movement. The 

basal ganglia are well situated to influence this thalamo-cortical preparatory activity via 

the output from the SNr to the motor thalamus.   

Basal Ganglia-Thalamocortical Circuits and Directed Licking 

While the motor cortical pathway to initiate voluntary licking has been established, 

the role of the basal ganglia and basal ganglia-receiving thalamus is less clear. There is 

however, recent evidence suggesting basal ganglia-thalamocortical circuits are especially 
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suited to shape directed licking behavior. In Guo et al., 2017, the motor thalamus was 

demonstrated to control directed licking behavior through maintenance of recurrent 

interactions with ALM (Guo et al., 2017). Optically inhibiting the motor thalamus (including 

both basal ganglia and cerebellar receiving regions) disrupts neural preparatory activity 

in the ALM and impairs licking performance on trials contralateral to the side of thalamic 

inhibition. Additionally, they found that inhibiting ALM activity disrupted similarly observed 

preparatory activity in the motor thalamus demonstrating the mutual reliance exhibited by 

the ALM and thalamus in planning and executing licking movements.  

Another study has also implicated the SNr pathway to the superior colliculus on 

the internal generation of licking behavior. The superior colliculus also receives input from 

ALM and inactivation of this nucleus impairs licking behavior in both rats and mice 

(Redgrave et al., 1980, Taha et al., 1982, Rossi et al., 2016, Toda et al., 2017, Svoboda 

and Li, 2018). Activating the inhibitory SNr projections to the SC by stimulating the 

GABAergic SNr terminals expressing ChR2 at the level of the SC bilaterally disrupts 

licking behavior, but does not entirely suppress licking (Rossi et al., 2016). Instead, the 

pattern of licking is primarily disrupted and the ability of the mouse to time the interval of 

rewards is impaired (Toda et al., 2017). While the context of this type of licking behavior 

is different from sensory-guided licking responses, these experiments place the SC and 

especially SNr projections to the SC within the complex brain network orchestrating 

licking motor behaviors.  
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1.3 Thesis Organization 

While the cortical input circuits to the basal ganglia have been extensively studied, 

little is known about how output from the basal ganglia influences neural activity and 

animal behavior. In this thesis, I use a combination of genetically targeted optical and 

electrophysiological techniques in the mouse model system to examine how the basal 

ganglia and downstream thalamo-cortical regions influence sensory-guided licking 

behavior. In Chapter 2, I use optogenetic manipulations of basal ganglia output activity to 

examine how output from the basal ganglia broadly and specifically to the motor thalamus 

influences performance in a directed licking behavioral paradigm previously shown to 

require both the cortex and motor thalamus. In order to comprehensively record from 

these areas of cortex, we utilized wide-field cortical imaging, using a large macro-scope 

to measure changes in tissue fluorescence that represents fluctuations in voltage. In 

Chapter 3, I characterize the voltage activity across cortex underlying behavior states and 

arousal (i.e. changes in pupil diameter) in awake mice. In Chapter 4, I further utilize wide-

field imaging to examine cortical activity related to movement preparation, suppression, 

and initiation in mice performing the same directed licking paradigm used in Chapter 2. 

In Chapter 5 I discuss the implications of these studies and outline future experiments to 

address limitations of current approaches and remaining gaps in knowledge.  

  



 

 

27 

Chapter 2: Unilateral optogenetic inhibition and excitation of basal 

ganglia output show opposing effects on directional lick choices and 

movement initiation in mice 

*This paper was initially submitted for review to J. Neuroscience on Aug. 15, 2018 with 

co-authors Morrissette AE, Chen PC, Bhamani C, Borden PY, Waiblinger C, Stanley S, 

Jaeger D. I designed and conducted experiments, analyzed results, and wrote the 

manuscript. 

2.1 Abstract 

Models of basal ganglia function predict that tonic inhibitory output to motor 

thalamus suppresses unwanted movements, and that a decrease in such activity leads 

to action selection. A direct test of these outcomes of thalamic inhibition has not been 

performed, however. To conduct such a direct test, we utilized rapid optogenetic 

activation and inactivation of the GABAergic output of the substantia nigra pars reticulata 

(SNr) to motor thalamus in mice that were trained in a sensory cued left/right licking task. 

Directional licking tasks have previously been shown to depend on a thalamocortical 

feedback loop between ventromedial motor thalamus and antero-lateral premotor cortex 

(Li et al., 2015, Guo et al., 2017). In confirmation of model predictions, we found that 1s 

of unilateral optogenetic inhibition of GABAergic output from the SNr biased decision 

making towards the contralateral lick spout with ipsilaterally cued trials while leaving 

motor performance intact. In contrast, 1s of optogenetic excitation of SNr terminals in 

motor thalamus resulted in an opposite bias towards the ipsilateral direction confirming a 

bidirectional effect of tonic nigral output on directional decision making. In a second 
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variant of the task we disallowed anticipatory licking and found that successful 

suppression of anticipatory licking was also impacted by our optogenetic manipulations 

in agreement with the suppressive effect of tonic nigral output. Nevertheless, direct 

unilateral excitation of SNr cell bodies resulted in bilateral movement suppression, 

suggesting that pathways projecting bilaterally from the SNr to superior colliculus may 

also play an important role in the control of licking behavior.  
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2.2 Significance Statement 

This study provides the first evidence that basal ganglia output to motor thalamus 

can control decision making in left/right licking choices and suppress anticipatory 

movement initiation.  Unilateral optogenetic inhibition or excitation of basal ganglia output 

via the substantia nigra resulted in opposite changes of directional lick choices and could 

override the sensory information on lick direction provided by a whisker stimulus. These 

results suggest that basal ganglia output gates activity in a thalamo-cortical feedback loop 

previously shown to underlie the control of forced choice directional licking behavior. The 

results substantiate models stating that tonic inhibition of motor thalamus from the basal 

ganglia directs action selection and suppresses unwanted movements. 
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2.3 Introduction 

 The basal ganglia (BG) are thought to influence the control of movement by 

inhibiting and facilitating selected motor programs to accomplish and reinforce goal-

directed behavior (Albin et al., 1989, DeLong, 1990). Our long-standing understanding of 

the BG’s role in the control of movement suggests that the output nuclei of the BG provide 

tonic inhibition over motor areas of the thalamus and brainstem to suppress unwanted 

movements; pauses in the inhibitory output would therefore facilitate movement initiation 

(Deniau and Chevalier, 1985, Mink, 1996, Hikosaka, 2007). In support of this general 

basal ganglia functional model, optogenetic activation of the basal ganglia direct pathway 

has been found to be pro-kinetic, leading to a reduction in the inhibition of the SNr (Freeze 

et al., 2013), the primary basal ganglia output nucleus in the rodent, and disinhibition of 

downstream targets (Oldenburg and Sabatini, 2015). Additionally, pauses in SNr activity 

preceded initiation of orienting movements in rats performing an auditory-cued Go-Stop 

task (Schmidt et al., 2013). It remains unclear, however, how cortical planning activity and 

motor initiation is affected by output from the basal ganglia. 

Recent studies have shown that in mice directional (left vs. right) licking in delayed 

choice tasks is initiated from an anterolateral premotor area named ALM (Guo et al., 

2014a, Li et al., 2015, Chen et al., 2017). ALM expresses ramping activity in a feedback 

loop with the ventromedial thalamus (VM) during preparation of directional licking, and 

inhibition of either area reduces task performance to chance (Guo et al., 2017). The VM 

thalamus is a major part of the motor thalamus receiving strong input from the basal 

ganglia (BGMT, which also includes a portion of the anterior VA/VL nuclei) (Kuramoto et 

al., 2011). The basal ganglia are thus well positioned to control this corticothalamic 
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feedback loop through their strong inhibitory projection to motor thalamus from the 

substantia nigra reticulata (SNr) and the globus pallidus internus (GPi). Directional licking 

behavior as planned and initiated by ALM presents therefore an ideal model system to 

study how the basal ganglia exert motor effects in cortically initiated movements in 

rodents. To address this question, we trained mice to perform a licking task where they 

must lick a left or right positioned lick spout following a left or right air puff, respectively. 

In order to further parse the contributions of BG output on cognitive control of movement 

preparation and suppression, we trained the same mice to perform two variations of this 

task: first allowing mice to lick before the response window and anticipate the reward 

delivery (‘anticipatory’ task variant) and later a variant that required mice to actively 

withhold licking until the onset of the response window (‘withholding’ task variant). By 

training the mice to perform these task variants one after another, we were able to parse 

the basal ganglia contributions to initiating or suppressing anticipatory movements and 

the control of rewarded choice preparation and initiation. Using optogenetic methods to 

inhibit SNr neurons unilaterally, we found that silencing the inhibitory output of the basal 

ganglia triggered licking contralateral to the side of inhibition, irrespective of the rewarded 

licking direction. In contrast, exciting SNr projections to the motor thalamus and inhibiting 

thalamic activity suppressed contralateral licking and biased licking towards ipsilateral 

direction. These results suggest that the basal ganglia output via SNr to the motor 

thalamus exerts powerful unilateral control over movement preparation and initiation in 

the context of sensory guided motor behavior.   
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2.4 Methods 

Animals: 

For optogenetic stimulation and electrophysiological experiments, male and female Vgat-

IRES-Cre mice (Slc32a1) aged 6-12 months at the start of experiments were used. Mice 

were maintained on a 12h:12h reverse light cycle and all experiments and behavioral 

training was performed during the dark portion of the cycle. Mice undergoing behavioral 

training were provided ad libitum food access and were kept on 1-1.5 ml/day water 

restriction 6 days a week starting at least 3 days prior and for the duration of handling, 

training, and experimental testing. On day 7 of each week, mice were given free access 

to water. During behavioral training and testing, mice were given 10% sucrose solution 

with 0.1% grape Kool-Aid powder. Liquid consumption was measured during testing and 

mice were supplemented with water to reach the 1-1.5 ml/day volume. All experimental 

procedures were approved by the Emory University Institutional Animal Care and Use 

Committee. 

Surgery: 

Viral Vector Injection and Fiber Placement. For optogenetic AAV vector injection, mice 

were anesthetized with isoflurane (induction at 3-4%, maintained at 1-2%) and head-fixed 

on a stereotaxic frame (Kopf). Craniotomies were made unilaterally above the SNr. For 

somatic SNr inhibition, 200nL of AAV5-EF1a-DIO-eARCH3.0-eYFP (ARCH; n = 5, 3 

male) or for excitation, 200nL of AAV5-EF1a-DIO-hChR2(E123T/T159C-EYFP 

(ChR2(ET/TC) or ChR2; n = 4, 2 male) was injected with a nano-injector (Nanoject II, 

Drummond Scientific) at the rate of 0.46nl/s into the SNr targeting the coordinates (in mm 

from Bregma): AP -3.2, ML 1.6, DV -4.2). For somatic SNr excitation and SNr-BGMT 
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terminal excitation 200µm, 0.22NA optic fibers (Thor Labs) each with a 1.25mm steel 

ferrule were then implanted targeting the SNr and the ventromedial thalamus (AP -1.5, 

ML 0.9, DV -4.0). Following surgical implantation, mice were kept in single housed cages. 

All optogenetic manipulations were performed unilaterally on the right side of the animal, 

and hence ‘ipsilateral’ (IPSI) in this paper always refers to the right and ‘contralateral’ 

(CONTRA) refers to the left side of the body. 

 

Acute Electrode/Optrode Recordings:  

To record and/or optogenetically manipulate neural populations in the right SNr or 

downstream projection targets, a craniotomy was made above the site targeting these 

areas and the dura was kept intact. A 4mm diameter and 1mm tall plastic tube was glued 

in place above the craniotomy and the area was filled with a removable elastomer (Kwik-

Cast, World Precision Instruments) to allow for access to the tissue for future 

experiments. 

 

Behavior: 

Prior to behavioral training, a custom stainless-steel head-post was attached posterior to 

lambda by placing a thin layer of cyanoacrylate adhesive on the skull, followed by a thin 

layer of dental acrylic (Metabond; C&B Associates). Following recovery, mice were head-

fixed and placed within the behavioral training setup consisting of two 2mm diameter lick 

spouts placed 5mm apart and two 2mm diameter air-puff tubes that were directed at the 

C row of whiskers. The lick spouts were connected to a custom capacitive lick sensor 

circuit that recorded time and duration of licks at 200 Hz. Air-puff intensities were 
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calibrated such that whisker deflection was apparent under high-speed video monitoring 

without signs of freezing or startle behavior from the mouse. 

 

Behavioral Task: 

Animal training protocols and behavioral paradigm are adapted from previously reported 

procedures (Guo et al., 2014b). The behavioral paradigm is illustrated in Figure 1A. Left 

and right air-puff/lick trials were selected pseudo-randomly such that the probability of a 

right/left trial was adjusted based on the ratio of left/right rewarded trials (e.g. for the trial 

history of the current session consisting of 8 correct right trials and 4 correct left trials, the 

probability that the next trial would be left was set to right rewards/total rewards = 66%). 

Each trial was made up of 3 discrete intervals: a “pre-stimulus” period, a “sensory” period 

where mice received either a left or right air-puff for 1-1.5 s, followed by a 5 s “response” 

period where the mice lick the left or right spout to indicate which spout they believe will 

be rewarded and then consume the reward if the correct choice was made. Trials were 

separated by a variable inter-trial period. During the sensory period, mild non-aversive 

air-puff stimuli were directed through 2mm-diameter steel tubes towards the whiskers. 

The tubes were angled at 15 degrees away from the mouse center to isolate air-puff 

stimuli to the whiskers, avoiding the face of the mouse. The stimuli lasted for 1-1.5 s 

during training, though for optogenetic experiments during the withholding task, the 

sample period was held constant at 1 s. 

Training for the behavioral task began after a minimum of 10 days following surgery and 

5 days following the start of water restriction. Mice were handled during initial days of 

water restriction to acclimate with handling. On the first day of head-fixation and training, 
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mice were secured in the holder and placed in the behavioral setup with the two lick 

spouts positioned and centered in front of the mouth of the mouse. During the first day of 

training, mice could lick both the left or right spout and would receive a sucrose reward 

following licks at a minimum interval of 10 s. This was primarily used to acclimate the 

mouse with head-fixation and the positions of the lick spouts. The positions of the spouts 

were manually adjusted relative to the center of the mouth to promote equal licking of 

both lick spouts. During subsequent days of training, mice were transitioned to a task 

where the air-puffs signifying the rewarded spout were active, though the reward was 

automatically triggered (“Auto-Reward”). This typically lasted 1 day of training (~4 50 trial 

blocks) until the mice became acclimated to the puffs and would display anticipatory 

licking towards the correct lick spout before the reward was triggered, demonstrating that 

the mice had built the association between air-puff location and rewarded lick spout. In 

the next step of training, typically occurring on days 2-3, mice received the air-puffs and 

were then allowed to lick freely towards both spouts in the Response period and were 

only rewarded on licks to the correct spout (“Free-Lick”). Mice during this time learned to 

make the correct perceptive decision (signified by licking the rewarded spout exclusively 

during trials). Mice were then introduced to the ‘anticipatory’ variant of the task (Fig 2.1C). 

This variant of the task now penalized incorrect decision licks during the reward period by 

transitioning straight into a lengthened inter-trial delay period (6-10 s vs. 2-4 s for passed 

trials). To minimize licking outside of the response interval of the trials, each trial began 

with a pre-stimulus period where the mouse was required to withhold licking for at least 

2-3 s before air-puff onset. Licking during the last second of this period led to a trial fail 

and mice were placed back in the inter-trial period awaiting the start of the next trial. 
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Training mice to perform the anticipatory task occurred over 2-5 days. Finally, mice were 

trained on the second variant of the task that required the mice to withhold licking 

(‘withholding’ variant) during the air-puff stimulus period until the offset of the air-puff (Fig 

2.1D). To train mice to begin withholding licks during the air-puff stimulus period, any lick 

activity during the air-puff triggered an “early lick” fail and was penalized with an extended 

inter-trial period. At the beginning, the air-puff was shortened to 0.5 s and gradually 

increased in steps of 0.25 s until the mice were able to withhold licking and achieve 60% 

performance with a variable sample period duration between 1-1.5 s. This training 

typically took an additional 1-2 weeks. Of the 12 mice that were trained in the anticipatory 

variant of the task, 8 mice were able to subsequently learn the withholding variant. 

 

 
Figure 2.1  Mice learn to perform anticipatory and withholding variants of a forced 
choice licking task.  
A. Illustration of the forced choice licking task. Each trial begins with a pre-trial period 

lasting 2-3 s where the mouse cannot lick either spout. During the sample period, an air-
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puff is directed at either the left or right whiskers and remains on for 1-1.5 s. The response 

period begins after the offset of the air-puff and the first lick during this period is counted 

as the decision lick. If the decision lick is correct (towards the left spout for left air-puff or 

right lick spout for right air-puff) the mouse is provided a liquid reward from the correct 

spout. If the mouse does not provide a lick for the duration of the response period (2-5 s) 

or licks the incorrect spout no reward is provided. B. Mice were trained in two subsequent 

variations of the licking task. First, they are trained in the anticipatory variation where they 

are allowed to lick towards either spout during the air-puff in anticipation of the response 

period and potential reward delivery. After they have learned this task, the same mice are 

further trained in the withholding variation of the task where the must suppress licking 

during the duration of the air-puff. C. Average lick frequency traces for correct trials from 

mice performing the anticipatory variant of the task (N = 12 mice). Left. For left trials (n = 

1151 trials), Mice begin to show anticipatory licking (middle blue) after the onset of the 

air-puff and the first lick after the offset of the air-puff is counted as the decision lick (light 

blue). The retrieval licks (dark blue) are the licks corresponding to the mouse retrieving 

the sucrose reward after a correct decision lick. Right. Same format as left trials, but 

instead showing right trials (n = 1098). Anticipatory, decision, and retrieval licks are 

depicted as middle red, light red, and dark red, respectively. D. Average lick frequency 

traces for correct trials from mice performing the withholding variant of the task (N = 8 

mice). Left. For left trials (n = 397 trials), mice successfully withhold licking activity during 

the air-puff and once again the first lick after the offset of the air-puff is counted as the 

decision lick (light blue). The retrieval licks (dark blue) are the licks corresponding to the 

mouse retrieving the sucrose reward after a correct decision lick. Right. Same as for left, 

but now for right lick trials (n = 403 trials).  

 

Optogenetic stimulation: 

Before and after each session the output intensity of the light source (either LED or laser) 

was determined using an optical power meter and sensor (PM100D and S121C, 

ThorLabs). For SNr inhibition experiments, we used a 593nm yellow laser (Shanghai 
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Dream Lasers) collimated and coupled to a 200micron, 0.22 NA patch cable (Doric 

Lenses) leading to 8-12mW output from the fiber tip. For somatic SNr excitation we used 

a 470nm LED (Doric Lenses) coupled to the same patch cable with output power between 

1-3mW from fiber tip. Finally, for SNr-BGMT terminal excitation, we used a 470nm blue 

laser (Shanghai Dream Lasers) with the same patch cables with output power between 

8-12mW from the fiber tip. Trials with optogenetic stimulation were randomly intermixed 

with control trials for a total proportion between 25-50% of trials with light exposure. The 

optical stimulation trials were also all executed with a fixed 1 s air-puff duration in order 

to avoid inconsistent relations between stimulation and the timing of anticipatory licking. 

 

Electrophysiology: 

During surgical preparation, a craniotomy was made over the future right SNr/BGMT 

recording sites (-4 to 1mm AP, 0.5 to 2.5mm ML) and covered with Kwik-cast (WPI Inc.). 

The dura was left intact. A stainless-steel reference skull screw (#19010-10, Fine Science 

Tools) was placed over the contralateral sensory cortex. A 0.01” diameter steel wire was 

soldered between the screw and a gold pin to connect to the acquisition system during 

recording. The mice were allowed at least 3 days to recover. Following recovery, mice 

were acclimated to being head-fixed and recording sessions began (one session per day, 

2 hours per session). Within the first session of head-fixation, mice showed no overt signs 

of stress and appeared relaxed. During recording, mice were maintained on a randomized 

interval reward paradigm where mice were provided with a sucrose reward via right or left 

lick spout every 30-60 s to encourage quiet wakefulness during the session. At the start 

of the session, the Kwik-cast cover over the craniotomy was removed. Custom optrodes 
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consisting of a 50-100 micron optic fiber (ThorLabs) attached 200-300 microns above a 

micro-electrode (FHC) were lowered into the SNr or BGMT. Raw signals (0.1–10 kHz 

band-pass filtered) were acquired at 20 kHz, amplified and digitized (RHD2132 

headstage, Intan Technologies) and saved (RHD2000 Evaluation System/Interface 

Software, Intan Technologies). Once unit activity was detected in the SNr or BGMT, 

optical stimulation with either a yellow (593 nm) or blue (473 nm) laser was delivered for 

1 or 2 s continuous pulses every 10 s to stimulate ARCH3 or ChR2 expressing neurons, 

respectively. For some recordings, the optic fiber was placed in the SNr with a separate 

electrode lowered in to the BGMT for recording activity downstream of the site of 

optogenetic stimulation. After each session, the craniotomy was covered with Kwik-cast 

and following the final recording session, the mouse was perfused with PBS followed by 

perfusion with 4% paraformaldehyde and 15% sucrose. The brain was then removed and 

transferred to a 4% paraformaldehyde/30% sucrose solution for later histological 

processing. 

 

Data Analysis: 

Analysis of behavioral and electrophysiological data was performed in MATLAB 

(MathWorks). Only behavioral sessions where baseline performance was above 60% 

were included in analysis. Behavioral trials in which the mouse licked <1 s before the start 

of the trial (onset of the air-puff) were caught and sent to inter-trial delay. These trials 

were rare (<2% in trained mice and excluded from analysis). Lick data was pre-processed 

to remove “artifact licks” (spout contacts shorter than 10 ms and contacts lasting longer 

than 200 ms typically caused by electrical noise and paw touches, respectively). Trials 
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where the decision lick (first lick during the response period) was classified as an artifact 

lick were removed from subsequent analyses. To calculate average lick frequencies for 

the various behavioral and experimental conditions, the onsets of lick contacts were 

marked and lick contacts across each trial were summed in 50 ms bins and divided by 

the length of the bin duration. Significance of the performance change in each optogenetic 

stimulation condition was determined using bootstrapping to account for variability across 

mice, sessions, and trials. We tested against the null hypothesis that the performance 

change caused by optogenetic stimulation was due to normal behavioral variability. In 

each round of bootstrapping, we replaced the original data set with a re-sampled set in 

which we resampled with replacement from: 1) animals; 2) sessions performed by each 

animal; and 3) the trials within each session. We then computed the change in 

performance on the re-sampled data set. Repeating this procedure 10,000 times 

produced a distribution of performance changes that reflected the behavioral variability. 

The P value observed performance change was calculated as the fraction of times 

bootstrapping produced an inconsistent performance change (for example, if a 

performance decrease was observed during optogenetic stimulation, the P value is the 

fraction of times a performance increase was observed during bootstrapping, one-tailed 

test). Error bars represent the +/- SEM generated from bootstrapping unless noted 

otherwise.  
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2.5 Results 

Mice learn to perform ‘anticipatory’ and ‘withholding’ variants of a forced choice 

licking task. 

In order to understand how the basal ganglia output influences directed licking 

behavior, we employed a forced choice behavioral task. In order to further parse the 

contributions of BG output on cognitive control of movement preparation and suppression, 

we trained the same groups of mice to perform two variations of this task: first, allowing 

mice to lick before the response window and anticipate the reward delivery, and second, 

a new variant that required mice to actively withhold licking until the onset of the response 

period (Fig 2.1B). By training the same mice to perform these task variations in sequence, 

we were able to parse the basal ganglia contributions to anticipation and initiation of 

licking movements (anticipatory task) as well as the control of movement preparation and 

suppression (withholding task). 

Unilateral inactivation of the SNr biases towards contralateral licking behavior. 

We began assessing the role of basal ganglia output in the anticipatory variant of 

the forced choice licking task using fast, reversible optogenetic inactivation of the SNr 

through nigral ARCH3 activation (Fig 2.2A). Cre-dependent ARCH3 was injected to the 

SNr of VGAT-cre mice that express cre in GABAergic populations. Extent of expression 

was well localized to the SNr with axon terminals extending towards known projection 

targets of the SNr such as the substantia nigra compacta, brainstem and thalamus (typical 

example shown in Fig 2.2A, right). In awake mice at rest, yellow (593nm) light stimulation 

of SNr neurons expressing ARCH3 abolished nearly all firing activity for the duration of 
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the stimulation (mean firing rates 17.2Hz baseline vs. 2.61Hz with ARCH inhibition, n = 

10 single units, Fig 2.2BC). Following the offset of the optogenetic stimulation, the firing 

rate quickly returned to baseline levels. In behaving mice, we optogenetically manipulated 

the SNr unilaterally in the right hemisphere (Fig 2.2D). To examine the role of the SNr in 

anticipatory licking activity, the SNr was inhibited from 0.5 s before the offset of the air-

puff until 0.5 s into the response period of the ‘anticipatory’ variant of the task. Inhibiting 

the right SNr during this period biased licking activity towards the contralateral direction 

(Fig 2.2E,H). A striking increase in ipsilateral air-puff trials with contralateral decision licks 

was observed and the overall success rate of ipsilateral trials was decreased (Fig 2.2H). 

Additionally, the decrease in successful trial performance with ipsilateral air-puffs was due 

to an increase in no-response trials (Fig 2.2H, P<0.001). In contrast, contralateral air-puff 

trials showed an increase in successes associated with a decrease in mistaken decision 

licks to the ipsilateral direction (5 mice, 36 sessions, P<0.001 (left), P<0.001 (right), 

bootstrap, Fig 2.2H). Importantly, successful trials showed the same amount and timing 

of anticipatory licking and the same consummatory lick rate in trials with air-puffs on either 

side with or without SNr inhibition (Fig 2.2F). This suggests that the lateralization of 

decision making towards the spout contralateral to SNr inhibition was not due to a slowing 

of movement, but rather a categorical change in the decision process. In control mice 

expressing injected with an EYFP virus without ARCH3, light stimulation had no effect on 

licking behavior or task performance (2 mice, 11 sessions, data not shown). 
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Figure 2.2  Unilateral inactivation of the SNr biases towards contralateral licking 
behavior  
A. Diagram of optogenetic vector injection and optic fiber targeting. Cre-dependent AAV2-

DIO-ARCH3-EYFP was injected in the right SNr of VGAT-cre transgenic mice and optic 

fiber attached to a microelectrode was lowered into SNr. Example of ARCH3-EYFP 

(yellow) expression in SNr (right). B. Example single-unit recording of an SNr neuron 

expressing ARCH3. 593nm laser stimulation silences firing activity for the duration of the 

light pulse and firing quickly resumes following the offset of the light stimulation. C. 10 

stimulation trials aligned to the onset of stimulation that show the consistency of ARCH3 

inhibition of SNr activity. D. Illustration showing mouse orientation with respect to 

ipsilateral (red) and contralateral (blue) lick spouts positioned in front of the mouse and 

optogenetic illumination through fiber implanted over the SNr. E. Example behavioral 

session showing licking activity for ipsilateral and contralateral optogenetic and baseline 

trials. Trials are arranged by optogenetic stimulation condition (stim trials top, baseline 

below) and length of air-puff presentation. Blue and red horizontal lines depict the 

presentation of the air-puff during the sample period and yellow lines are the periods of 

optogenetic SNr inhibition. In this example, optogenetic inhibition of right SNr disrupts 
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right (ipsilateral) licking behavior such that the mouse is biased towards licking the 

contralateral spout. F. Average lick frequency traces for correct trials with (colored lines) 

and without (gray lines) optogenetic SNr inhibition. For contralateral trials (n = 300 opto, 

247 baseline, left) and ipsilateral trials (n = 185 opto, 301 baseline, right) mice show 

anticipatory licking activity towards the correct spout that increases until the start of the 

response period. Anticipatory licks are depicted by the middle colored line, followed by 

decision licks (light color) and retrieval licks (dark colored line). G. Behavioral effects of 

unilateral SNr optogenetic inhibition in the anticipatory task. H. Changes in performance 

between contralateral (blue) and ipsilateral (red), off (light) and on (dark) stimulation. Bar 

height represents mean across all sessions (n = 35 sessions), with shapes representing 

the mean for each mouse (5 mice). Error bars represent SEM (bootstrap, 10000 

iterations) and p values based on bootstrap (see methods, ***p<0.001, **p<0.01, 

*p<0.05). Left. B Compared to interleaved baseline trials (light blue/red columns), licking 

performance during unilateral SNr inhibition (dark blue/red columns) produced a 

significant increase in the percent of contralateral trials correct (p<0.001) and significant 

decrease in the percent of ipsilateral trials correct (35 sessions, 5 mice). Middle. 
Optogenetic inhibition of the SNr caused a significant increase (P<0.001) in the percent 

of ipsilateral wrong direction fail trials (incorrectly lick contralateral spout during ipsilateral 

trials). Right. For contralateral lick trials, SNr inhibition significantly reduced the number 

of no response trials (P<0.001). 

 
Unilateral inhibition of the SNr increases anticipatory licks and decreases reaction 

time towards the contralateral direction. 

To test the hypothesis that SNr optogenetic inhibition interferes with the ability to 

withhold unwanted anticipatory movements, we activated ARCH during the 2nd half of the 

air-puff stimulus in the same mice after further training them to perform the ‘withholding’ 

variant of the task. A subset (3 of 5) of the mice were able to learn this variant of the task. 

After achieving 60% performance, we again tested the effect of optogenetic manipulation 

starting 0.5 s before the offset of the 1 s air-puff. This manipulation again lateralized the 
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execution of trials, but with additional features compared to the ‘anticipatory’ task (Fig 

2.3). Ipsilateral air-puff trials again resulted in a significantly increased proportion of wrong 

direction decision licks (Fig 2.3E, P<0.01, bootstrap). Nevertheless, overall correct 

performance in the withholding version of the task was slightly increased in ipsilateral air-

puff trials with optogenetic SNr inhibition (3 mice, 17 sessions, P=0.041, bootstrap), 

opposite of the observed change in the anticipatory task. By further examining the 

breakdown of failure types (Fig 2.3E), we found a reduction of failures due to early licking 

(P<0.001, bootstrap), indicating a higher success rate of suppressing anticipatory licking 

in the ‘withholding’ task when SNr was inhibited. In contrast, contralateral air-puff trials 

were associated with a significant increase in such early licks (P<0.01, bootstrap). This 

supports the hypothesis that inhibiting SNr output did not only have direct consequences 

for on the decision of lick direction, but also impaired the ability to withhold licks towards 

the direction contralateral to optogenetic stimulation and facilitated withholding to the 

ipsilateral direction. The average lick frequency traces from correct trials (Fig 2.3C) with 

optogenetic stimulation were again similar to control trials, suggesting that the licking 

process when initiated was not itself disrupted. However, success trials did show a shorter 

reaction time for contralateral licks and a longer reaction time for ipsilateral licks 

compared to baseline trials (Fig 2.3FG, P<0.01 (left), P<0.01 (right), bootstrap). This 

suggests that when the mice were able to withhold licking during the optogenetic 

stimulation, suppressing basal ganglia output biases preparation of movement or motor 

readiness, such that the mouse was able to respond more quickly to the contralateral 

spout and more slowly towards the ipsilateral direction. Control mice expressing EYFP in 
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the SNr but no ARCH (n = 2 mice, data not shown), showed no significant changes in trial 

outcomes between baseline and optogenetic stimulation trials. 

 
Figure 2.3  Unilateral inhibition of the SNr increases anticipatory licks and 
decreases reaction time towards the contralateral direction 
A. Illustration showing mouse orientation with respect to ipsilateral (red) and contralateral 

(blue) lick spouts positioned in front of the mouse and optogenetic illumination through 

fiber implanted over the SNr. B. Example behavioral session showing trial-by-trial licking 

activity (early lick trials excluded) for ipsilateral and contralateral optogenetic and baseline 

trials. Trials are arranged by optogenetic stimulation condition (stim trials top, baseline 

below). Blue and red horizontal lines depict the presentation of the air-puff during the 

sample period and yellow lines are the periods of optogenetic SNr inhibition. In this 

example, optogenetic inhibition of SNr shifts lick onset for contralateral trials closer to the 

start of the response window appears to slightly delay ipsilateral licking behavior. C. 
Average lick frequency traces for correct trials with (colored lines) and without (gray lines) 

unilateral optogenetic SNr inhibition. For contralateral trials (n = 71 opto, 140 baseline, 

left) and ipsilateral trials (n = 89 opto, 127 baseline, right) mice show faster decision 
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licking activity on contralateral trials compared baseline lick decisions. Decision lick 

activity is depicted by the light shaded lines and retrieval licks by the dark shaded lines. 

D. Behavioral effects of unilateral SNr optogenetic inhibition in the withholding task. E. 
Changes in performance between contralateral (blue) and ipsilateral (red), off (light) and 

on (dark) stimulation. Bar height represents mean across all sessions (n = 16 sessions), 

with shapes representing the mean for each mouse (3 mice). Error bars represent SEM 

(bootstrap, 10000 iterations) and p values based on bootstrap (see methods, **p<0.01, 

*p<0.05). Left. Compared to baseline trials (light blue/red columns), licking performance 

during SNr inhibition (dark blue/red columns) produced a marginally significant increase 

in the percent of ipsilateral trials correct (p=0.0418, 16 sessions, 3 mice). Middle Left. 
Optogenetic inhibition of the SNr caused a significant increase in the percent of 

contralateral early lick fail trials (P=0.016) and a significant decrease in the percent of 

ipsilateral early lick trials (P<0.01). Middle Right. Optogenetic inhibition of the SNr 

increased the percentage of wrong direction ipsilateral trials (P<0.01). Right. SNr 

inhibition produced a slight trend and a marginally significant decrease percentage of no 

response trials for contralateral (P=0.23) and ipsilateral (P=0.048) trials, respectively. H. 
Mean reaction times for contralateral and ipsilateral trials with and without optogenetic 

SNr inhibition. Reaction times for contralateral trials were significantly decreased 

(P<0.01) and for ipsilateral trials were significantly increased (0.01) during SNr inhibition 

trials. I. Cumulative distribution plots showing the changes in the distribution of reaction 

times for contralateral (left) and ipsilateral (right) lick trials. Optogenetic stimulation trials 

are colored blue/red and baseline distributions are gray. The reaction time distribution 

shifts towards shorter reaction times for contralateral trials (left) and towards longer 

reaction times for ipsilateral trials (right). 

Unilateral excitation of the SNr impairs both contra- and ipsilateral licking activity. 

Since inhibiting basal ganglia output resulted in a contralateral bias in movement 

initiation and preparation, the classic model of basal ganglia rate coding leads to the 

prediction that increasing basal ganglia output would exert an opposite effect on licking 

activity, namely a reduction of correct decisions to lick in the direction contralateral to 
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optogenetic stimulation. To test this prediction, we used the neural activator, 

ChR2(ET/TC), to increase output activity from the SNr (Fig 2.4A). The extent of the 

ChR2(ET/TC) opsin expression was again well localized to the SNr and SNr terminals 

observable in the VM thalamus and brainstem (typical example shown in Fig 2.4A, right). 

In awake mice, blue light (473 nm) stimulation of the SNr using a 1 s continuous pulse 

increased the already highly active SNr to approximately double the baseline firing rate 

for the duration of the light stimulation (mean firing rate at baseline = 13.9Hz vs. opto = 

49.9Hz, n = 8 single units, Fig 2.4BC). In mice performing the anticipatory variant of the 

behavioral task (n = 4 mice, 16 sessions, Fig 2.4D-F), exciting the right SNr suppressed 

both contralateral and ipsilateral licking activity for the duration of the optogenetic 

stimulation after anticipatory licking had already started in the first 0.5 s of the air-puff (Fig 

2.4EF). Following the offset of the optogenetic perturbation, mice often resumed licking 

towards the correct spout (Fig 2.4EF), indicating that they remembered the air-puff 

direction through the period of movement inhibition. However, successful task 

performance significantly decreased in both contralateral and ipsilateral lick trials with 

ChR2 stimulation (Fig 2.4H, P<0.01 (left), P<0.01 (right), bootstrap). This decrease in 

performance was both a result of licking the wrong spout direction (Fig 2.4H, P<0.01 (left), 

P<0.001 (right), bootstrap) and not licking during the response period (Fig 2.4H, P<0.05 

(right), bootstrap), suggesting a partial loss of the neural representation of lick direction 

during the motor inhibition. In control mice injected with an EYFP virus without ChR2, blue 

light stimulation had no effect on licking behavior or task performance (n = 2, data not 

shown). These results give a more complex picture of bidirectional motor control with SNr 

inhibition or excitation than predicted by the classic rate model. Particularly striking was 
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a complete bilateral lick cessation during ChR2 induced SNr rate increases, which was 

distinctly different from the lateralized effects of ARCH inhibition. 

 
 
Figure 2.4  Unilateral excitation of the SNr impairs both contra- and ipsilateral 
licking activity 

A. Diagram of optogenetic vector injection and optic fiber targeting. Cre-dependent AAV2-

DIO-hChR2(E123T/T159C)-EYFP was injected in the right SNr of VGAT-cre transgenic 

mice and optic fiber attached to a microelectrode was lowered in to SNr. Example of 

ChR2(ET/TC)-EYFP expression (green) in SNr and axonal projections in VM thalamus 

and brainstem areas (right).  B. Example multi-unit recording of an SNr neuron expressing 

ChR2(ET/TC). 473nm laser stimulation increases firing activity for the duration of the light 

pulse and firing quickly resumes following the offset of the light stimulation. C. 10 

stimulation trials aligned to the onset of stimulation that show the excitation of SNr activity 

across trials (single unit isolated from recording shown in B). During ChR2 excitation, 

mean firing rate increased from 13.9Hz to 49.9Hz (n=10 neurons). Firing rate increase of 

example neuron is 14.4Hz vs. 46.3Hz during optogenetic stimulation. D. Illustration 

showing mouse orientation with respect to right and left lick spouts positioned in front of 
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the mouse and optogenetic illumination through fiber implanted over the SNr. E. Example 

behavioral session showing licking activity for ipsilateral and contralateral optogenetic and 

baseline trials. Trials are arranged by optogenetic stimulation condition (stim trials top, 

baseline below) and length of air-puff presentation. Blue and red horizontal lines depict 

the presentation of the air-puff during the sample period and light blue lines are the 

periods of optogenetic SNr excitation. In this example, optogenetic excitation of SNr 

disrupts licking behavior both ipsilateral and contralateral to the side of optogenetic 

stimulation, though licking resumes following the offset of the light. F. Average lick 

frequency traces for correct trials with (colored lines) and without (gray lines) optogenetic 

SNr excitation. For contralateral trials (n = 96 opto, 168 baseline, left) and ipsilateral trials 

(n = 103 opto, 153 baseline, right) mice show anticipatory licking activity towards the 

correct spout that increases until the start of the response period for baseline licking, 

though is suppressed following the onset of light stimulation for optogenetic trials. 

Anticipatory licks are depicted by the middle colored line, followed by decision licks (light 

color) and retrieval licks (darkest color). G. Behavioral effects of unilateral SNr 

optogenetic excitation in the anticipatory task. H. Changes in performance between 

contralateral (blue) and ipsilateral (red), off (light) and on (dark) stimulation. Bar height 

represents mean across all sessions (n = 16 sessions), with shapes representing the 

mean for each mouse (4 mice). Error bars represent SEM (bootstrap, 10000 iterations) 

and p values based on bootstrap (see methods, ***p<0.001, **p<0.01, *p<0.05). Left. 
Compared to baseline trials (light blue/red columns), licking performance during right SNr 

excitation (dark blue/red columns) produced a significant decrease in the percent of 

contralateral and ipsilateral trials correct (p<0.01, 16 sessions, 4 mice). Middle. 
Optogenetic excitation of the SNr caused a significant increase in the percent of wrong 

direction fail trials for both contralateral (P<0.01) and ipsilateral (P<0.001) trials. Right. 
For contralateral lick trials, SNr excitation showed a trend towards increase percentage 

of no response trials (P=0.094) and a marginally significant increase in no response trial 

percentage for ipsilateral lick trials (P<0.014). 
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Unilateral excitation of the SNr in ‘withholding’ task variant improves contralateral 

withholding of anticipatory licks and suppresses licking bilaterally. 

A subset of the ChR2 expressing mice (3 of 4) were further trained to perform the 

withholding version of the task. In agreement with the results for the anticipatory task, 

licking was generally suppressed until after the offset of the optogenetic stimulation (3 

mice, 11 sessions, Fig 2.5BC. Unlike for the anticipatory variant of the task, however, SNr 

excitation led to an increase in percent correct for contralateral trials (Fig 2.5E, P<0.05). 

While this effect seems opposite to our hypothesis, examining the failure outcomes shows 

that this change was driven primarily by a decrease in the percent of contralateral early 

lick fails (Fig 2.5E, P<0.001), indicating an improvement in the ability to withhold 

premature licking predominantly to the contralateral side. Optogenetic excitation of the 

SNr also led to an increase in no response trials towards the direction contralateral to 

optogenetic stimulation (Fig 2.5E, P<0.05) and a trend towards decision licks in the wrong 

direction (Fig 2.5E, p=0.071). However, wrong decision licks were much reduced 

compared to the anticipatory variant of the task, suggesting that the additional training 

during the withholding stage had strengthened the neural representation of air-puff 

direction and made it more resilient to the ChR2 induced period of lick suppression. On 

trials where the mice did lick following the offset of the optogenetic stimulation, reaction 

time was significantly increased compared to control trials for both the ipsilateral and 

contralateral lick directions (Fig 2.5FG) due to the suppression of licking in the initial 0.5 

s after air-puff offset when light stimulation was still on. Mice expressing EYFP, but no 

ChR2 in SNr did not demonstrate any changes in licking performance (n=2, data not 
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shown). Overall, these results give further support to the strong bilateral motor 

suppression of unilateral SNr excitation. 

 
Figure 2.5  Unilateral excitation of the SNr increases reaction time towards both 
lick directions    
A. Illustration showing mouse orientation with respect to right and left lick spouts 

positioned in front of the mouse and optogenetic illumination through fiber implanted over 

the right SNr. B. Example behavioral session during the withholding task showing trial-

by-trial licking activity (early lick trials excluded) for ipsilateral and contralateral 

optogenetic and baseline trials. Trials are arranged by optogenetic stimulation condition 

(stim trials top, baseline below). Blue and red horizontal lines depict the presentation of 

the air-puff during the sample period and light blue lines are the periods of optogenetic 

SNr excitation. In this example, optogenetic excitation of right SNr delays lick onset for 

both ipsilateral and contralateral licking behavior. C. Average lick frequency traces for 

correct trials with (colored lines) and without (gray lines) optogenetic right SNr excitation. 

For contralateral trials (n = 63 opto, 132 baseline, left) and ipsilateral trials (n = 53 opto, 

127 baseline, right) mice show delayed decision licking activity towards both spouts 
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compared to baseline lick decisions. Decision lick activity is depicted by the light shaded 

lines and retrieval licks by the dark shaded lines. D. Behavioral effects of unilateral SNr 

optogenetic excitation in the withholding task. E. Changes in performance between 

contralateral (blue) and ipsilateral (red), off (light) and on (dark) stimulation. Bar height 

represents mean across all sessions (n = 12 sessions), with shapes representing the 

mean for each mouse (3 mice). Error bars represent SEM (bootstrap, 10000 iterations) 

and p values based on bootstrap (see methods, ***p<0.001, **p<0.01, *p<0.05). Left. 
Compared to baseline trials (light blue/red columns), licking performance during SNr 

excitation (dark blue/red columns) produced a significant decrease in the percent of 

contralateral and ipsilateral trials correct (p=0.023, 12 sessions, 3 mice). Middle Left. 
Unilateral optogenetic excitation of the SNr caused a significant decrease in the percent 

of contralateral early lick fail trials (P<0.001). Middle Right. Optogenetic excitation SNr 

did not produce any changes in direction licking behavior. Right. For contralateral lick 

trials, SNr excitation produced a significant increase percentage of no response trials 

(P=0.014). H. Mean reaction times for contralateral and ipsilateral trials with and without 

optogenetic SNr excitation. Reaction times for both contralateral and ipsilateral trials were 

significantly during SNr excitation (P<0.001). I. Cumulative distribution plots showing the 

changes in the distribution of reaction times for contralateral (left) and ipsilateral (right) 
lick trials. Optogenetic stimulation trials are colored blue/red and baseline distributions 

are gray. Both ipsilateral and contralateral lick responses are primarily delayed until after 

the offset of the optogenetic stimulation, shifting the distribution towards the ipsilateral 

spout compared to baseline responses. 

Unilateral excitation of nigrothalamic terminals in BGMT biases licking towards the 

ipsilateral direction in the anticipatory task variant. 

The differences in effects described for somatic SNr inhibition and excitation may 

be due to descending projections from the SNr towards the brainstem as well as 

ascending projections to BGMT. To begin to resolve the functional differences between 

these projection pathways, we selectively targeted the ascending pathway from the SNr 
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to the BGMT. To achieve this, we stimulated ChR2 expressing SNr terminals in BGMT in 

the same mice used for somatic stimulation through a second fiber implanted over the 

BGMT. In contrast to somatic stimulation we found that SNr terminal stimulation in BGMT 

in the anticipatory variant of the task suppressed only contralateral licking behavior and 

did not affect ipsilateral licking (4 mice, 25 sessions, Fig 2.6BC). Successful trial execution 

was significantly impaired for contralateral lick trials but remained unchanged for 

ipsilateral licks (Fig 2.6E, P<0.001 (left), bootstrap). This change in performance was due 

to an increase of contralateral air-puff failed trials both by not responding (Fig 2.6E, 

P<0.001, bootstrap) as well as licking the wrong direction (Fig 2.6E, P<0.001, bootstrap). 

This last effect in particular was in stark contrast to the results with somatic SNr excitation, 

suggesting that the ascending thalamic pathway leads to a lateralized effect on motor 

preparation, whereas descending outputs may globally suppress the brainstem lick 

pattern generator. 

 
 
Figure 2.6  Unilateral excitation of SNr projections to the BGMT biases licking 
towards the ipsilateral direction 
A. Diagram showing mouse orientation with respect to right and left lick spouts positioned 

in front of the mouse and optogenetic illumination through fiber implanted over the BGMT. 
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B. Example behavioral session showing licking activity for ipsilateral and contralateral 

optogenetic and baseline trials during the anticipatory task. Trials are arranged by 

optogenetic stimulation condition (stim trials top, baseline below) and length of air-puff 

presentation. Blue and red horizontal lines depict the presentation of the air-puff during 

the sample period and blue lines are the periods of optogenetic SNr-BGMT excitation. In 

this example, optogenetic excitation of right SNr-BGMT projections disrupts only 

contralateral licking behavior during optogenetic stimulation trials. C. Average lick 

frequency traces for correct trials with (colored lines) and without (gray lines) optogenetic 

right SNr-BGMT terminal excitation. For contralateral trials (n = 95 opto, 310 baseline, 

left) and ipsilateral trials (n = 128 opto, 297 baseline, right) mice show anticipatory licking 

activity towards the correct spout that increases until the start of the response period for 

baseline licking, though anticipatory licking is suppressed following the onset of light 

stimulation for contralateral optogenetic trials. Anticipatory licks are depicted by the 

middle colored line, followed by decision licks (light color) and retrieval licks (dark color). 

D. Behavioral effects of unilateral SNr-BGMT optogenetic excitation in the anticipatory 

task. E. Changes in performance between contralateral (blue) and ipsilateral (red), off 

(light) and on (dark) stimulation. Bar height represents mean across all sessions (n = 25 

sessions), with shapes representing the mean for each mouse (4 mice). Error bars 

represent SEM (bootstrap, 10000 iterations) and p values based on bootstrap (see 

methods, ***p<0.001). Left. Compared to baseline trials (light blue/red columns), licking 

performance during right SNr-BGMT terminal excitation (dark blue/red columns) 

produced a significant decrease in the percent of contralateral trials correct (p<0.001, 25 

sessions, 4 mice). Middle. Optogenetic excitation of the right SNr-BGMT terminals 

caused a significant increase in the percent of contralateral (P<0.001) and ipsilateral 

(P=0.02) wrong direction fail trials. Right. For contralateral lick trials, SNr-BGMT terminal 

excitation caused a significant increase in the percentage of no response trials (P<0.001). 
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Unilateral excitation of nigrothalamic terminals in BGMT in the withholding task 

variant facilitates suppression and increases reaction time for contralateral licking. 

Lastly, we again compared changes in the withholding task to those in the 

anticipatory variant. Licking activity was similarly impaired towards the contralateral 

direction while it remained intact towards the ipsilateral direction (3 mice, 13 sessions, Fig 

2.7BC). The proportion of successful task performance in the ‘withholding’ variant was 

almost unchanged with SNr-BGMT terminal stimulation. However, there was a significant 

decrease in withholding failures (early lick trials) towards the contralateral direction (Fig 

2.7E, P<0.05, bootstrap). This suggests SNr output to BGMT also contributes to the ability 

of the mouse to withhold movement, though only towards the contralateral direction. In 

this version of the task, lick reaction times in the response period to the contralateral 

direction were significantly longer than baseline (Fig 2.7FG, P<0.001, bootstrap). 

Ipsilateral reaction times were not significantly changed. This supports the conclusion that 

exciting SNr output specifically in BGMT exerted a lateralized influence on motor 

preparation and initiation. 
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Figure 2.7. Unilateral excitation of nigrothalamic terminals facilitates suppression 
and increases reaction time for contralateral licking  
A. Illustration showing mouse orientation with respect to right and left lick spouts 

positioned in front of the mouse and optogenetic illumination through fiber implanted over 

the SNr. B. Example behavioral session during the withholding task showing trial-by-trial 

licking activity (early lick trials excluded) for ipsilateral and contralateral optogenetic and 

baseline trials. Trials are arranged by optogenetic stimulation condition (stim trials top, 

baseline below). Blue and red horizontal lines depict the presentation of the air-puff during 

the sample period and light blue lines are the periods of optogenetic SNr-BGMT terminal 

excitation. In this example, optogenetic excitation of right SNr projections to BGMT delays 

lick onset of contralateral licking behavior. C. Average lick frequency traces for correct 

trials with (colored lines) and without (gray lines) optogenetic right SNr-BGMT terminal 

excitation. For contralateral trials (n = 87 opto, 245 baseline, left) and ipsilateral trials (n 

= 91 opto, 197 baseline, right) mice show similar licking activity during baseline trials, 

though during left optogenetic trials, decision and retrieval licking appears delayed. 

Decision lick activity is depicted by the light shaded lines and retrieval licks by the dark 
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shaded lines. D. Behavioral effects of unilateral SNr-BGMT optogenetic terminal 

excitation in the withholding task. E. Changes in performance between contralateral (blue) 

and ipsilateral (red), off (light) and on (dark) stimulation. Bar height represents mean 

across all sessions (n = 13 sessions), with shapes representing the mean for each mouse 

(3 mice). Error bars represent SEM (bootstrap, 10000 iterations) and p values based on 

bootstrap (see methods, *p<0.05). Left. Compared to baseline trials (light blue/red 

columns), performance in optogenetic stimulation trials (dark blue/red columns) remains 

unchanged. Middle Left. Unilateral optogenetic excitation of the SNr projections to BGMT 

caused a significant decrease in the percent of contralateral early lick fail trials (P=0.023). 
Middle Right. Optogenetic excitation of SNr-BGMT did not produce any changes in 

percentage of wrong direction fail trials. Right. No response fail percentages were not 

altered by optogenetic stimulation of SNr projections to the BGMT. H. Mean reaction 

times for contralateral and ipsilateral trials with and without optogenetic SNr excitation. 

Reaction times for contralateral, but not ipsilateral trials were significantly increased 

during SNr excitation (P<0.001). I. Cumulative distribution plots showing the changes in 

the distribution of reaction times for contralateral (left) and ipsilateral (right) lick trials. 

Optogenetic stimulation trials are colored blue/red and baseline distributions are gray. 

Contralateral lick responses are delayed during optogenetic stimulation trials (left) while 

the response distribution for ipsilateral trials is unchanged compared to baseline (right). 
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2.6 Discussion 

 Our results demonstrate that optogenetic excitation and inhibition of basal ganglia 

output from the SNr in mice drives lateralized and opposing influences on the control of 

directional licking. Specifically, unilateral inhibition of the SNr with ARCH activation leads 

to a decrease in performance of ipsilateral but an improvement in contralateral lick 

choices. The opposite performance effects were observed with activation of SNr terminals 

in BGMT (summarized in Fig. 2.8A,C). These findings indicate that the SNr firing rate 

decreases/increases are bidirectionally controlling lick direction choice. In mice 

performing a similar directional licking task, suppressing activity in either the VM 

thalamus, which is a major component of BGMT, or the ALM premotor cortex, through 

either optogenetic or muscimol inactivation selectively disrupts contralateral licking, while 

leaving ipsilateral licking unaffected (Chen et al., 2017, Guo et al., 2017, Svoboda and Li, 

2018). Our results therefore suggest that this thalamo-cortical motor planning process 

can be gated by basal ganglia output in agreement with traditional rate coding concepts 

of basal ganglia – cortical loops (Alexander et al., 1990). According to this model, 

inhibiting the SNr with ARCH unilaterally leads to disinhibition of ipsilateral BGMT, and 

thus allows ipsilateral thalamocortical activity to develop and cause contralateral 

movement initiation. The opposite is expected for unilateral activation of the SNr with 

ChR2, and was observed in our study, but only if SNr terminals were activated in BGMT. 

Direct unilateral activation of GABAergic SNr cell bodies resulted in strong bilateral 

movement inhibition instead (Fig. 2.8B). A recent set of studies have implicated the SNr 

projection to the superior colliculus (the nigrotectal pathway) in the control of non-

directional licking behavior (Rossi et al., 2016, Toda et al., 2017). In Rossi et al. 2016, 
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researchers optogenetically bilaterally excited SNr projections at the level of the superior 

colliculus which led to diminished, though not completely suppressed, licking towards the 

lick spout positioned in front of the mouse. Our results showing that unilateral excitation 

of the SNr near completely suppressed licking could therefore be explained via 

projections to the SC. Consistent with this explanation, anatomical tracing experiments 

demonstrate that the SNr projects to SC bilaterally, while projections to the thalamus are 

ipsilateral (Deniau and Chevalier, 1992, Liu and Basso, 2008). Why somatic inhibition of 

the SNr did not facilitate licking bilaterally (opposite of SNr excitation) requires further 

examination but may suggest that the thalamic pathway is more susceptible to 

disinhibition than the nigro-collicular pathway. 

 

Figure 2.8. Summary of optogenetic manipulations and main results 
A. Diagram depicting unilateral optogenetic inhibition of SNr expressing ARCH3 and 

orientation of lick spouts and mouse. SNr optogenetic inhibition is contralateral to the blue 
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spout (left) and ipsilateral to the red spout (right). Optogenetic inhibition of the SNr 

produced a change in directional bias towards the contralateral spout (blue arrow) and 

away from the ipsilateral lick spout (red arrow). With respect to reaction time, optogenetic 

SNr inhibition reduced the reaction time towards the contralateral spout (blue) and 

increased time to respond towards the ipsilateral spout (red). B. Same as A., but for 

experiments with unilateral optogenetic excitation of SNr expressing ChR2(ET/TC). 

Optogenetic excitation of the SNr produced a bilateral change in directional bias; 

decreasing licking activity towards both the contralateral (blue) and ipsilateral (red) lick 

spouts. Additionally, optogenetic SNr excitation increased reaction times towards both 

contralateral and ipsilateral spouts. C. Same as A. and B., but for terminal excitation of 

SNr projections to the BGMT. Optogenetic excitation of SNr terminals in the BGMT 

produced a change in directional bias towards the ipsilateral spout (red) and away from 

the contralateral spout (blue). Excitation of SNr projections to BGMT also increased the 

reaction time towards the contralateral spout (blue) and did not affect reaction times 

towards the ipsilateral spout (red). 

 

An important feature of our behavioral task training was the use of two different 

task variants that entailed different cognitive demands (Fig 2.1). The ‘anticipatory’ task 

mice were taught first, did not require lick withholding during air-puff delivery and indeed 

we observed a steady increase in anticipatory licking activity as the start of the response 

period was approached. This licking was in in the direction of the correct target (Fig 2.1C), 

therefore revealing the completion of air-puff stimulus evaluation and motor preparation 

as early as 1 s before air-puff offset (Fig 2.1C). Importantly, the prevalence of anticipatory 

licking was not affected by nigral ARCH activation (Fig. 2.2F), suggesting that tonic nigral 

inhibition in BGMT during reward anticipation was low when anticipatory licking was 

allowed, and therefore disinhibition had little effect on anticipatory licking.  In contrast, a 

slowing of anticipatory licking was seen upon the onset of ChR2 activation of SNr 
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terminals in BGMT for contralateral trials with a subsequent slowing of contralateral 

reward licks as well (Fig. 2.6C). This finding indicates that increased nigral activity in 

BGMT results in a lateralized slowing of movement.  Several previous studies have shown 

that the basal ganglia exert lateralized control of motor circuits (Sakamoto and Hikosaka, 

1989, Hikida et al., 2010, Tai et al., 2012, Dominguez-Vargas et al., 2017) and our results 

support this general concept. A slowing in licking is congruent with both the concepts of 

direct involvement of basal ganglia output in controlling movement velocity (Barter et al., 

2015, Yttri and Dudman, 2016) or motor vigor (Dudman and Krakauer, 2016).  

The ‘withholding’ variant of our lick task required mice to actively suppress licks for 

the duration of the air-puff (Fig 2.1D). By adding this withhold demand, we were able to 

investigate the role of the SNr in movement suppression and movement initiation by 

measuring early lick fail trials and reaction time following the offset of the air-puff, 

respectively.  All mice preferred to lick in anticipation of directional choice behavior during 

initial training, and the suppression of this licking clearly required a cognitive effort. After 

the mice had learned this suppression, unilateral optogenetic inhibition of the right SNr 

suppressed anticipatory licking towards the ipsilateral lick spout, while it increased such 

licking to the contralateral spout (Fig. 2.3E). As described above, the same optogenetic 

inhibition of SNr activity in the same mice had not affected anticipatory licking in the 

‘anticipatory’ variant of our task. In combination, these findings suggest that the mouse 

used increased nigral output to suppress anticipatory licking in the ‘withholding’ variant, 

and this increased nigral activity was inhibited with ARCH activation, which thus 

effectively undid the withhold learning. In addition, unilateral excitation of SNr terminals 

in the right BGMT now suppressed licking contralaterally (Fig 2.6E). These findings are 
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in agreement with the active suppression of movement as a function of the indirect 

pathway in the basal ganglia (Nambu et al., 2002, Ozaki et al., 2017). Movement 

suppression is hypothesized to result from an activation of D2 receptor expressing 

GABAergic striatal projection neurons (SPNs), which then leads to increased activity in 

SNr and GPi via inhibition of the external pallidum (GPe) (Albin et al., 1989, Nambu et al., 

2002). Cortical activity elicits excitation of GPi neurons more widely than inhibition, which 

is congruent with a center surround model of movement initiation and suppression (Ozaki 

et al., 2017). Optogenetic activation of D1 or D2 SPNs also supports the general principle 

that the indirect pathway causes movement suppression through SNr rate increases 

(Freeze et al., 2013), though optogenetic activation of either D1 or D2 SPNs resulted in 

excitation or inhibition of different SNr neurons. 

Many studies have implicated the rodent SNr in the control of behavior other than 

licking, including for example locomotion (Roseberry et al., 2016) and head movement 

(Schmidt et al., 2013, Barter et al., 2015). To determine whether our manipulations 

inadvertently triggered extraneous movements, we recorded high-speed video of the 

mouse pupil and face for a subset of trials across mice. Interestingly, we did not observe 

any movements (including eye, whisker, fore-limb) associated with our optogenetic 

manipulations (data not shown). This suggests that the behavioral impact seen with SNr 

optogenetic manipulations may be limited to behaviors trained in a reward-based task.  

The BGMT with VM as its core component is well situated anatomically to influence 

ipsilateral cortical activity, with single-cell tracing studies in rodents depicting large 

projections branching across ipsilateral layer 1 of sensory and motor cortices (Kuramoto 

et al., 2009, Kuramoto et al., 2015). We showed here that activity in BGMT could be 
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changed by inhibitory basal ganglia input and through this effect switch lateralized cortical 

decision-making processes about whisker stimulation dependent directional licking. 

Control of this behavior has previously been linked to a VM – ALM thalamocortical 

feedback loop (Li et al., 2015, Chen et al., 2017, Guo et al., 2017).  Further, we also 

showed that lick movement vigor and reaction time can be impacted as well. The 

widespread axonal efferents of BGMT suggest that similar effects are likely for a 

multiplicity of other behaviors, though we saw no impact on spontaneous behavior.  

Because it is unlikely that a uniform optogenetic inhibition or excitation across SNr codes 

for any specific behavioral event, it seems most likely that our optogenetic stimulation 

interfered with endogenous population coding, which in a highly trained mouse will be 

quite specific to the trained behavior. However, even for certain behavioral events such 

as a stop-signal in a countermanding task, a relatively uniform activity increase has been 

observed across SNr neurons (Schmidt et al., 2013). The detailed mechanism by which 

SNr mediated activity changes in BGMT impact cortical decision making remains unclear, 

especially since layer 1 is far removed from the activity of cell bodies in L5/6 providing 

output from cortex. A likely candidate mechanism for amplifying such distal input is given 

by active distal dendritic properties such as NMDA spikes in L2/3 (Palmer et al., 2014) 

and calcium spike dependent BAC firing in L5 pyramidal neurons (Larkum et al., 1999, 

2001, Larkum and Zhu, 2002). Similar active properties are also seen in the apical 

dendrites of L6 pyramidal neurons (Ledergerber and Larkum, 2010), which have a strong 

projection back to BGMT (Yamawaki and Shepherd, 2015). In addition, BGMT input could 

also act on L1 interneurons (Cruikshank et al., 2012), which provide a powerful inhibition 

of pyramidal neuron dendrites (Palmer et al., 2012, Palmer et al., 2013). The exact impact 
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of BGMT input on these mechanisms and its integration into cortico-cortical information 

processing awaits future studies. 
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Chapter 3: Wide-Field Imaging of Spatiotemporal Cortical Voltage 

Activity Underlying Arousal During Spontaneous Behavior  

3.1 Abstract 

Changes in pupil diameter have long been associated with cognitive aspects of 

neural processing and arousal (Kahneman and Beatty, 1966). Recent studies have 

further demonstrated that the pupil closely resembles sub-threshold voltage activity and 

arousal levels in awake mice. While it is clear that the pupil provides important insights in 

neural processing as a proxy for arousal, it is unknown how arousal signals as measured 

by pupil diameter are represented spatially and temporally within spontaneous changes 

in cortical activity. To uncover the dynamics of the functional coupling of cortical activity 

and pupil diameter, we recorded wide-field voltage activity across the extent of dorsal 

cortex while acquiring video of the face and pupil in mice expressing the voltage indicator, 

VSFP-Butterfly 1.2 in excitatory cortical neurons. We found that pupil diameter is tightly 

coupled to global changes in cortical voltage with distinct coupling patterns across 

different cortical regions and frequency components. This coupling is dependent on both 

frequency and the spatial location in cortex, with lower frequency signals more strongly 

related to pupil diameter changes and medial areas of the sensory-motor cortex most 

strongly coupled with arousal especially during periods of orofacial movements. These 

insights further our understanding of how different areas of cortex are coupled to alertness 

or arousal related signals and the temporal properties where this coupling occurs.  
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3.2 Introduction 

 The state of brain activity and behavior are constantly varying across both fast and 

slow timescales. Two of the main contributors to the ongoing animal state are changes in 

arousal and animal movement. Many studies have used pupil dilations as a measure for 

animal arousal, such that heightened arousal would lead to an increase in pupil diameter 

and small pupil diameter would characterize periods of low arousal (Reimer et al., 2014, 

McGinley et al., 2015a, McGinley et al., 2015b, Vinck et al., 2015, Shimaoka et al., 2018). 

Additionally, animal movements, often measured by periods of locomotion has also been 

observed to influence animal arousal with periods of running leading to long dilations in 

pupil diameter and periods of desynchronized neural activity (Niell and Stryker, 2010, 

Polack et al., 2013, McGinley et al., 2015b, Vinck et al., 2015, Shimaoka et al., 2018). 

Recent work has shown that arousal changes due measured primarily via locomotion can 

have differential effects across sensory and motor cortices with each area linked to 

arousal through complex temporal profiles (Shimaoka et al., 2018). While locomotion 

provides an insightful measure of arousal, it provides an incomplete picture, as pupil 

fluctuations relating to arousal changes can be observed in the absence of locomotion. 

Additionally, there appears to be different frequency components of arousal, potentially 

mediated by differential influence of the cholinergic and adrenergic neuromodulatory 

systems (Reimer et al., 2016). In the anesthetized mouse, pupil dilations have been found 

to be differentially coupled to cortical electrocorticogram activity across different 

frequencies, though the frequency dependence of cortical coupling to arousal in the 

awake cortex are unclear (Yuzgec et al., 2018).  
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In order to address these questions, we used wide-field imaging to record changes 

in membrane voltage activity in mice expressing a voltage-sensitive fluorescent protein 

(VSFP) Butterfly 1.2 in excitatory neurons across the dorsal cortex in awake, 

spontaneously behaving mice (Carandini et al., 2015). By simultaneously monitoring 

changes in pupil diameter and orofacial movements we were able to parse the spatial 

and temporal contributions of arousal to cortical activity. We found that the pupil is 

differentially coupled to cortex based on the frequency with lower frequencies exhibiting 

stronger coupling to the global cortical signal that exhibits a peak correlation when the 

pupil lags behind the voltage signal by ~1s. Finally, during periods of orofacial 

movements, pupil coupling to cortical activity was greatest in the medial sensory-motor 

cortices and auditory cortex. In contrast, cortical activity in lateral sensory and prefrontal 

areas were more negatively correlated with pupil during periods of movement.   
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3.3 Methods: 

Mice:  

Mice expressing the voltage sensitive fluorescent protein (VSFP) Butterfly 1.2 in 

excitatory cortical neurons were generated by crossing the transgenic mouse lines 

including the cre/tTa dependent VSFP-Butterfly reporter line (Madisen et al., 2015, Ai78-

Jax 023528), a CamK2a-tTa line expressing tTa in excitatory neurons (Jax 007004), and 

an Emx1-cre line expressing cre in excitatory neurons across all cortical layers (Jax 

005628). The result of this triple cross were mice expressing VSFP-Butterfly 1.2 in 

excitatory neurons in all layers of cortex (Fig 3.1A-C).  

 

Figure 3.1. Transgenic expression of a genetically encoded voltage indicator  
In order to express the voltage sensor, VSFP Butterfly 1.2, in select cortical cell 

populations, we crossed three different mouse lines to target only excitatory cells in 

cortex. A. Two transgenic driver lines were used, including a CaMK2a-tTa mouse and the 

Emx1-IRES-cre mouse to selectively target excitatory neurons in the cortex. B. The 

genetically induced cre expression allows for the STOP codon from the voltage indicator 

sequence to be cleaved and removed and the tTa expression binds to the TRE promotor 
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allowing the sequence containing the voltage indicator (C.) to be transcribed in specific 

cell excitatory cortical cell types. 

 

Surgery:  

For voltage imaging, 8 mice were implanted with a head-post and a through-skull dual-

hemisphere cranial window (Silasi et al., 2016) over the dorsal cortex. The cranial window 

consisted of a custom-cut #1 glass coverslip cemented over the cleaned skull surface. A 

thin layer of cyanoacrylate glue was placed in between the bone and cement interface. 

Mice were administered 0.1mg/kg of buprenorphine as an analgesic and 1-2% isoflurane 

(prior to 3-4% for induction) for the duration of the surgery. For simultaneous imaging and 

electrophysiology experiments, small ~1mm diameter craniotomies were additionally 

made over the left motor and sensory cortices and covered with Kwik-Cast elastomer to 

protect the tissue until recordings. For these mice (n = 2), imaging was performed through 

the clear cement covering the skull without an added coverslip. A thin layer of 

cyanoacrylate glue was applied over the areas of cement to improve the optical clarity. 

Mice were aged 3-12 months at the start of experiments and maintained on a 12h:12h 

reverse light cycle for the duration of behavior training and imaging. During behavioral 

training, mice were provided ad libitum food access and were kept of 1-1.5mL/day water 

restriction protocol for 6 days a week starting 3 days prior to handling and imaging. On 

the 7th day of each week, mice were given free access to water. During behavioral testing 

and imaging sessions, mice were given 10% sucrose solution with 0.1% grape Kool-Aid 

powder. Liquid consumption was measured during testing and mice were supplemented 

with water to reach their 1-1.5mL daily volume. All experimental procedures were 

approved by the Emory University Institutional Animal Care and Use Committee.  
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Voltage Imaging:  

We imaged VSFP signals with a macroscope (MiCAM Ultima, Brainvision Inc.) based on 

the tandem lens and epi-illumination system design (Ratzlaff and Grinvald, 1991). 

Excitation light was provided by a blue LED (LEX2-B, Brainvision Inc.), through a band-

pass filter at 482nm (FF01-482/35, Semrock Inc.) and a dichroic mirror (FF506-Di03, 

Semrock Inc.). VSFP-Butterfly FRET chromophores (mKate2 and mCitrine) were imaged 

through two CMOS cameras (MiCAM-Ultima). The first camera recorded the emitted 

fluorescence from mCitrine, which was reflected by a second dichroic mirror (FF593-Di03, 

Semrock, Inc.), passed through an emission filter (FF01-543-50-25, Semrock Inc.). The 

second camera recorded the emitted fluorescence from mKate2, passed through the 

second dichroic mirror and an emission filter (BLP01-594R-25, Semrock Inc.) (Fig 3.2A). 

The camera acquisition was controlled by the MiCAM Acquisition Software. Acquisition 

frames rates varied between 25-200Hz with a spatial resolution of 100m/pixel. The blue 

LED remained on for the duration of each imaging session that lasted 60 minutes on 

average to maintain constant illumination at the start of image acquisition.  

 

Imaging During Different Behavioral Contexts:  

All mice in this study were imaged during two different behavioral contexts: light isoflurane 

anesthesia and awake, spontaneous behavior. During anesthetized imaging, mice were 

induced with 3-4% isoflurane and maintained at 1-2% isoflurane for the duration of 

imaging. To monitor respiration and heart-rate during anesthesia, a pulse oximeter cuff 

(Starr Physiology) was placed on a hindlimb. 
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Pupil and Behavioral Monitoring Videography:  

In order to monitor and record changes in behavioral state and pupil diameter, we 

captured moderate-speed (10-25Hz) videography of the mouse acquired simultaneously 

during imaging sessions. The first camera was positioned to the front and side of the 

mouse, capturing the left side of the mouse face as well as the left eye and the area where 

the forelimbs often rest underneath the mouse body (Fig 3.2C). An additional camera was 

occasionally positioned in front of the mouse and reflected off of a mirror to capture the 

whiskers, snout, and mouth from underneath of the mouse.  

 

Behavioral State Classification:  

Moving and quiet periods were based on video capturing the side of the mouse face 

including snout, whiskers, jaw. The onset and offset of movement periods were detected 

based on average changes in pixel intensity between frames. Mean orofacial movement 

signals were differentiated and squared, then thresholded using a low threshold (0.5-2SD) 

to reliably detect short or small movements. For analysis of voltage/pupil signals based 

on movement/quiet periods, we detected and analyzed epochs of continuous behavioral 

states lasting at least 4s. The middle 4s of each epoch was used for analysis.  

 

VSFP Image Processing:  

Raw images from both cameras were first aligned and registered to the first frame of the 

donor camera for any given trial. The signals from the two cameras were analyzed using 

the gain-equalization method (Akemann et al., 2012, Carandini et al., 2015, Shimaoka et 

al., 2018), by equalizing the gains at the heart beat frequency between the two cameras. 
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The gain equalization factors were obtained once per recording for each pixel, using the 

first trial of the session. The ratio of the two cameras captures FRET signals linked to 

membrane potential variations (Carandini et al., 2015) while the sum of the two signals 

captures large co-fluctuations linked to the hemodynamic response (Shimaoka et al., 

2018). To exclude possible residual contamination of the hemodynamics in the ratiometric 

signal, the sum (hemodynamic) signal was filtered below 5Hz and then scaled by the 

regression coefficient with the ratiometric signal, then subtracted out from the ratiometric 

signal (hemodynamic signal regression, HSR). To perform analyses across trials and 

mice, the base image used to register within-trial frames was aligned to a template cortical 

map derived from the Allen Brain Mouse Atlas v3 (brain-map.org). A 2D top projection of 

the annotated Allen Brain Atlas volume was created in MATLAB (MathWorks) and a 

template image from one mouse was registered to the atlas using an affine transformation 

computed from two control points that were selected manually: the mid-point at the top of 

the front portion of dorsal cortex and the base of the cortex at the midline of the 

retrosplenial cortex. 

 

Behavioral Video Processing (Pupil Diameter):  

To determine the pupil diameter, frames were first cropped from video of the side of the 

mouse face or from videos of the pupil exclusively. To determine periods of orofacial 

movement, we estimated movement between frames by calculating the average of the 

squared derivative of each pixel across each frame. Periods when the frame movement 

was 2SD above the motion estimate were classified as periods of orofacial movement. In 

our imaging setup, pupil diameter was often acquired through the whisker field with 
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whisker motion in front of the pupil preventing us from using existing methods for 

determining pupil diameter (Reimer et al., 2014, Stringer et al., 2018). We developed a 

fast pupil detection method that uses two steps to determine diameter of pupil frame-by-

frame: first, the pixel intensity threshold is set through an interactive user interface to 

before binarization of the darkest regions representing the pupil; then the edges of the 

pupil (which may be composed of multiple objects if whiskers obstruct continuous object 

isolation) are determined and the distances between all of the edge points are used to 

calculate the maximum projection across the object(s) representing the pupil diameter. 

This method is both fast and robust to objects crossing the pupil and creating 

discontinuities in the ellipse shape of the pupil. Lastly, the pupil diameter trace was 

smoothed with a 100ms median filter. This removed artifacts such as a portion of the 

whiskers occluding the pupil across 1-2 frames during diameter detection. 

 

Laminar Electrophysiology:  

To record LFP and multi-unit activity in motor cortex during voltage imaging, a ~1mm 

diameter craniotomy was drilled at coordinates 2mm A/P and 1mm M/L for M1. A 32-

channel silicon probe electrodes (Neuronexus, Inc) was inserted 1mm deep into cortex 

at a 30deg angle and allowed to stabilize for 30 minutes before recordings began. The 

exposed tissue was kept hydrated by warm sterile saline solution. Contacts on the 

probes had 25m spacing and extended ~750 m from L2/3 to L5. Spike sorting was 

conducted using KlustaKwik software in python and by manual inspection and 

classification of the units following clustering with Klusta. For multi-unit firing rate 

analyses, all spikes not classified as noise were grouped together and all spike times 
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were binned in 5ms blocks and smoothed over 100ms. For LFP analyses, the signals 

across all 32 channels were band-pass filtered between 0.01 and 50Hz and the mean 

across all channels was regressed out of the signal for each channel. Definitions of 

layer ⅔ and 5 were determined and classified by visually inspecting the inverting 

polarity of the mean-subtracted LFP signals across channels. Electrodes were dipped in 

DiI before the last recording in a given area and locations were verified during 

histological processing.  

 

Region Identification:  

Cortical regions were assigned based on registration to the Allen brain atlas cv3 (brain-

map.org). One template VSFP image from a sample mouse was aligned using manual 

placement of control points to the Allen brain cortical map. An example image from all 

other mice was then aligned to the control point-aligned VSFP image using rigid and 

translation alignment in Matlab. For subsequent processing, the base image from each 

imaging session was aligned to the mouse-specific template image and all following 

frames were transformed using the same alignment specifications. Inter-trial registration 

was performed using a sub-pixel rigid registration of frames up-sampled to 10000x10000 

pixels in the frequency space (Guizar-Sicairos et al., 2008).  

 

Frequency Analysis:  

To examine the frequency changes in voltage, hemodynamic and pupil diameter activity 

over the course of recording trial, we calculated wavelet spectrograms depicting the 

changing frequency power over time. To compute the continuous wavelet transform, we 
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used the morlet wavelet. To measure the time-varying correlations between the voltage 

or hemodynamic signal and pupil diameter as a function of frequency, we calculated the 

wavelet-based coherence using morlet wavelets.   

 

Data Analysis:  

To determine statistical significance between correlation maps at rest or movement, we 

used Mann-Whitney U-tests and when able further performed Bonferroni corrections 

calculate adjusted p-values. Since statistical comparisons were calculated for the extent 

of the imaging area (10000 pixels), in order to guarantee a global error probability at a 

given threshold (0.05, 0.01, etc.) the significance level for a single test (pixel) is obtained 

by dividing the global error probability by the number of independent tests. For example, 

if the p-value was initially significant at p<0.05, the p-value corrected for multiple 

comparisons (e.g. new threshold for judging significance) would be p<0.05/10000 or 

p<0.000005. Regression coefficients were cross-validated such that the initial coefficient 

would be determined using the first half of the data (‘training set’) and would then be 

tested on the remaining half of the data (‘test set’). Correlation maps were tested against 

chance correlations by shuffling the pupil data series among trials and recalculating 

correlation coefficients on the shuffled data. The original data was then tested against the 

shuffled data using Wilcoxon Rank Sum test.  
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3.4 Results 

Wide-Field Cortical Imaging of Voltage Activity Across Dorsal Cortex 

In order to comprehensively observe cortical voltage activity across multiple 

functional territories and both hemispheres we implemented a technique for wide-field 

voltage imaging to record from excitatory neural populations through the intact cortex 

during spontaneous and task-oriented behavior. This imaging technique relies on a 

combination of optics sensitive enough to record changes in faint fluorescent signals at 

high speed (200Hz) while spanning large areas and genetic tools for expressing voltage 

dependent fluorescent proteins (VSFPs) throughout the cortex (Ratzlaff and Grinvald, 

1991, Ferezou et al., 2009, Carandini et al., 2015, Madisen et al., 2015).  

To image cortical activity from excitatory neurons exclusively, we created a triple-

transgenic mouse expressing VSFP-Butterfly 1.2 in a cre/tTa dependent manner (Fig 

3.1A-C). Cre expression was limited to cortical excitatory neurons (Emx1-cre) and tTa 

expression was also limited to excitatory neurons more broadly via the CaMK2a promotor 

(CaMK2a-tTa). We next exposed the skull above the dorsal cortex and covered the area 

with clear cement with a glass coverslip attached to the surface and focused the macro-

scope slightly below (~100m) the most superficial blood vessels (Fig 3.2B). Wide-field 

optical signals are very sensitive to physiological variables such as blood flow, blood 

oxygenation, and intrinsic autofluorescence (Ma et al., 2016a, Ma et al., 2016b, Pisauro 

et al., 2016). Using a ratiometric equalization technique (Carandini et al., 2015) we were 

able to compare or combine fluorescent signals from both the acceptor and donor channel 

of VSFP Butterfly to estimate local membrane voltages separate of the hemodynamic 

signals, respectively.  
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Pupil Diameter Is Tightly Coupled to Global Cortical Voltage Signal 

Recent wide-field imaging studies have found that activity related to arousal and 

movement can be observed across large extents of cortex, even in areas not directly 

considered to be related to movement such as visual auditory and somatosensory cortical 

areas (Ferezou et al., 2007, Niell and Stryker, 2010, Musall et al., 2018, Shimaoka et al., 

2018). For each animal and imaging session, we obtained measures of global voltage or 

hemodynamic signals by averaging the z-scored signal from each pixel within a mask of 

the cortex encompassing pre-frontal, motor, somatosensory, retrosplenial, and visual 

areas Fig 3.2D. We used z-scored signals to ensure each pixel contributed equally to the 

calculation of global signal and that large transients of activity (either noise or 

physiological) did not bias the global signal calculation.  
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Figure 3.2 Cortical global signal from wide-field voltage imaging is tightly coupled 
to pupil diameter 
A. To record voltage activity across wide extents of the dorsal cortex, we used an epi-

illumination macroscope containing a 465nm excitation LED and two cameras to capture 

fluorescent light in the green and red wavelengths, corresponding to the donor and 

acceptor fluorophores of the VSFP-Butterfly1.2 protein. B. example image of the donor 

channel from the green receiving CMOS camera. Surface vasculature can be seen across 

the cortex and the Allen brain atlas surface map is overlaid. The macroscope was focused 

slightly beneath the superficial blood vessels to acquire surface fluorescent signals from 

cortex. C. Example frame from video recording of pupil diameter. For each frame the 

maximum diameter across the pupil was calculated (red line) and used to calculate 

spontaneous fluctuations in the pupil diameter over time. D. Pixels from the cortical 

surface are re-arranged in a 2d plane such that the y-axis contains every pixel covering 

the cortex and the x-axis is the voltage activity in the given pixel over time. By taking the 

z-score for each pixel and averaging together we are able to calculate the “global signal.” 

The global voltage signal fluctuates in a similar pattern to that of the pupil diameter. E. 
When the pupil diameter was shifted ahead ~1.2s, the global voltage signal (blue) and 

the pupil diameter (red) are closely overlaid and have a correlation coefficient of 0.72. F. 
The time-delay between the pupil diameter and global voltage signal is consistent across 

trials within a given session. Dashed lines indicate individual trials while the solid line 

represents the average of the cross-correlations. G. When averaging the cross-

correlations across all mice, sessions, and trials, the correlation coefficient remains high, 

but the time-delay for the max correlation is now widened and centered at ~0s. The 

breadth of the total cross-correlation suggests high variability among mice and trials.  

 

While recording cortical fluorescent activity, we also recorded video of the mouse 

to obtain measures of orofacial movement and pupil diameter. Pupil diameter has been 

found to be tightly related to subthreshold membrane voltage activity and population firing 

rates in several cortical and subcortical areas including the auditory and visual cortices 
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as well as the hippocampus (Reimer et al., 2014, McGinley et al., 2015a, McGinley et al., 

2015b, Stringer et al., 2018). During periods of locomotion or increased arousal, the pupil 

rapidly dilates, with pupil constriction observed during quiescent or low arousal periods. 

To efficiently determine pupil diameter across hours of video recordings, we applied a 

binary threshold to isolate the dark pixels representing the pupil and then determined the 

maximal projection across the outer boundary of the pupil. This method was robust 

against partial occlusion of the pupil from whiskers or the bright reflection spot from the 

IR led used to illuminate the face of the mouse.  

By plotting the global signal and pupil diameter activity together, it is clear that the 

signals are similar, though the pupil appears to change at a lagged interval compared to 

the voltage signals (Fig 3.2D,E). To quantify and examine the variability of the time lag 

between the pupil diameter and the global voltage, we performed cross-correlation 

between the global signal and the pupil diameter. Within an example mouse across 

multiple trials, the pupil consistently lagged behind the global voltage signal by 

approximately 1s, peaking at a 0.75 correlation average across all mice (Fig 3.2F). The 

dynamics of this delayed pupil coupling can be further examined by visualizing the 

changing correlation patterns across cortex across the different lag times (Supplemental 

Movie 1). However, while clear peaks emerge across lag times within a single mouse 

across trials, there was variability in the exact delay times between pupil and delay activity 

across all mice and trials (6 mice, 65 trials) (Fig 3.2G). One such source of this variability 

could be the primary frequency components within the global signal.  
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Cortical Laminar Local Field Potential Recordings Are Closely Related to the Wide-

Field Voltage Signals 

To determine the relationship between voltage imaging signals and 

electrophysiological activity across cortical layers, we performed simultaneous voltage 

imaging with laminar silicon probe local field potential (LFP) recordings from pre-motor 

and primary sensory cortex in awake mice (Fig 3.3A). Using 32-channel laminar probes, 

we were able to record LFP activity from multiple cortical layers (Fig 3.3B). LFP signals 

showed the strongest coupling with voltage imaging signals in the superficial layers of 

cortex. The deeper layers (L5) showed anti-correlated activity of similar magnitude to the 

superficial layers (Fig 3.3B). This suggests that activity from both layers is depicted in the 

voltage imaging signals measured from the cortical surface. This is in agreement with a 

previous calcium imaging study reporting that superficial calcium signals measured in 

widefield imaging are most representative of input to apical dendrites and dendritic 

calcium activity (Allen et al., 2017). Since neurons from both layer 2/3 and 5 both have 

extensive apical dendritic networks that receive subcortical and cortico-cortical input. 

Additionally, a previous report combining voltage recordings from mice with VSFP-

Butterfly1.2 in either all excitatory cortical neurons (Emx1-cre) or only layer 2/3 pyramidal 

neurons (Rasgrf-cre) found no significant differences in activity patterns related to arousal 

or sensory evoked activity, further suggesting that the voltage signal measured consists 

of voltage changes due to inputs to layer 2/3 neurons (Shimaoka et al., 2018). Thus we 

suggest that voltage imaging of excitatory neural activity in cortex is best represented by 

synaptic inputs to superficial layers of cortex and primarily the apical dendrites of layers 
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2/3 and 5 neurons. Further supporting the wide-field voltage measurements were related 

to functional connections, we created correlation maps between example LFP traces in 

L2/3 and L5. L2/3 activity in motor cortex showed strong functional connectivity with the 

contralateral motor cortex as well as sensory cortex bilaterally (Fig 3.3B right, top). In L5, 

similar strength of connectivity was observed, but the LFP was instead negatively 

correlated with ipsilateral and contralateral motor and sensory cortices (Fig 3.3B right, 

bottom). 

 

Figure 3.3 Cortical Voltage Imaging Is Correlated with Laminar LFP Activity in 
Awake Mice 
A. Simultaneous wide-field voltage imaging with laminar LFP recordings in M2 of the 

awake mouse cortex. To avoid occluding imaging area, the laminar probe is inserted from 

an 30deg. angle lateral to the mouse cortex using a micro-manipulator. B. Comparing 

cortical voltage activity and laminar LFP signals. The signals depicted correspond to the 

positioning on the laminar probe to the left such that the top traces are from layer 2/3 with 

the bottom traces extending in to layer 5 of cortex. Notice the polarity of the signals switch 

as the probe crosses the boundary between layer 2/3 and 5. The cortical voltage trace 
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(top) is taken from the an M2 pixel contralateral to the laminar recording site due to loss 

of signal from slight bleeding around probe insertion point. Correlation maps (far right) 

show that motor and sensory areas are highly correlated with an example L2/3 LFP trace 

(top) and negatively correlated with an example trace from L5 (bottom). Center of dashed 

circle represents location of cortical LFP insertion. 

 
 
Global signal is differentially coupled to pupil diameter across multiple frequencies 

We previously observed that pupil coupling to global voltage signals appears to 

occur across multiple timescales over the course of a 20s trial. To examine how pupil 

diameter and global voltage and hemodynamic activity are coupled across wider 

timescales, we acquired simultaneous imaging and pupil video recordings over several 

minutes (Fig 3.4A). To determine the frequency components present in each of the 

recorded signals, we calculated wavelet scalograms for voltage activity, hemodynamic 

activity, and pupil diameter (Fig 3.4B). Across the course of several minutes, each of 

these signals exhibited dynamic fluctuations across multiple frequency bands. While the 

voltage activity and pupil diameter exhibited fluctuations in the <0.1Hz range, the global 

hemodynamic signal did not show similar low-frequency fluctuations. To determine how 

these signals covaried with one another, we calculated wavelet coherograms on the same 

example trial between voltage and hemodynamic, voltage and pupil, and hemodynamic 

and pupil activity (Fig 3.4C). These coherograms shows that the co-fluctuations in global 

voltage and hemodynamic signals occur across higher frequencies (above 0.1Hz) at 

specific times throughout the course of the trial (Fig 3.4C, top). Voltage activity shows 

strong coupling with pupil diameter across multiple frequencies, with low-frequency 

coherence present throughout the entire trial and more sparse coupling at higher 
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frequencies (Fig 3.4C, middle). Finally, hemodynamic activity also shows periods of 

coupling to pupil diameter, but is sporadic and strongest at even higher frequencies 

around 0.5Hz with little coupling at low frequencies in contrast to voltage/pupil coherence 

(Fig 3.4C, bottom). To further determine how the pupil diameter changes related to the 

global voltage across multiple animals and trials, we calculated and plotted the average 

cross-correlations between global voltage signal and the pupil diameter across the 

original full frequency spectrum as well as separately for low frequency (<0.1Hz) and high 

frequency (>0.1Hz) filtered components (Fig 3.4D). Across the observed lag times (+/- 4 

seconds), the average correlation coefficients were all positive, with the low-frequency 

signal components showing the maximum correlation at a lag time of ~1s (n = 6 mice, Fig 

3.4D). The variability of the peak correlation was relatively small for the un-filtered and 

low-frequency filtered signals within mice and as a group (Fig 3.4E). The same was true 

for the pupil lag times for the low-frequency and original unfiltered signals with the peak 

coupling between pupil and voltage activity occurring at ~1s and ~0.5s delays, 

respectively. Interestingly, the high-frequency lag times were extremely variable within 

and between mice ranging from the pupil lagging behind or ahead of voltage activity 

between -1 to +1s. Cross-correlations between the global hemodynamic signal and pupil 

diameter showed similar trends as seen between pupil and global voltage, though at 

generally lower correlation strengths (Fig 3.4G). Low frequency components showed 

peak correlations with the pupil diameter of ~0.3 (Fig 4H) and lag times for all frequency 

components varied between 0 to 2s (Fig 3.4I). As we observed earlier when the two 

signals were plotted together, the pupil diameter was tightly correlated with the global 
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signal with peak correlations around 0.5-1s pupil lag times, consistent with previous 

observations of pupil and intracellular membrane recordings (McGinley et al., 2015a).  

 

Figure 3.4 Global Cortical Signals Are Differentially Coupled to Pupil Diameter 
Across Multiple Frequencies 
A. Examples of global voltage (top), global hemodynamic (middle), and pupil (bottom) 

signals from a single 180s trial. B. Frequency wavelet scalograms of the signals depicted 

in A. Over the course of the trial, clear peaks are present across infra-slow and slow 

frequency ranges in the voltage and pupil signals, but are largely absent in the 

hemodynamic signal. C. Wavelet coherograms comparing global voltage and global 

hemodynamic signals (top), global voltage and pupil diameter (middle) and global 

hemodynamics with pupil diameter (bottom). White dashed lines indicate confidence 

boundaries. The global voltage and hemodynamic signals show periods of coherence 

above 0.1Hz. The voltage signal shows high coherence with the pupil diameter 

throughout the course of the trial and across measured frequencies while the 

hemodynamic signal shows coherence with pupil to a lesser extent across limited 

frequencies (~0.05-1Hz). White dashed lines indicate confidence boundaries D. Cross 
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correlations between global voltage signal and pupil diameter across original traces 

(black), low-frequency (magenta), and high frequency (green) filtered traces. The 

amplitude of the cross correlations is highest between the low-frequency signals with the 

peak delay between the global signal and pupil diameter at 1s. The original and high 

frequency signals show a peak correlated with pupil diameter at 0s, suggesting minimal 

delay between pupil diameter and the global signal. Dashed lines represent standard 

error (n = 6 mice; 65 trials) E. Variability in the peak correlations of individual mice (n=6) 

across different frequency components. Mice shown consistent coupling amplitudes 

across the three frequency conditions. F. Lag times corresponding to the peak of the 

cross-correlations. For the original and low-freq filtered signals, pupil lags behind the 

voltage signal by ~0.5s and 1s, respectively. The high frequency filtered activity displays 

highly variable lag times both within and across mice. G. Same as D, but for global 

hemodynamic cross-correlations with pupil diameter. Global hemodynamic signal shows 

decreased correlations across all frequencies compared to voltage signal. H. Variability 

in the peak correlations of individual mice (n=6) for hemodynamic activity. Low-frequency 

filtered hemodynamic signals show the strongest coupling to pupil diameter with peak 

correlation coefficients between 0.2 and 0.4. I. Pupil lags behind the hemodynamic signal 

at close to a 0s lag on average for non-filtered signals and high-frequency activity. Low-

frequency signals are show a peak correlation when pupil lags by ~1s (n=6). 

 

Cortical Activity and Pupil Diameter Are Differentially Coupled Across Functional 

Cortical Areas 

While it is clear that arousal as measured by pupil diameter and global fluctuations 

in voltage signal are related across certain frequencies (Fig 3.4C), it is unclear how the 

pixel-wise voltage signals across different areas of cortex are influenced by arousal. To 

determine the spatial correlations with arousal, we calculated correlation maps depicting 

the correlation coefficients of voltage activity at each pixel with the pupil diameter. To 

examine the spatial aspects of cortical coupling to arousal, we calculated the cross-
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correlations between activity in each pixel with the pupil diameter. For cortical voltage 

activity, we found that the maximum correlation coefficients were highest around medial 

sensory cortices as well as secondary somatosensory and auditory cortex (Fig 3.5A). The 

medial aspects of frontal cortex corresponding to parts of secondary motor and anterior 

cingulate cortex were also strongly coupled.  

 

Figure 3.5 Cortical Activity and Pupil Diameter Are Differentially Coupled Across 
Functional Cortical Areas 
Peak Correlation maps and time delay (time lag) at the peak correlation value are plotted 

across the cortical space for voltage and hemodynamic signals. A. Voltage activity is most 

strongly coupled to pupil diameter changes within medial sensory-motor cortical areas 
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(exhibiting maximum correlation coefficients above 0.75s) as well as secondary 

sensory/auditory cortices. Strong correlations also extend in to medial pre-frontal/pre-

motor areas of cortex, though lateral areas of motor cortex show slight negative 

correlations with the pupil. B. Temporal delay maps showing the delay time with peak 

correlation from cross-correlation of voltage activity and pupil diameter. Lateral sensory 

and posterior visual cortical areas show maximum coupling between voltage and pupil 

activity when the pupil is delayed over 1 second behind the voltage signal. Medial sensory 

areas that exhibited the strongest coupling with pupil diameter exhibit peak correlations 

near 0s delays (6 mice, 65 trials). C. Map of maximum coupling between hemodynamic 

signals and pupil from cross-correlations. Hemodynamic signals share similar pupil 

correlation patterns as seen in voltage activity, though medial frontal regions no longer 

show increased pupil coupling.  E. Temporal delay maps showing the delay time with 

peak correlation from cross-correlation of hemodynamic activity and pupil diameter. 

Lateral sensory areas again show maximum coupling between hemodynamic and pupil 

activity when the pupil is delayed over 2 seconds behind the hemodynamic signal, 

however pupil diameter actually precedes frontal cortex by up to 2 seconds.  

 

To examine the spatiotemporal aspects of these correlations, we also calculated 

the lag time that produced the maximum correlation maps for each pixel across dorsal 

cortex (Fig 3.5B). Interestingly, the cortical areas with the highest coupling to arousal 

showed the highest coupling at -0.2 to 0.2s lag times, while the lateral sensory-motor 

areas were most correlated with pupil at over 1s lag times. Similarly, when looking at 

spatial aspects of hemodynamic coupling to arousal, we find the medial somatosensory, 

visual, and auditory cortices have the strongest peak correlations (Fig 3.5C). However, 

the temporal aspects of hemodynamic coupling to arousal slightly differed compared to 

voltage activity such that the medial frontal cortex is most coupled to pupil diameter when 

the pupil is sped up ahead of the hemodynamic signal up to 2s (Fig 3.5D). These patterns 
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of coupling in the observed cortical areas closely resemble cortical areas found to be co-

activated with movement, raising the question of exactly how the cortical coupling with 

arousal is influenced by the presence or absence of animal movement (Musall et al., 

2018).  

 

Patterns of Cortical Coupling to Pupil Diameter Are Dependent on Behavioral State 

Previous studies have found large effects of behavioral state on membrane voltage 

across multiple brain regions (Ferezou et al., 2007, Poulet and Petersen, 2008, Shimaoka 

et al., 2018). In order to characterize the effects of behavioral state on the coupling of 

cortical voltage activity to pupil diameter, we calculated cortical voltage/pupil correlation 

maps during periods of movement or rest. During the course of a single 160s trial, mice 

display periods of spontaneous orofacial movements (Fig 3.6C). Based on our video 

acquisition setup, these orofacial movements consist of changes in whisker, jaw, or snout 

movements (Fig 3.6AB). In average correlation maps generated over the course of a 

single trial, we can observe stark differences in voltage/pupil coupling between rest and 

movement states with movement periods showing increased coupling to arousal within 

medial sensory cortex and auditory cortex (Fig 3.6DE). Correlations between voltage and 

pupil diameter appear to become more negatively correlated in lateral motor areas during 

movement (Fig 3.6E). When calculating the same average correlation maps combining 

all mice and trials, we find that at rest, cortical coupling to arousal is relatively even across 

cortex (Fig 3.6F). However, during periods of movement, correlations greatly increased 

primarily in medial sensory and auditory as observed before and additionally medial 

frontal cortex with correlation coefficients in these areas near or exceeding 0.5. Voltage 
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coupling to pupil diameter in these areas was all significantly increased even when 

accounting for multiple comparisons (Fig 3.6H). 

 

Figure 3.6 Patterns of Cortical Coupling to Pupil Diameter Are Dependent on 
Behavioral State 
A. Example frame from video acquisition of the mouse face during cortical imaging. 

Region of interest for movement analysis is depicted by the surrounding blue box. Visible 

areas of the mouse face contributing to movement signal include the nose, snout, jaw, 

and whiskers of the mouse. B. Cropped region of interest for calculating the pupil diameter 

during cortical imaging. The red line represents the maximum width across the pupil used 

as the measure of pupil diameter. C. Example trial showing pupil diameter (red), orofacial 

movement (blue), and two regions of interest from cortex including primary motor (red) 

and sensory (green) cortical areas from the right hemisphere. Movement periods (shaded 

gray) were classified based on the movement signal remaining above the threshold 

(dashed line) for at least 4s. Periods of rest were instead identified when the movement 

signal remained below the threshold for at least 4 seconds. D. Correlation map from the 

single trial shown in C. between voltage activity and pupil diameter during periods of rest. 

Correlations between sensory area activity and pupil diameter are slightly negative while 

retrospenial cortex is the only area showing strong positive correlations with pupil activity. 
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E. Same as D, but for periods of movement. During orofacial movements, cortical activity 

is strongly correlated with the medial sensory-motor areas and auditory cortex, while the 

frontal motor areas are strongly negative correlations with pupil diameter. F. Average 

correlation map for cortical voltage activity and pupil diameter for periods of rest. Cortical 

coupling is uniform across cortex with a maximum Pearson correlation coefficient around 

0.2. G. On average, during movement periods voltage and pupil correlations are 

increased in medial sensory-motor areas and decreased in lateral motor and sensory 

areas. H. Statistical maps showing significantly different areas between movement and 

rest at p<0.05 adjusted for multiple comparisons (Bonferroni correction). Map highlights 

significance across medial sensory-motor areas and auditory cortex as well as medial 

pre-frontal cortical areas.  
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3.5 Discussion 

In this study, we examined the temporal and spatial components of cortical 

coupling to arousal measured through changes in pupil dilation. Using wide-field imaging 

of the voltage sensitive fluorescent protein Butterfly 1.2, we were able to record 

membrane voltage activity bilaterally across a large extent of dorsal cortex. While the 

voltage sensitive fluorescent protein was expressed across all cortical layers, our 

electrophysiological experiments suggest that the population membrane voltages 

recorded most closely resemble layer 2/3 activity. This finding is in agreement with a 

recent study that utilized both cortical wide and layer 2/3 excitatory neural targeting of the 

same GEVI and found no significant differences between the two transgenic mouse lines 

(Shimaoka et al., 2018). However, another study using both wide-field and 2-photon 

calcium imaging techniques found that the wide-field signals measured from the epi-

fluorescent microscope most closely resembled superficial neuropil activity from layer 1 

of the cortex (Allen et al., 2017). Since their targeting of the calcium signals was similarly 

restricted to excitatory neurons (excluding contributions from layer 1 inhibitory 

interneurons), they suggest the calcium signals measured in the neuropil and wide-field 

imaging represent inputs to apical dendrites of both layer 2/3 and 5 pyramidal neurons. 

In this study, cortical voltage imaging provides several important advantages over 

alternative imaging strategies. Most importantly, population membrane voltage 

fluctuations do not necessarily translate to changes in neural firing rates, especially since 

the particular voltage sensor used in this study is optimized to show the greatest changes 

in fluorescence in the sub-threshold voltage range (Akemann et al., 2012). This is 

advantageous for studying influence of pupil diameter on cortical activity since they may 
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be primarily coupled across sub-threshold fluctuations as observed in intracellular 

recordings (McGinley et al., 2015a, McGinley et al., 2015b). Additionally, voltage imaging 

provides faster temporal resolution than the more commonly used calcium imaging 

sensors, allowing us to observe neural activity fluctuations on the scale of milliseconds to 

minutes. Though there are also limitations to voltage imaging, especially with the sensor 

used in this study. While the ratiometric calculation used to estimate voltage is largely 

immune to the confounds of hemodynamic activity, the methods used assume that the 

ratiometric voltage signal is uncorrelated with signals due to hemodynamic activity which 

is not always true and likely an oversimplification (Carandini et al., 2015).  

The term “arousal” is often used to imply changes in the global brain state, which 

we show is a valid interpretation based on strong coupling of pupil diameter with the global 

voltage and to a lesser extent hemodynamic signals calculated from cortex-wide global 

signal regression. Though the concept of arousal reflecting global changes in brain state 

is incomplete, which we demonstrate by showing that the pupil is differentially coupled to 

various cortical areas across different behavioral states. While often considered a 

nuisance variable in MRI imaging, we found that the global signal (the voltage or 

hemodynamic signals fluctuating together throughout cortex) was tightly coupled to 

arousal as measured by pupil dilations. Previous work has also shown that the 

hemodynamic signal shared across visual cortex was coupled to pupil diameter/arousal 

while local V1 signals coded for details of visual processing (Pisauro et al., 2016). 

Additionally, one study measuring cortical V1 firing activity at a massive scale (~10,000 

neurons) found that the main principal component of the population activity in visual 

cortex was tightly correlated to measures of arousal such as pupil diameter and 
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locomotion (Stringer et al., 2018). Thus, the removal of global signal during pre-

processing should be carefully considered as it may provide important information or 

serve as a covariate for changes in arousal or attention.  

Using pupil diameter as a proxy, arousal signals fluctuate across fast and slow 

timescales, and have a drastic, though complex, influence on ongoing cortical activity. 

Given what we already know about the effect of arousal on sensory and cognitive 

processing, pupil diameter and animal movements should be routinely monitored as 

complementary measures of arousal that carry the potential to account for large amounts 

of neural and behavioral variability. We additionally found that arousal also influences 

frontal motor/cognitive cortical areas such that are negatively correlated with arousal 

especially during periods of orofacial movement. Few studies have examined the 

influence of arousal-related systems on motor cortex, though in one recent report, 

researchers found that by blocking adrenergic input from the locus coeruleus to motor 

cortex, they found a reduction in the membrane voltage distribution, reduced firing activity, 

as well as impaired contralateral motor coordination, suggesting arousal-related 

modulation of motor cortex can have drastic influences on motor behavior. It is already 

known that arousal can have opposing effects on inhibitory compared to excitatory circuits 

(Reimer et al., 2014) even within the same functional area of cortex further illustrating the 

complexity of arousal influence on cortex. As such, future studies should examine the 

influence of arousal measures on cortical circuits with improved cell-type specificity to 

examine how different neural populations are shaped by arousal state. 

Lastly, we found spatial and temporal differences in voltage and hemodynamic 

coupling to pupil dilations based on the frequency of activity. We broadly divided the signal 
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components in to lower frequency activity (<0.1Hz, sometimes referred to as “infra-slow”) 

and higher frequency activity (>0.1Hz). While the higher frequency activity was maximally 

coupled to the pupil diameter at a 0s lag, lower frequency signals showed peak 

correlations when the pupil was lagging behind the voltage signal by ~1s. These infra-

slow fluctuations are of particular interest, since these oscillations are considered to be 

the basis of resting state functional connectivity measurements in fMRI studies and depict 

distinct spatiotemporal trajectories based on the neural state. For example, in 

anesthetized mice, wide-field calcium imaging shows that infra-slow waves propagate 

from medial-posterior areas of cortex to lateral-frontal areas, however these waves flip 

direction when the mouse transitions to the awake state (Mitra et al., 2018). Interestingly, 

delta oscillations (1-4Hz) exhibit a reversal of direction when transferring between the 

anesthetized to the awake state, but in the opposite direction as infra-slow activity. Our 

study builds on these previous findings by demonstrating that arousal changes as 

reflected by pupil diameter fluctuations are differentially coupled to voltage and 

hemodynamic activity across distinct frequencies. We further showed that the frequency 

bands showing strong coupling between pupil diameter to cortical activity are also 

changing across time courses on the scale of several seconds to minutes. These findings 

build upon another recent study demonstrating that firing rates in cortex exhibit infra-slow 

fluctuations that are also linked to changes in pupil diameter (Okun et al., 2018). While 

the sources of infra-slow fluctuations are unclear, they are considered to be influenced at 

least in part by neuromodulatory systems underlying arousal (McGinley et al., 2015b, 

Reimer et al., 2016). Further work will be required to parse the fine temporal scales of 
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arousal and how these signals emerge and change during quiet wakefulness and goal-

directed behavior. 

 

 

Chapter 4: Cortical Voltage Dynamics Underlying Movement 
Preparation and Initiation in Awake, Behaving Mice 

4.1 Introduction 

How animals prepare to move and properly execute these movements is a critical 

question in neuroscience and while it is widely studied, very few mechanisms are well 

understood or widely accepted regarding the cortical mechanisms controlling movement. 

Wide-field imaging of calcium activity in motor cortices has recently uncovered new 

aspects of cortical processing revealing spatial maps of cortical activity underlying 

movement planning and execution (Crochet and Petersen, 2014, Guo et al., 2014a, Li et 

al., 2015, Allen et al., 2017, Chen et al., 2017, Musall et al., 2018). While these studies 

have provided important details in to the cortical areas underlying proper sensory and 

motor processing, calcium signals represent firing rate activity at relatively slow 

timescales (<8-10Hz). Cortical voltage imaging using voltage sensitive dyes or genetically 

encoded voltage indicators currently has less signal to noise compared to existing Ca 

indicators, but is advantageous in it’s ability to track higher frequency activity (>20Hz) and 

subthreshold voltage fluctuations (Ferezou et al., 2009, Akemann et al., 2012, McVea et 

al., 2012, Carandini et al., 2015, Borden et al., 2017, Kyriakatos et al., 2017). Since animal 

behaviors occur on millisecond timescales, the increased temporal resolution of voltage 
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indicators can begin to address new questions related to the spatiotemporal processes 

underlying motor control. To determine how motor preparation is facilitated across 

sensory-motor cortical areas, we use wide-field imaging of the VSFP Butterfly 1.2 voltage 

indicator (Akemann et al., 2012, Carandini et al., 2015) to measure the population voltage 

changes across cortex while mice performed a directed licking task. In this task, mice 

were presented with variable length (1-1.5s) air-puff stimuli to either the left or right 

whiskers and upon the offset of the air-puff were allowed to lick towards a left or right 

spout to obtain a sucrose reward. By observing and comparing cortical activity between 

correct trials with different preparation and reaction times as well as incorrect trials where 

the mice licked too early (before the air-puff offset), we are able to examine the cortical 

dynamics underlying movement preparation/initiation as well as movement suppression, 

respectively. 

While years of research have been dedicated to understanding the cortical neural 

firing patterns underlying various aspects of motor control, the dynamics of membrane 

voltage activity within the same motor cortical areas remain unclear. In particular, how 

synaptic input to sensory-motor cortices influences movement preparation and initiation 

remains unknown. While individual neurons seem to exhibit diverse relationships with 

movement that also show variability across trials, a lot of information regarding motor 

control can be obtained by looking at activity across populations of neurons during motor 

behavior (Churchland et al., 2006b, Churchland et al., 2012, Kaufman et al., 2014, Seely 

et al., 2016, Peixoto et al., 2018). Since the population activity in motor cortical areas 

carries useful information regarding the time-course of movement preparation and 

initiation, it is possible to extract crucial insights into the mechanisms of movement 
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preparation and initiation by imaging neural populations using genetically expressed 

calcium and voltage sensitive indicators (Ferezou et al., 2007, Vanni and Murphy, 2014, 

Li et al., 2015, Svoboda, 2016, Chen et al., 2017, Kyriakatos et al., 2017). In Chen et al. 

2017, authors aimed to map anticipatory activity in the motor cortices using wide-field 

calcium imaging, finding two areas referred to as ALM and in an area referred to as medial 

motor cortex (MM; also called frontal orienting field) that showed preparatory activity 

during the end of the sample and delay periods before the mouse produced a left or right 

licking response(Chen et al., 2017). Overall they found that activity emerged earliest in 

MM corresponding to the area of motor cortex that receives strongest input from vibrissal 

sensory cortex and moved to the ALM later in the delay period as the mouse prepared to 

move. Using two-photon imaging covering the same areas examined under the prior 

wide-field imaging, they were able to determine a depth profile of anticipatory activity as 

well, finding that object location cells in MM (and partially in ALM) were located in 

superficial layers (L2/3) of motor cortex, with lick direction selective cells located at both 

superficial, but primarily in deep layers (L5) of ALM. For whisker-based motor planning, 

they propose that decision related activity flows from vS1 -> MM -> ALM, though decision 

activity could be distributed through other networks as well including secondary sensory 

projections to motor cortex (vS1-> S2 -> ALM), or through the basal ganglia (vS1-> BG -

> thalamus -> ALM). A later study from the same lab used retrograde labelling techniques 

to isolate two distinct populations of L5b pyramidal tract (PT) neurons in ALM based on 

projections to the thalamus (L5upper) or to the medulla (L5lower) (Economo et al., 2017). 

L5u neurons projecting to thalamic regions that project back to cortex showed early 

preparatory activity that persisted until the movement, while the L5lower neurons 
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produced late preparatory activity and motor commands. Together these studies have 

begun to map the circuitry responsible for transforming sensory input in to decision related 

preparatory activity and ultimately motor initiation signals.  

By imaging voltage activity across dorsal cortex in mice performing a sensory-

guided forced choice licking task, we sought to examine the population membrane 

voltages across sensory cortex and motor cortex while mice prepared, withheld, and 

finally initiated licking movements towards left and right lick spouts. In contrast to previous 

studies examining preparatory and initiation activity in the motor cortex, we utilized fail 

trials when the mice were unable to properly suppress licking before the response window 

to determine cortical voltage correlates of movement preparation, suppression and 

initiation across sensory and motor cortices. Compared to correct trials, early lick fail trials 

provide a direct contrast allowing the identification of neural dynamics when the mouse 

fails to withhold the prepared movement. Additionally, we attempted to account for the 

variability in reaction time and withhold fail trials by closely examining the neural and 

behavioral state of the mouse preceding each trial using both the pupil diameter and 

local/global measures of synchronized cortical activity. We found that membrane voltage 

in the contralateral motor cortex before the onset of the response period predicts the 

reaction time on a trial-to-trial basis such that increased voltage activity preceding the first 

lick is elevated on faster reaction time trials. In contrast, voltage activity extending across 

other parts of cortex including primary sensory and visual areas negatively predicts 

reaction time, such that when voltage is elevated across non-motor areas, the mouse’s 

reaction time is slower. In addition, fail trials where the mouse was unable to properly 



 

 

100 

withhold licks until the start of the response period were characterized by elevated voltage 

levels in pre- and primary motor cortices contralateral to the direction of the lick.  

 

 

4.2 Methods 

Mice:  

For wide-field imaging, VSFP-Butterfly expressing mice were generated by crossing the 

cre/tTa dependent VSFP-Butterfly reporter line (Akemann et al., 2012) with both an 

excitatory neuronal expressing CaMK2a-tTa line as well as a mouse line containing cre 

in excitatory cortical neurons (Emx1-cre). The result of this triple cross were mice 

expressing VSFP-Butterfly 1.2 in excitatory neurons in all layers of cortex.  

 

Surgery:  

For voltage imaging, 5 mice were implanted with a head-post and a through-skull dual-

hemisphere cranial window over the dorsal cortex. These mice were also included in a 

previously published study (Morrissette et al., 2018), though none of the data analyzed 

for these experiments was included in the prior report. The cranial window consisted of a 

custom-cut #1 glass coverslip cemented over the cleaned skull surface. A thin layer of 

cyanoacrylate glue was placed in between the bone and cement interface. Mice were 

administered 0.1mg/kg of buprenorphine as an analgesic and 1-2% isoflurane (3-4% for 

induction) for the duration of the surgery. Mice were aged 3-12 months at the start of 

experiments and maintained on a 12h:12h reverse light cycle for the duration of behavior 

training and imaging. During behavioral training, mice were provided ad libitum food 
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access and were kept of 1-1.5mL/day water restriction protocol for 6 days a week starting 

3 days prior to handling and imaging. On the 7th day of each week, mice were given free 

access to water. During behavioral testing and imaging sessions, mice were given 10% 

sucrose solution with 0.1% grape Kool-Aid powder. Liquid consumption was measured 

during testing and mice were supplemented with water to reach their 1-1.5mL daily 

volume. All experimental procedures were approved by the Emory University Institutional 

Animal Care and Use Committee.  

 

Voltage Imaging:  

We imaged VSFP signals with a macroscope (MiCAM Ultima, Brainvision Inc.) based on 

the tandem lens and epi-illumination system design (Ratzlaff and Grinvald, 1991). 

Excitation light was provided by a blue LED (LEX2-B, Brainvision Inc.), through a band-

pass filter at 482nm (FF01-482/35, Semrock Inc) and a dichroic mirror (FF506-Di03, 

Semrock Inc.). VSFP-Butterfly FRET chromophores (mKate2 and mCitrine) were imaged 

through two CMOS cameras (MiCAM-Ultima). The first camera recorded the emitted 

fluorescence from mCitrine, which was reflected by a second dichroic mirror (FF593-Di03, 

Semrock, Inc.), passed through an emission filter (FF01-543-50-25, Semrock Inc.). The 

second camera recorded the emitted fluorescence from mKate2, passed through the 

second dichroic mirror and an emission filter (BLP01-594R-25, Semrock Inc.). The 

camera acquisition was controlled by the MiCAM Acquisition Software. Acquisition frames 

rates varied between 25-200Hz with a spatial resolution of 0.01mm/pixel. The blue LED 

remained on for the duration of each imaging session that lasted 60 minutes on average.  
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Behavioral Task:  

In order to determine the cortical activity underlying movement preparation, we used a 

behavioral task previously reported in (Morrissette et al., 2018) (Fig 4.1A). In this 

behavioral task, the mouse was instructed to lick to 1 of two lick spouts position to the left 

and right of the mouse based on the presence of a left or right air-puff stimuli, respectively. 

The mouse was forced to withhold movement for the duration of the air-puff (1-1.5s) and 

was able to lick to indicate the direction of the stimulus once the air-puff had stopped. 

During this response window, the mouse had up to 5 seconds to lick to indicate its 

decision and if correct, was provided with a sucrose reward from the respective spout.  

 

Pupil and Behavioral Monitoring Videography:  

In order to monitor and record changes in behavioral state and pupil diameter, we 

captured moderate-speed (10-25Hz) videography of the mouse acquired simultaneously 

during imaging sessions. The first camera was positioned to the front and side of the 

mouse, capturing the left side of the mouse face as well as the left eye and the area where 

the forelimbs often rest underneath the mouse body. An additional camera was 

occasionally positioned in front of the mouse and reflected off of a mirror to capture the 

whiskers, snout, and mouth from underneath of the mouse.  

 

VSFP Image Processing:  

Raw images from both cameras were first aligned and registered to the first frame of the 

donor camera for any given trial. The signals from the two cameras were analyzed using 

the gain-equalization method (Akemann et al., 2012; Carandini et al., 2015; Shimaoka et 
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al., 2018), by equalizing the gains at the heart beat frequency between the two cameras. 

The gain equalization factors were obtained once per recording for each pixel, using the 

first trial of the session. The ratio of the two cameras captures FRET signals linked to 

membrane potential variations (Carandini et al., 2015) while the sum of the two signals 

captures large co-fluctuations linked to the hemodynamic response (Shimaoka et al., 

2018). To exclude possible residual contamination of the hemodynamics in the ratiometric 

signal, the sum (hemodynamic) signal was filtered below 5Hz and then scaled by the 

regression coefficient with the ratiometric signal, then subtracted out from the ratiometric 

signal (hemodynamic signal regression, HSR). To perform analyses across trials and 

mice, the base image used to register within-trial frames was aligned to a template cortical 

map derived from the Allen Brain Mouse Atlas v3 (brain-map.org). A 2D top projection of 

the annotated Allen Brain Atlas volume was created in MATLAB (MathWorks) and a 

template image from one mouse was registered to the atlas using an affine transformation 

computed from two control points that were selected manually: the mid-point at the top of 

the front portion of dorsal cortex and the posterior position of the retrosplenial cortex. 

 

Region Identification:  

Cortical regions were assigned based on registration to the Allen brain atlas cv3 (brain-

map.org). One template VSFP image from a sample mouse was aligned using manual 

placement of control points to the Allen brain cortical map. An example image from all 

other mice was then aligned to the control point-aligned VSFP image using rigid and 

translation alignment in Matlab. Functional sub-regions within the larger atlas defined 

regions were determined by manually localizing cortical pixels responsive to behavioral 
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task variables such as licking and air-puff onsets. For subsequent processing, the base 

image from each imaging session was aligned to the mouse-specific template image and 

all following frames were transformed using the same alignment specifications. Inter-trial 

registration was performed using a sub-pixel rigid registration of frames up-sampled to 

10000x10000 pixels in the frequency space (efficient sub-pixel registration).  

 

Data Analysis:  

To determine statistical significance between correlation maps used to identify voltage 

correlates of reaction time, we calculated shuffle-corrected correlation coefficients, such 

that the average of trial-shuffled correlations (averaged over 10 randomized reshuffled 

samples) was subtracted from the original correlations calculated. In order to determine 

significant differences in the average voltage activity during different epochs of the trial, 

we used the Wilcoxon rank-sum test. 
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4.3 Results 

Wide-Field Cortical Imaging in Mice Performing A Forced Choice Licking Task 

In order to examine cortical activity with high spatial and temporal resolution across 

large extents of cortex, we imaged fluorescent activity in behaving mice expressing the 

voltage indicator VSFP-Butterfly1.2 in excitatory cortical neurons (Fig 4.1B). Prior to 

imaging, mice (n=5) were trained on a forced choice left/right licking task (Morrissette et 

al., 2018) (Fig 4.1C). During the course of a trial, the mice were presented with an air-puff 

stimulus to the left or right whiskers for a randomized time between 1-1.5s during which 

mice were not allowed to lick either spout (Fig 4.1C). After the offset of the air-puff the 

mouse was allowed to indicate the direction of the air-puff stimulus by licking to either the 

left or right lick spout. If the mouse selected the correct spout, it was provided with a 

sucrose liquid reward and entered an inter-trial period before the next trial began. 

Alternatively, if the mouse licked prior to the offset of the air-puff, the air-puff stopped, no 

reward was provided and the mouse entered the inter-trial period. 

 
 
Figure 4.1. Wide-Field Cortical Imaging of Mice Performing Forced Choice Licking 
Task 
A. We trained mice to perform a sensory-guided left/right licking task. In response to a 

left or right air-puff, mice were required to report the location of the air-puff by licking a 

left or right positioned lick spout, respectively. In the example graphic, a left air-puff 

applied to the whiskers requires mice to lick towards the left spout to receive a sucrose 
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reward. B. Example baseline fluorescent image of the camera capturing signal from the 

donor channel of the voltage sensitive protein, VSFP-Butterfly 1.2. A cortical map 

generated from the Allen Brain Atlas v3 was overlaid to show the various cortical areas 

covered by the wide-field imaging macroscope. C. Schematic of an example trial with two 

of the possible outcomes illustrated. Image acquisition begins during the pre air-puff 

period where the mice must withhold licking. After 3-4 seconds of no licking activity, the 

mouse is presented with an air-puff stimulus towards the left or right whiskers for a 

variable time interval between 1 and 1.5s. At the offset of the air-puff, the mouse is then 

allowed to report the air-puff location by licking the correct spout and receives a sucrose 

reward if correct (‘Correct’ trial). Alternatively, if the mouse licks during the air-puff 

stimulus they fail the trial (‘Early Lick Fail’ trail).   

 

Spatiotemporal Cortical Voltage Dynamics During Sensory-Guided Licking 

Behavior 

First, we sought to determine the evoked voltage dynamics reflecting decision 

related activity. Specifically, we wanted to determine the temporal patterns of activity in 

sensory and motor cortices (Fig 4.2B) around the response lick (first lick during the 

response period). To do this we aligned and averaged voltage responses in mouse 

sensory-motor cortex (S1 and M2) in L and R hemispheres centered at the start of the 

response period (Fig 4.2C). At the onset of the air-puff we found a primary sensory 

response contralateral to the side of the air-puff followed by a more global secondary 

response. As the end of the sample period approached, cortical activity across sensory-

motor areas increased with the contralateral S1 and M2 increasing even further above 

the ipsilateral activity just preceding the start of licking activity. To better understand the 

spatial extent of the cortical activity during the behavioral task, we selected frames from 

the 10-trial average shown in C to observe activity at the start of the sensory stimulus (Fig 
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4.2D). At 25ms after the air-puff we saw a clear sensory evoked response in the 

contralateral barrel cortex. At the start of the response period, we saw an increase in 

contralateral sensory-motor activity, especially in the contralateral M2 cortex, 

corresponding to the location of the ALM, the motor cortical area controlling licking 

movements (Fig 4.2E).  

 
Figure 4.2. Spatiotemporal Cortical Voltage Activity During Sensory-Guided 
Licking Behavior 
A. Illustration of mouse and trial context. In these trials, the air-puff stimulus is directed at 

the right whiskers and the mouse is required to lick the right lick spout after the offset of 

the air-puff to receive the sucrose reward. B. Allen Brain Atlas map overlaid on the base 

image from the donor fluorescent channel. Motor cortical areas are colored purple and 

magenta for left and right M2, respectively and primary sensory barrel cortices are outline 
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in blue (left) and red (right). C. Average cortical activity (n=10 trials) for left air-puff correct 

performance trials. At the onset of the air-puff, there is a primary sensory response 

observed in the contralateral sensory cortex (blue) and a secondary response that is 

cortex wide. During the course of the air-puff period, voltage signals across cortex begin 

to ramp and at the offset of the sample period, contralateral sensory-motor cortices 

increase above the ipsilateral hemisphere that precedes the start of licking responses. D. 
Map of cortical activity across imaging frames around the onset of the air-puff stimulus 

onset. A clear evoked sensory response contralateral to the air-puff can be observed as 

early at 25ms following the stimulus. E. As the trial transitions from the sample to 

response period, we can observe increased contralateral sensory-motor activity primarily 

in areas of secondary motor cortex (corresponding to ALM) before the onset of licking 

activity.  

 

Lateralized Voltage Signals in Anterior Lateral Motor Cortex Underlying Licking 

Preparation and Initiation 

To further examine how voltage activity in ALM was related to directional licking, 

we recorded fluorescent signals from left and right ALM in mice while performing the 

forced choice licking task (Fig 4.3A). Previous reports have shown that neural firing 

activity in ALM is selective for lick direction in sensory-guided licking tasks, though the 

voltage activity underlying directional licking remains unknown (Li et al., 2015, Economo 

et al., 2017). To determine how the signals in left and right ALM related to the onset of 

the response (Fig 4.3B), we aligned and the trials from a single mouse and session (n = 

57 trials) to the start of the response period and sorted the trials by reaction time (Fig 

4.3C). When aligned to the start of the response period, a clear pattern in activity can be 

observed of the contralateral neural activity between trials such that the initial peaks in 

the voltage signals are close to the reaction time of the mouse on any given trial (red 
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vertical lines). On average, we see the contralateral and ipsilateral activity between 

contra- and ipsi-lateral ALM areas is similar during the trial until about 100ms before the 

end of the sample period, at which time the contralateral ALM activity starts to increase 

above the ipsilateral ALM (Fig. 4.3D). We then aligned the ALM voltage activities to the 

first lick in the response period for correct left lick trials. When aligned to the first lick, we 

now see a clear peak in activity at the lick onset across all trials and oscillations 

representing later time-locked licks in the lick bout for each trial (Fig 4.3E). Looking at the 

cortical voltage activity averages for contra- and ipsi-lateral ALM, we can see a clear peak 

in the average contralateral ALM activity at lick onset and additional peaks representing 

future licking activity. Interestingly, when aligned to the first lick, we can now see that the 

contralateral and ipsilateral ALM voltages begin to diverge at ~700ms before the first lick 

with contralateral activity beginning to increase slowly above the ipsilateral ALM activity 

for 250ms and then beginning to rise faster at around 250ms before the first lick (Fig 

4.3F). At this time of ramping increases in contralateral ALM activity, the activity in 

ipsilateral ALM remains flat, suggesting that direction selective movement preparation 

signals may emerge in cortical voltage activity over 500ms before the first lick.  
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Figure 4.3 Lateralized Voltage Signals in Anterior Lateral Motor Cortex Underlying 
Licking Preparation and Initiation 
A. Diagram of mouse orientation and trial type. In these example trials, the air-puff 

stimulus is directed at the left whiskers and the mouse is required to lick towards the left 

spout after the offset of the air-puff to obtain a sucrose liquid reward. B. Cropped wide-

field image showing the cortical locations used for obtaining voltage signals from ALM 

ipsilateral to the air-puff (grey) and contralateral to the air-puff (black). C. Contralateral 

ALM voltage activity from correct left lick trials taken from a single imaging session from 

a single mouse (n = 50 trials). Trials are sorted based on the reaction times (vertical red 

lines) that are overlaid over the voltage signals. The vertical, white dashed line represents 

the offset of the air-puff representing the start of the response period. Initial peaks in 

voltage activity across all trials appear to be tightly locked to the response time for each 

trial. D. Average ALM voltage signal (n = 50 trials) from contralateral cortex (black) and 

ipsilateral cortex (gray). When aligned to the start of the response period, we can observe 

the signals from both hemispheres share the same voltage activity until ~200ms before 

the response period begins. At this point, the contralateral ALM voltage rises faster than 

the ipsilateral cortex until about 250ms after the start of the response period. E. 
Contralateral ALM voltage activity from correct left lick trials taken from a single imaging 

session from a single mouse (n = 50 trials). Trials are now sorted based on the first lick 

during the response period (the reaction time) (dashed red line). Peaks in the voltage 

signal are now aligned at t=0s and fluctuations of individual subsequent licks are also 

apparent later in the trial. F. Average ALM voltage activity from contralateral (black) and 
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ipsilateral (gray) ALM. When aligned to the first lick, we can now see that the ALM signals 

across hemispheres begin to diverge over 500ms before the first lick, with the largest 

transient occurring in contralateral ALM ms before the first lick. Large fluctuations 

following the first lick can be observed on the trial-averaged data and is more prevalent 

in the contralateral ALM, but is also apparent in the ipsilateral ALM activity. Over the 

course of licking, contralateral ALM activity continues to increase, while voltage in 

ipsilateral ALM slowly decreases.  

 

Voltage Activity in ALM Underlying Proper Movement Suppression and Initiation 

 In our behavioral task, we trained mice to withhold movement for the duration of a 

1-1.5s sensory air-puff stimulus before licking to indicate their direction decision in order 

to receive a sucrose reward. While mice learned to perform this task well over the course 

of training, we still observed many trials where the mice failed to withhold licking 

movements before the offset of the sample period, causing what we refer to as “early lick 

fail” trials. To determine the neural activity in ALM relating to the proper withholding of 

licking during sample period, we compared ALM voltage activity aligned to the first lick in 

correct trials and early lick fail trials (Fig 4.4A). Looking at the average voltage data for 

contralateral ALM between correct and fail trials, we can see that early activity in ALM is 

increased for early lick fail trials compared to correct trials and activity immediately before 

and after the first lick appears to be increased. However, later in the trial beginning about 

500ms after the first lick, ALM activity is actually increased in correct trials compared to 

early lick fail trials. To better quantify the differences in average voltage activity within 

specific trial epochs, the 1s to 500ms preceding the movement time is designated as 

“BASE” activity (shaded gray), the 500ms to 0ms before the lick onset is termed “PRE” 

(shaded blue), the first 500ms after the onset of the lick is “MOVE” (shaded green), and 
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finally the period lasting from 500ms to 1s after the first lick is “LATE” activity (shaded 

red). Within trails taken from the single mouse shown in 4.4A, can observe statistically 

significant increases in voltage for early lick trials compared to trials where the mouse 

properly withheld licking across BASE (p<0.001), PRE (p<0.0001), and MOVE 

(p<0.0001) periods (Fig 4.4B). Voltage activity during the LATE trial period was instead 

significantly increased in correct trials compared to early lick fail (p<0.0001). To account 

for changes in the baseline voltage level potentially causing the voltage activity 

differences between subsequent trial epochs, we recalculated voltage the PRE, MOVE, 

and LATE periods as differences relative to the baseline. After correcting for the baseline 

offset in the single mouse voltage data, we now see that PRE voltage activity is non-

significant between correct and early lick fail trials. MOVE epoch activity when corrected 

for the voltage just before the first lick is still significantly increased after accounting for 

the pre-lick voltage. Finally MOVE and LATE epochs adjusted for baseline offsets are 

also still significantly increased (p<0.0001) and decreased (p<0.0001), respectively in 

early lick fail trials compared to correct withhold trials. Across all mice, we observed the 

same presence of increased voltage activity especially just before and after the onset of 

the first lick (Fig 4.4DE). Together these results suggest increased excitatory voltage 

signals in contralateral ALM contribute to the mouse’s inability to properly withhold licking 

movements.  
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Figure 4.4 Voltage Activity in ALM Underlying Proper Movement Suppression and 
Initiation 
A. Example of average session activity within a single mouse comparing ALM voltage 

activity in correct trials (blue) and early lick fail trials (red). Activity is aligned to the animals 

first lick during the trial.  The voltage activity for the correct trial averages shows an 

increase in voltage before the onset of the first lick, followed by a negative transient, that 

then increases for the remainder of the trial time shown. In contrast, early lick fail trials 

show elevated voltage early in the trial and increased pre-movement and post-movement 

voltage activity compared to correct trials. After this increase in activity the voltage 

decreases back towards baseline levels. For analysis of voltage changes within specific 

trial epochs, the 1s to 500ms preceding the movement time is designated as “BASE” 

activity (shaded gray), the 500ms to 0ms before the lick onset is termed “PRE” (shaded 

blue), the first 500ms after the onset of the lick is “MOVE” (shaded green), and finally the 

period lasting from 500ms to 1s after the first lick is “LATE” activity (shaded red). B. 
Statistical comparison of ALM voltage levels across the different task epochs between 
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correct and early lick fail trials for a single mouse (n = 2 sessions). At baseline, the voltage 

is significantly increased above correct trial activity. Similar significant increases are found 

for both PRE and MOVE periods where fail trials exhibit increased voltage activity on 

average. For the LATE period, the correct trials show increased cortical voltage activity (* 

p<0.01, ** p<0.001, *** p<0.0001). Error bars represent +/- SEM. C. Differences in voltage 

controlling for baseline offsets and relation to movement for the single mouse shown in 

B. After correcting for the difference in voltage activity observed at baseline levels, the 

PRE activity is no longer different between correct and early lick fail trials. However, 

movement activity when corrected by PRE activity remains significantly increased in the 

early lick fail trials and MOVE activity is still significantly increased compared to correct 

trials when adjusted for the baseline offset. Finally, when adjusted for baseline 

differences, correct trials still exhibit increased voltage during the LATE trial period 

compared to early lick fail trials. D/E. Same as B and C., but including sessions from all 

mice in the analysis (n = 5 mice, 10 sessions). 

 
Cortical Correlates of Reaction Time Are Not Limited to Motor Cortical Areas 

To determine how reaction time is reflected in voltage activity across cortex, we 

aligned trials to the start of the response period and performed pixel-wise correlations 

between the trial-to-trial voltage level and the trial-to-trial reaction times. We hypothesized 

that motor cortical areas would show a negative correlation with reaction times as the 

start of the response period approached such that increased preparatory voltage activity 

would lead to shorter reaction times. We indeed found that negative correlations emerge 

early in the contralateral sensory-motor cortical areas with lateral effects most apparent 

in pre-frontal motor areas and emerging in (Fig 4.5B, left middle). Interestingly, we found 

striking positive correlations across many brain areas during the withholding period with 

reaction time, suggesting that increased voltage activity outside of motor pre-motor cortex 

actually led to slower reaction times (Fig 4.5B middle,  right).  
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Figure 4.5 Neural Correlates Predicting Reaction Time Emerge in Over 1s Before 
Onset of Movement Response  
A. Mouse graphic indicating the trial direction that informs the cortical activity maps in B. 

B. Single mouse example of voltage correlations with reaction times emerging across the 

course of the withholding period (n = 1 mouse, 20 correct left lick trials). In this example 

mouse, right hemisphere sensory and motor areas are negatively correlated with future 

reaction time beginning at 1s before response (left). As time continues, activity in other 

cortical areas is positively correlated with reaction time, such that more activity in these 

areas correlates with longer time to lick (middle left and middle right panels). In the last 

250ms before the onset of licking, the right sensory-motor cortical areas are even more 

negatively correlated as well as other areas across cortex that were positively correlated 

earlier in the withholding period. Importantly, activity in the ipsilateral sensory cortex and 

pre-motor cortex are still positively correlated with reaction time, suggesting activity in 

these areas is competing against the contralateral hemisphere to direct the movement.  
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4.4 Discussion 

Decision making tasks provide a fundamental paradigm in neuroscience used to 

examine how animals process sensory inputs and use that sensory information to make 

a behavioral choice and evaluate the outcome of their decision. While considerable 

research has been devoted to understanding how the brain processes incoming sensory 

information, less is known about the systems involved in converting sensory cues in to 

movements to successfully perform the given behavioral task. In this study, we used non-

invasive measures of cortical membrane voltage activity to determine how sensorimotor 

cortical activity accounts for variability in movement preparation and movement 

suppression in behaving mice. Using single trial analyses of neural activity and mouse 

reaction times, we were able to correlate neural activity across the course of movement 

preparation finding that sensorimotor areas primarily contralateral to the upcoming 

movement were strong predictors of the reaction time, up to 1s before the mouse began 

to move. In addition, we found that increased cortical activity outside of the sensory-motor 

cortex was a negative predictor of reaction time, such that increased activity in non-motor 

cortical areas correlated with slower reaction times early in movement planning. Finally, 

by comparing trials where the mouse licked too early, failing to suppress movement prior 

to the response period, were accompanied by increased voltage activity preceding the 

first lick compared to trials where the mouse correctly licked after the response period 

began. This increase in voltage activity for early lick trials diverged from the voltage 

transients observed in correct trials approximately 0.5s before the lick onset, suggesting 

that movement suppression was facilitated by less excitatory input or increased inhibitory 

input to the motor cortex during the interval preceding the initial movement.  
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To our knowledge, this is the first study investigating neural correlates of 

movement preparation and suppression across sensory-motor circuits in behaving mice. 

Closely related studies begun to examine the voltage dynamics of sensory integration in 

sensory-motor cortex in awake mice using voltage sensitive dyes (Ferezou et al., 2007) 

and intracellular recordings (Poulet and Petersen, 2008, Sachidhanandam et al., 2013, 

Yamashita and Petersen, 2016). Using Go-NoGo behavioral tasks, these studies have 

found that proper sensory detection relies upon complex coordination between sensory 

cortices (S1/S2) and motor cortices (M1/M2). In these detection tasks, mice are only 

required to withhold licking before the presented sensory stimulus and can respond as 

quickly as possible following the sensory stimuli to report detection and receive a reward. 

In this context, sensory activity is quickly followed by activations in motor cortical activity 

(Ferezou et al., 2007, Kyriakatos et al., 2017) and the motor cortex activity is dependent 

on S1 with local inactivation of S1 using CNQX-APV (an ionotropic glutamate receptor 

antagonist) blocking whisker evoked responses in both S1 and M1. The whisker evoked 

activity in S1 and M1 is also dependent on the behavioral state of the mouse, such that 

during periods of whisking, whisker stimulation does not evoke a cortical response. This 

feature of cortical processing suggests that trials in which the mouse was actively 

whisking during the presentation of the air-puff stimulus would result in less activation of 

sensory-motor cortices and delay detection and reaction times. Accordingly, we found 

that when the cortex was more active (as observed during bouts of movement) before 

and during the sensory stimulus, reaction times were increased.   

A main advantage of our study was the ability to monitor membrane potential 

fluctuations across wide areas of cortex with high spatial and temporal resolution. The 
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use of voltage imaging to observe this voltage activity overcomes many technical 

limitations preventing traditional electrophysiological analyses from addressing the 

questions presented in this study. While LFP recordings provide some insight in to the 

synaptic input and voltage activity within a neural circuit, the physiological contributions 

to the LFP signals are difficult to localize and the spatial extent from which one is able to 

record LFP activity is limited by the invasiveness of inserting physical objects in to the 

brain. Other techniques such as electrocorticography (ECoG) and 

electroencephalography (EEG) provide an improved spatial sampling compared to LFP, 

but significantly sacrifice spatial resolution (Musall et al., 2014).  

One limitation of this study was the overlapping of sensory and motor preparatory 

signals since the sensory period was also used as the period where the mouse must 

withhold licking movements. Thus, parsing the distinct contributions of the air-puff 

stimulus and the coordination of choice activity remained difficult. By focusing on the 

activity preceding the first lick during correct and early lick fail trials, each within trials 

featuring the same preceding sensory stimulus, we were able to parse contributions 

neural activity relating to movement with minimal contamination from ongoing sensory 

activity. It was difficult to teach mice to withhold for extended periods and requires weeks 

of training to learn to properly withhold movement until the start of a response period. 

While fail trials that emerge from mice licking before the withhold period is over are often 

discarded from analyses (Guo et al., 2014a, Li et al., 2015, Guo et al., 2017), this aspect 

of the task design was used as a feature of the behavioral task in order to parse the 

cortical voltage correlates of movement suppression.  
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Chapter 5: General Discussion 
Determining how the brain integrates sensory information to instruct future 

movements is a critical aspect of animal behavior and a core objective in neuroscience. 

One neural circuit at the center of this question is the basal ganglia-thalamocortical 

system and while considered to be a fundamental system for voluntary motor control, little 

is known about how the areas interact to orchestrate movements. The studies described 

above aim to narrow the knowledge gap regarding how the basal ganglia influences 

cortical activity in the context of sensory-motor behavior. Selection of a proper behavioral 

paradigm for our studies is an understated but critical aspect of our studies. We adapted 

a well described sensory-guided forced choice licking task that has been shown to require 

coordinated activity between the thalamus and cortex to perform (Guo et al., 2014c, Li et 

al., 2015, Guo et al., 2017). We first used optogenetic manipulation of the SNr and its 

projections to the motor thalamus and determined that by optically exciting or inhibiting 

basal ganglia output, we can facilitate or suppress licking movements, respectively. 

Interestingly, while increasing activity in the SNr impaired licking towards both the right 

and left directions, when we instead only excited SNr projections to the motor thalamus, 

licking was only impaired towards the contralateral direction. The main feature of these 

experiments was the use of optogenetics to selectively target specific cell-type and 

projection specific circuits (Luo et al., 2018). In previous studies, one technique used for 

neural manipulation involved electrically stimulating neural populations which can result 

in off-target effects due to exciting nearby nuclei or passing fibers. Chemical and 

chemogenetic alternatives have also been used to selectively silence or excite neural 

activity within the injected area, however, in addition to potentially affecting off-target cell 
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populations, this method does not provide fine temporal specificity with effects lasting 

minutes to hours until the injected chemical is cleared. Optogenetics improves on all of 

the shortcomings described above by allowing for fine temporal and spatial control by 

using light pulses delivered through a small optic fiber to the brain area of interest. The 

affected area is determined by the illuminated area below the optic fiber as well as the 

genetic strategy used to target the light sensitive protein to the cell population of interest.  

This study is the first to directly test the role of basal ganglia output to the motor 

thalamus on motor (directional licking) behavior. Many neurological disorders are rooted 

in or partially involve basal ganglia dysfunction including Parkinson’s disease, 

Huntington’s disease, Autism Spectrum Disorders, Obsessive Compulsive Disorder, and 

Tourette Syndrome. Thus, understanding how the basal ganglia influences downstream 

circuits and animal behavior is critical to understanding the mechanisms by which these 

disorders impair healthy neural function. In addition, as human therapies advance to allow 

for cell-type and projection specific interventions, dissecting the contributions of the 

various basal ganglia output pathways on behavior may inform future development and 

targeting of therapies or refinement of existing therapies such as deep brain stimulation. 

5.1 Establishment of Cortical Voltage Imaging Techniques in Awake, 

Behaving Mice 

The basal ganglia receiving area of the motor thalamus (BGMT) projects across 

large spatial extents of motor and sensory cortex (Kuramoto et al., 2009, Kuramoto et al., 

2015, Svoboda and Li, 2018). In order to comprehensively examine cortical areas 

receiving input from the BGMT, we adapted and further developed a technique for 
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imaging cortical voltage activity in behaving mice. Using a wide-field macroscope, we 

were able to image over a 10x10mm area of the cortex and measure fluorescent changes 

in a mouse cortical neurons that were genetically engineered to change fluorescence 

based on the membrane voltage. Compared to calcium imaging, voltage imaging is able 

to track much faster activity as well as changes in subthreshold voltage levels, though 

this comes with a large sacrifice in fluorescent signal currently offered by the latest 

versions of calcium sensors (Luo et al., 2018). Since the available voltage sensors offer 

relatively low signal, they are increasingly susceptible to noise, including movement 

artifacts and hemodynamic activity. To get around this limitation, recent studies using 

voltage imaging techniques have relied on obtaining large numbers of trials and averaging 

trials around a specific event such as a sensory stimulus (Petersen et al., 2003, Brown et 

al., 2009, Ferezou et al., 2009, Borden et al., 2017). Many of these studies have been in 

the anesthetized mouse, where baseline activity is low and steady allowing for low signals 

to be clearly observed above the signal noise. Due in part to these difficulties, there are 

not yet any published studies using wide-field imaging of genetically encoded voltage 

indicators in the behaving mouse.  In our imaging studies, we were able to successfully 

image voltage activity during behavior through several careful considerations and 

strategic decisions. We used the FRET-based voltage indicator VSFP-Butterfly 1.2 which 

is uniquely suited for acquiring single trial activity due to the two fluorescent channels 

emitted from the fluorescent protein: one channel that increases and the other that 

decreases fluorescence based on membrane voltage (Akemann et al., 2012, Carandini 

et al., 2015). By utilizing two separate cameras to record the two different wavelengths 

and then using ratiometric equalization methods we are able to divide the properly scaled 
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signals from each channel and obtain a voltage signal independent of hemodynamic or 

movement artifacts.  

5.2 Cortical Voltage Dynamics in During Awake, Spontaneous Behavior 

 Before imaging in the behaving mouse, we wanted to evaluate the voltage activity 

dynamics in the awake mouse in the absence of a behavioral task, which includes periods 

of quiescence as well as bouts of spontaneous movement. In the third chapter, I 

performed initial imaging experiments in awake mice while also obtaining pupillometry 

video, since recent reports suggested pupil diameter and membrane voltage may share 

similar activity dynamics related to arousal (McGinley et al., 2015a, McGinley et al., 

2015b, Reimer et al., 2016). Through these first experiments aimed at characterizing the 

cortical voltage activity patterns, we found that pupil diameter even more closely related 

to the global voltage signal fluctuations (the average voltage shared across cortex) than 

expected. In some trials, pupil diameter accounted for over 70% of the variance in the 

global voltage signal and is especially well suited for tracking infra-slow fluctuations in the 

frequency ranges less than 0.1Hz. The spatial pattern of cortical activity coupling with 

pupil diameter is also interesting, with medial sensory areas and auditory cortex showing 

strong coupling with the pupil and frontal motor areas as well as the sensory barrel cortex 

showing little or even negative coupling. These findings have significant implications for 

neuroscience and psychology research, suggesting that by measuring a physiological 

variable as simple as the pupil diameter, one can obtain measure of neural activity 

accounting for the majority of arousal-related (e.g. global signal) variability. Based on the 

pupil diameter, we found profound differences in the underlying cortical voltage activity, 
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which further supports using pupil diameter as covariate in neuroscience experiments to 

control for arousal related changes in neural activity and/or behavior.  

5.3 Cortical Voltage Imaging of Movement Preparation and Initiation 

In order to understand how output from the basal ganglia influences the cortex in 

the context of motor control, it is critical that the cortical mechanisms underlying 

movement are well characterized as well. Voluntary movement requires complex 

coordination of activity within motor cortex as well as sensory and cognitive cortical areas 

that all receive input from the BGMT. Neural representations of movement planning and 

initiation have been found across sensorimotor cortex with varying relationships to the 

preparation and onset of movement. Wide-field voltage imaging provides a unique 

combination of high spatial and temporal resolution strongly suited to examining cortex-

wide interactions during sensory-motor behavior in head-fixed animals. Many aspects of 

the underlying population neural activity have been found to correlate strongly with 

various aspects of movement, including movement velocity, reaction time, and movement 

direction (Churchland et al., 2006a, Churchland et al., 2006b, Churchland et al., 2012, 

Elsayed et al., 2016, Kaufman et al., 2016, Lara et al., 2018a, Lara et al., 2018b, Russo 

et al., 2018). These studies primarily utilize single-cell recordings over the course of many 

trials to identify firing rate changes relating to movement. In addition to neural firing rates, 

our study adds membrane voltage to the large list of neural correlates underlying aspects 

movement suppression and preparation. Whether the underlying voltages across motor 

cortex provides unique information in predicting movement parameters remains yet to be 

determined.  
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 While our correlation analyses allow calculation of metrics for relating neural 

activity patterns and behavior that are straightforward to interpret, it provides only a limited 

view of the context and behavioral components that may account for the neural activity. 

Generalized linear models accounting for specific variations in trial context as well as 

mouse behavioral state are powerful methods for separating the contributions of many 

measured variables to the observed neural activity (Musall et al., 2018), though can be 

difficult to interpret as the regression coefficients to not necessarily map to correlations. 

In addition, several recently developed techniques have shown promise in identifying 

lower dimensional latent dynamics in the of population neural activity (Yu et al., 2009, 

Seely et al., 2016, Pandarinath et al., 2018, Wei et al., 2018) 

5.4 Future Directions  

While the studies encompassed in this thesis extend our knowledge of basal 

ganglia, thalamic, and cortical contributions to motor control, there are some limitations 

to these experiments and unanswered questions that give rise to new experimental 

paradigms that may be used to further this field of research.  

Much of the uncertainty and speculation around the differential contributions of the 

basal ganglia and cerebellar receiving territories of the motor thalamus stems from our 

inability to cleanly isolate manipulations to a specific motor thalamic nuclei. While recent 

research provides support that new genetic markers may one day be developed to 

specifically target opto- or chemo-genetic manipulation strategies, another method 

utilizing trans-synaptic anterograde transport of cre recombinase has shown promising 

preliminary results. This method, adapted from recent reports from Kim et al. 2017, uses 

the AAV1 viral vector carrying cre recombinase injected in to the initial nuclei of interest 
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to transport cre recombinase across 1 synapse to the areas receiving projections from 

the injected nucleus. By injecting 100nL of AAV1-cre in to the SNr in tdTomato cre-

reporter mice, we were able to observe strong expression of cre in the VM nucleus of the 

motor thalamus (corresponding to the BG receiving zone) as well as other regions 

receiving SNr input such as the CM, PF, and MD thalamic nuclei as well as the midbrain 

reticular formation, the zona incerta, the superior colliculus, and the pedunculopontine 

nucleus. Additionally, I injected a cre-dependent ChR2 AAV in the motor thalamus at 

varying volumes to see if the cre-expressing cells will also express the ChR2. While the 

larger volumes of ChR2 injections led to expression across multiple thalamic nuclei such 

as the CM, MD in addition to the VM, the smallest injected volume (60nL) led to more 

focal expression in just the VM thalamus. In this mouse, we also observed axonal 

expression of tdTomato and EYFP (tagged to the ChR2 expression) in L1 of the frontal 

cortex, consistent with previous studies showing that BGMT projects predominantly to L1. 

Thus, I have developed a novel method for selectively targeting the basal ganglia 

receiving motor thalamus. This method then provides an experimental platform for several 

key studies. First, excitatory or inhibitory opsins may be selectively targeted to the BGMT 

to determine the functional role of the BGMT during mouse licking behavior as performed 

in this thesis work or within the context of other sensory-motor behavioral tasks such as 

forelimb reaching, locomotion, or motor learning behavioral paradigms. Second, 

genetically encoded voltage or calcium indicators can also be selectively expressed in 

the BGMT to allow for optical imaging of thalamocortical axons in behaving mice. Using 

two different wavelength GEVI/GECIs, somatic cortical activity can also be imaged in 

parallel with BG-thalamocortical axonal activity to better understand how axons arising 
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from the BGMT influence cortical activity across different spatial, laminar, and temporal 

scales. Finally, cortical imaging may also be performed in conjunction with optogenetic 

manipulations of the BGMT. Importantly, careful considerations must be taken in to 

account such that opsin expressing axons from thalamocortical neurons are not 

inadvertently stimulated during cortical imaging. This may be achieved by using red-

shifted opsins and blue light-activated optical indicators in cortex, though cross-talk can 

still occur even with color shifted opsins and activity sensors. An improved alternative 

could use recently developed soma-targeted opsins expressed only in the cell bodies of 

the thalamus that prevent activation of thalamocortical axons during imaging.   
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