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Abstract 
Examining the coordination of excitatory and inhibitory (E/I) activity within 

cortical circuits is a fundamental approach to understanding normal and aberrant circuit 

function. Alteration to this E/I coordination is one of the leading pathophysiological 

models for several neurological disorders, including epilepsy, schizophrenia, ADHD, 

and autism spectrum disorders (ASD) (Nelson et al. 2015, Mullins et al. 2016). The 

overarching goal of this research is to understand the mechanism that regulates 

excitatory and inhibitory coordination within the cerebellum. Using a range of 

techniques to monitor and manipulate cortical circuits; I examined how the 

neuromodulator, acetylcholine, alters E/I activity at the initial input stage of the 

cerebellar cortex, the granular layer. Additionally, in a collaboration with Dr. Hatten's 

group at Rockefeller, we investigated the post-migratory role of Astrotactin 2 (ASTN2), a 

risk gene for autism; and found a role in regulating the surface level expression of 

synaptic proteins. By investigating how basic circuit function is modified in a transient 

manner, i.e. neuromodulation, we can reveal mechanisms that facilitate context-

dependent learning; moreover, by examining permanent modifications, e.g. ASTN2, to 

circuit function, we can begin to understand neural mechanisms that underlie both 

normal synaptic function and the pathophysiology of ASDs. 
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These studies revealed the following: 1) acetylcholine actively modifies two out 

of three main nodes - excitatory mossy fiber terminals and inhibitory Golgi cells - within 

the granule cell layer. This modulation resulted in a bidirectional change in the 

excitability of granule cells, suggesting that cholinergic circuits within the granule cell 

layer are well situated to alter information processing in a context-specific manner. 2) 

ASTN2 binds and regulates the surface expression of multiple synaptic proteins via 

endocytosis. A truncated form of ASTN2 (ASTN2-JDUP), resulting from copy number 

variation in its FNIII and MAC/Perforin domains, occurs in patients with 

neurodevelopmental disorders. Investigations into this JDUP variant revealed changes 

in the binding affinity to several different binding partners, including neuroligins 1-4. 

Additionally, conditional overexpression of JDUP or ASTN2 in Purkinje cells, revealed 

differential changes in postsynaptic glutamatergic and GABAergic activity. Overall, 

these ASTN2 results lay the foundation for future studies using an ASTN2 loss-of-

function mouse model. 
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1. Introduction  
1.1 The Cytoarchitecture of the Cerebellar Cortex 

At the gross anatomical level, the cytoarchitecture of the cerebellar cortex is 

highly uniform, often referred to as ‘crystalline’ (Figure 1; Eccles, 1973; Palay and Chan-

Palay, 1974). Classically, it was presumed that the cortex performed a single function 

and functional diversity arose from differences in afferent and efferent connectivity 

rather than differences in cortical circuitry. Yet, this classical view is being challenged in 

light of recent findings that reveal differences in anatomy, physiology, and genetic 

composition of cortical circuits (reviewed in Cerminara et al., 2015). These recent 

findings suggest that the cortex is non-uniform and functional diversity is a combination 

of connectivity and physiology. Furthermore, understanding how functional diversity 

arises and what constitutes a functional unit within the cortex are on-going goals in 

cerebellar research (reviewed in Apps et al., 2018).   
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Figure 1: Cytoarchitecture of the cerebellar cortex. Illustration of the cerebellar 
cortex highlighting the two main afferent projections, climbing fibers (Cl) and mossy 
fibers (Mo), into the cortex and the five main neuronal types with their corresponding 
topographical organization. Mossy fibers (Mo, blue) terminate in the granule cell 
layer forming excitatory synaptic contacts with granule cells (GC, green) and the basal 
dendrites of Golgi cells (Go, black). The ascending axons of granule cells project into 
the molecular layer, bifurcate forming the parallel fibers (Pf, green) which make 
excitatory glutamatergic contacts with Purkinje cells (PC, red), basket cells (Ba, black), 
stellate cells (St, black), and the apical dendrites of Golgi cells (Go, black). Climbing 
fibers (Cl, blue) originating from the inferior olive (not shown) form strong excitatory 
connections with individual Purkinje cells (red). Purkinje cells are the sole output of 
the cortex, projecting to deep cerebellar nuclei (not shown). Figure published with 
permission from Eccles et al. 1967.   

 



 

3 

1.1.1 Anatomical Organization of the Cerebellar Cortex  

The cerebellar cortex can be viewed as a feedforward network that is structurally 

segregated into three layers – granular, Purkinje, and molecular layer (Figure 1). The 

cortex receives sensorimotor information via mossy fiber inputs that originate from 

multiple brainstem nuclei. This information is conveyed to Purkinje cells, the sole output 

of the cortex, via the granule cells (Figure 2). Purkinje cells also receive climbing fiber 

inputs that originate from the inferior olive. As a feedforward network, the 

transformation of sensorimotor information occurs within two main layers, granular and 

molecular layers.  

Within the granular layer, mossy fibers (MF) terminate forming excitatory 

glutamatergic synapses onto granule cells (GrC), unipolar brush cells, and the basal 

dendrites of Golgi cells (GoC). Through the MF-GrC pathway, granule cells transform 

mossy fiber inputs and relay these signals via parallel fibers (PF) that synapse onto 

inhibitory molecular layer interneurons (MLI), apical dendrites of Golgi cells, and 

Purkinje cells dendrites within the molecular layer (Figure 2). Here In the molecular 

layer, excitatory PF and inhibitory MLI activity actively co-modulate tonic Purkinje cell 

activity. The temporal dynamics of PF and MLI inputs with excitatory climbing fiber 

input at the Purkinje cell is the basis for inducing long-term synaptic plasticity; thus, 

mediating changes in Purkinje cell activity.  
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Figure 2 Simplified circuit diagram of the cerebellar cortex. Excitatory mossy 
fibers (MFs) project from several areas within the brain and spinal cord, synapsing 
onto granule cells (GrC) and Golgi cells (GoC) within the GrC layer. In turn, granule 
cell axons project into the molecular layer and bifurcate into parallel fibers that make 
excitatory glutamatergic synapses onto Purkinje cells (PC) and provide feedback 
excitation onto the apical dendrites of GoCs. Purkinje cells project out of the cortex to 
deep cerebellar nuclei (DCN). Purkinje cells also receive input from the Inferior Olive 
via the climbing fibers (not shown). 

 

1.2 Marr-Albus Model of Cortical Processing: Cortical 
Architecture Facilitates Pattern Discrimination   

The organizational structure of the cerebellar cortex inspired the classic 

theoretical works of David Marr and James Albus (Albus, 1971; Marr, 1969). These 

classic works proposed that the cerebellum shares similarity to a perceptron (Rosenblatt, 

1962), in which Purkinje cells are positioned to discriminate activity patterns of granule 

cells and form sensorimotor associations to guide motor output. This is facilitated by the 

divergence of mossy fiber inputs onto a dense layer of granule cells, resulting in an ~10-
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50 fold expansion in the number of unique sensorimotor patterns that can be 

represented by granule cells (Albus, 1971; Litwin-Kumar et al., 2017; Marr, 1969; Tyrrell 

and Willshaw, 1992). Furthermore, this expansion allows for combinatorial diversity 

(Gilmer and Person, 2017; Spanne and Jörntell, 2015) and increases the decorrelation 

between similar inputs (Cayco-Gajic et al., 2017; Litwin-Kumar et al., 2017).  

The original Marr-Albus model posited that sparse population activity would 

increase the storage capacity of the network, and that sparsity within granule cell layer 

was regulated by Golgi cell inhibition (Albus, 1971; Marr, 1969). However, recent in-vivo 

studies have called into question the prediction of sparse population activity by Marr 

and Albus, as calcium imaging has demonstrated dense sensorimotor representations 

within granule cell layer (GCL) (Giovannucci et al., 2017; Knogler et al., 2017; Ozden et 

al., 2012; Wagner et al., 2017). Yet, a recent computational study demonstrated that the 

anatomical connectivity of the GCL, i.e. short granule cell dendrites with interspersed 

mossy fiber terminals and the divergence ratio of MFs to GrCs, is responsible for the 

ability of the network to perform pattern separation. This connectivity results in 

expansion and decorrelation of MF inputs; while Golgi cell inhibition, i.e. regulation of 

the granule cell threshold, increases decorrelation within the network. Cayao-Gajic et al. 

suggest Golgi cell-mediated inhibition does not significantly change the pattern 

separation ability of the network beyond the enhancements due to the physical 

connectivity (Cayco-Gajic et al., 2017). While, this is in contrast to the role of Golgi cell 
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inhibition posited by Marr and Albus (Albus, 1971; Marr, 1969), Golgi cell inhibition is 

posited to enhance the dynamic range of the granule cell layer to a wide range of mossy 

fiber inputs via normalization (Litwin-Kumar et al., 2017). Lastly, Cayao-Gajic et al. also 

demonstrated that the storage capacity of the network is not significantly disrupted in 

the presence of wide-spread population activity (Cayco-Gajic et al., 2017).  

Overall, while the mechanisms by which the granule cell layer facilitates pattern 

separation are actively studied; the role of Purkinje cells in learning to identify unique 

sets of patterns and respond to a given set remains constant (Albus, 1971; Spanne and 

Jörntell, 2015). In order to discriminate the between different granule cell activity 

patterns, the Purkinje cells undergo a learning phase, in which a teaching signal, i.e. 

climbing fiber input, induces a change in synaptic strength across all synchronously 

active parallel fibers (Z. Gao et al., 2012). During a recall phase, these synaptic changes 

cause a pause in Purkinje cell activity; thus, allowing for disinhibition of the cerebellar 

nuclei and motor movement.    

 

1.3 Cerebellar Cortex: Does a Uniform Structure Indicate a 
Uniform Function? 

The organizational structure of the cortex has led to the idea of a ‘universal 

cerebellar transform (UCT) (Schmahmann, 2000) on the basis that the neural architecture 

of a given region defines its function. Thus, due to the uniform cytoarchitecture of the 

cerebellar cortex, it is performing a single function on a given set of inputs 
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(Schmahmann, 2000); however, processing diversity arises due to differences in afferent 

and efferent connectivity, e.g. cerebellar corticonuclear – thalamic connectivity. 

Schmahmann (2000) posited that while the information contained within a given input 

may differ, the cerebellums functional role is to keep behaviors around a homeostatic 

baseline. Thus, disruptions to this UCT lead to a generalized dysmetria that spans 

multiple domains, including motor and cognitive (Schmahmann, 2010; 2000). This idea 

is based upon a uniform cortical organization, however, in the following sections we 

will explore recent discoveries that question the uniform structure of the cortex.  

 

1.4 Cerebellar Modules: Subdividing Anatomical Boundaries 
with Molecular Markers 

Classically, a cerebellar ‘module’ is defined by parasagittal zone of Purkinje cells 

that project to a specific region within the cerebellar nuclei and all receive climbing fiber 

inputs from a specific region of the inferior olive (reviewed in Ruigrok, 2010; historical 

overview see Voogd, 2010). Expanding on this earlier work, a series of studies using 

molecular markers revealed regional variations in the expression of specific proteins 

along the mediolateral axis and within the cortical layers (for a list and review see 

Cerminara et al., 2015; Sillitoe et al., 2012). Notably, several of these proteins are critical 

in synaptic function, including metabotropic glutamate receptor 1b (mGluR1b; Mateos et 

al., 2001); excitatory amino acid transporter 4 (EAAT4; Yamada et al., 1997), 

phospholipase C (PLC; Sarna et al., 2006); GABAB receptors (Chung et al., 2008); aldolase 
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C (also referred to as zebrin II, after its monoclonal antibody; Brochu et al., 1990); and 

acetylcholinesterase (AChE; Figure 3; Boegman et al., 1988; Marani and Voogd, 1977). 

Furthermore, these markers typically subdivide anatomically defined modules into 

smaller units, termed microzones (Apps et al., 2018). The expression of these proteins 

results in changes in cortical function, in the next subsection we will discuss the 

functional consequences of these markers and highlight the idea that they can define 

discrete processing units. 
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Figure 3 AChE and mabQ113 (Zebrin I) Banding in the Cerebellar Cortex. 
Immunoreactivity of A) acetylcholinesterase (AChE) and B) mabQ113. Note the zonal 
banding patterns of AChE, and the overlap with mabQ113. Figure published with 
permission from Boegman et al. 1988.   
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1.4.1 Cerebellar Modules: Molecular Markers Define Cell Boundaries 
and Alter Circuit Function 

Between embryonic day 11 to 14, birth-dating studies have identified two 

subpopulations of Purkinje cells, early- and late-born, that develop and migrate from the 

ventral ventricular zone; these two groups individually cluster, segregate, and migrate 

forming zebrin II+ and zebrin II- stripe, respectively, by embryonic date 18 (reviewed in 

Consalez and Hawkes, 2012; Leto et al., 2015). It is thought that these Purkinje cell 

clusters form the architecture for which mossy fiber terminals, Golgi cells, and molecular 

layer interneurons are bound within (Consalez and Hawkes, 2012; Na et al., 2019; 

reviewed in Apps et al., 2018). This notion is substantiated by studies that have 

demonstrated that the somata and dendrites of Golgi cells (Sillitoe et al., 2008), and the 

activity of molecular layer interneurons compartmentalize into zebrin II+/- bands (W. 

Gao et al., 2006). However, single tracing studies and targeted injections into groups of 

mossy fibers have identified mossy fiber cells that innervate ZII+ and ZII- bands (Quy et 

al., 2011; Valera et al., 2016). Thus, the mechanisms that enforce or relax cellular 

arborizations within specific molecular marker boundaries, i.e. zebrin II, are currently 

unknown (Apps et al., 2018), but the majority of cells are restricted within molecular 

boundaries (Leto et al., 2015).  

Microzones established by zebrin II +/- banding serve as a reference marker for 

other molecular markers, such as excitatory amino acid transporter (EAAT4). EAAT4 is 

expressed in the dendrites of Purkinje cells and aligns with zebrin II + bands (Dehnes et 
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al., 1998; Nagao et al., 1997). Strong expression of EAAT4 hinders the induction of long-

term depression at the parallel fiber-Purkinje cell synapse, as EAAT4 clears the synaptic 

cleft of glutamate; thus, preventing the required activation of extrasynaptic mGluRs for 

PF-PC LTD (Brasnjo and Otis, 2001; Wadiche and Jahr, 2005). Furthermore, 

endocannabinoid-mediated suppression of presynaptic molecular-layer terminals is 

dependent on activation of post-synaptic mGluRs; thus, strong expression of EAAT4 

blocks activity-dependent suppression of MLI inhibition (Wadiche and Jahr, 2005). The 

co-expression of EAAT4 and zebrin II also correlates with differences in the baseline 

firing frequency of Purkinje cells, with zebrin II cells exhibiting lower and more regular 

firing rates (H. Zhou et al., 2014). Collectively, the expression of EAAT4 alters synaptic 

plasticity at the PF-PC synapse and corresponds to differences in the baseline activity of 

Purkinje cells; while, the behavioral consequences of these differences are unknown, it 

demonstrates that processing within these circuits will differ based upon the expression 

of specific synaptic proteins. 

Lastly, immunohistochemical studies have shown AChE expression within the 

cerebellar cortex of rodents, cats, and rhesus macaques (Boegman et al., 1988; Marani 

and Voogd, 1977; Robertson and Roman, 1989). Marani et al. (1977) demonstrated AChE 

banding within the vermis of the cat, with strong expression in the molecular layer 

(Marani and Voogd, 1977). Within rodent cerebella, AChE is found within the granular 

and molecular layers, and develops over time with strong expression in the adult 
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cerebellum (Boegman et al., 1988). Furthermore, AChE exhibits a distinct banding 

pattern that overlaps with zebrin I bands (Figure 3; Boegman et al., 1988). While the 

functional consequences of differential expression of acetylcholinesterase within the 

granule cell layer are unknown, studies in the cerebral cortex have shown that the 

density of AChE expression serves as an indicator for cholinergic tone, as an expression 

of cholinergic fibers and AChE are negatively correlated (reviewed in Coppola et al., 

2016). Overall, this work has revealed that the cerebellar cortex is highly modular, 

consisting of modules that are segmented into parasagittal microzones defined by their 

molecular composition. Furthermore, molecular composition leads to physiological 

changes that alter circuit function.   

 

1.4.2 Cerebellar Microzones: Processing Sensorimotor Signals   

The last section covered how a uniform structure can be subdivided by its 

molecular composition into microzones and highlighted several functional 

consequences. This compartmentalization leads to the question of what constitutes a 

functional unit within the cortex? Does a single microzone form a unit? Here we will 

review two examples that demonstrate 1) a functional unit can consist of adjacent zebrin 

II + and zebrin II – bands; and 2) a single environmental stimulus can undergo different 

processing at the Purkinje cell.    
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1.4.2.1 Zebrin II+ and Zebrin II- Molecular Bands Form One Unit: Optic Flow Pigeon 

Within the Pigeon vestibulocerebellum, i.e. floccus and nodulus/uvula (lobule 

IX/X), Purkinje cell complex spike activity (CSA) corresponds to optic flow stimuli that 

occur from either self-rotation or self-translation (Graham and Wylie, 2012). Here 

Graham et al. (2012) found that distinct classes of optic flow - expansion, contraction, 

descent, & ascent – map to adjacent zebrin II+ and zebrin II– bands forming ZII +/- 

‘pairs.’ Moreover, molecularly defined zebrin zones define electrophysiological borders 

that mainly correspond to one of the classes of optic flow, with one ZII +/- pair 

corresponding to both expansion and ascent (Graham and Wylie, 2012). In a follow-up 

study, Long et al. found that the CSA firing rate in ZII+ bands had a greater depth of 

modulation and narrower direction tuning compared to stimulus matched ZII- bands 

(Long et al., 2018). While these results are similar to ZII +/- differences in Purkinje cell 

activity in rodents (H. Zhou et al., 2014), Long et al. (2018) posit that the modulation is 

due to olivo-corticonuclear connectivity rather than physiological differences between 

ZII +/- zones; however, the authors suggest that differences in plasticity, LTD and LTP, 

between ZII + and ZII- ‘pairs’ may be critical for VOR gain enhancement and 

suppression within different environmental contexts, i.e. translational motion during 

aerial vs ground movement (Long et al., 2018). Overall, these results suggest that a 

functional unit is not restricted to a specific molecular marker band, and that functional 
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differences between cortical circuits may match context-specific behavioral 

requirements.   

1.4.2.2 Single Stimulus Can Elicit Distinct Cortical Responses: Conditioned 
Bradycardic Response 

While the cerebellum's role in motor coordination and motor learning is widely 

recognized; it is also implicated in regulating non-motor functions, including autonomic 

and cognitive (D'Angelo and Casali, 2013; Ito, 2008). This is exemplified in classical fear 

conditioning paradigm that leads to a conditioned bradycardic response (CBR), i.e. a 

decrease in heart rate in response to a salient tone (Willaim F Supple and Kapp, 1993; 

William F Supple and Leaton, 1990). This develops after repeated pairings of a 

conditioned stimulus (CS), i.e. tone, and an unconditioned stimulus (US), i.e. weak 

electric shock to the foot, that leads to an autonomic conditioned response (CR), i.e. 

decrease in heart rate. This is a cerebellar dependent task, as lesions to the anterior 

vermis in patients (Maschke et al., 2002) or animal models (Willaim F Supple and Kapp, 

1993; William F Supple and Leaton, 1990) abolished the autonomic fear response. 

Critically, studies using animal models found two distinct groups of Purkinje cells that 

had either a CS-evoked phasic increase in activity lasting 100 ms or a CS-evoked tonic 

increase that lasted the duration of the CS (5 sec). Thus, suggesting that the cortex is 

performing two distinct cortical computations using the same environmental stimuli 

(Willaim F Supple et al., 1993).    

 



 

15 

1.5 Coordination of Excitation and Inhibition within Cortical 
Networks 

The coordination of excitation and inhibition with cortical circuits underlie many 

important processes, including maintaining neuronal homeostasis and opening up 

plastic cortical states. Aberrant disruptions in E/I are thought underlie many mental 

disorders including, schizophrenia and autism spectrum disorder (Mullins et al., 2016; 

Nelson and Valakh, 2015). This coordination can occur on a global time scale, i.e. a slow 

balance, or within a fine scale in which excitation and inhibition are balanced within 

milliseconds (reviewed in Denève and Machens, 2016). These changes are thought 

underlie the ability for individual neurons to transmit an efficient sparse individual and 

population codes (reviewed in S. Zhou and Y. Yu, 2018). Moreover, transient disruption 

in the coordination of excitation and inhibition, often resulting in disinhibition within a 

circuit, allows for a momentary period of enhanced excitation which shifts cortical 

circuits into a more plastic state (Froemke, 2015). These transient disruptions in E/I 

coordination are often mediated by neuromodulators, such as acetylcholine and 

noradrenaline (Froemke, 2015; Picciotto et al., 2012).  
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1.6 Exploring Functional Diversity in Cerebellar Cortex: 
Transient and Permanent Modification of the Cortical Circuit  

1.6.1 Cholinergic Regulation of the Granule Cell Layer 

Chapter 2 of this dissertation examines how the neuromodulator, acetylcholine, 

alters excitatory and inhibitory activity at the initial input stage of the cerebellar cortex, 

the granular layer. Previous studies from the neocortex have identified that 

neuromodulators utilize pre-existing circuit features to facilitate different cortical 

computations. Furthermore, these actions are typically mediated through the 

modification of cortical inhibition. Here in this chapter, we will review the general 

principles and functional implications of neuromodulation in neocortical circuits. 

Moreover, we will review evidence for a cholinergic circuit within the cerebellar cortex; 

and evidence for context-dependent modulation of the granule cell layer. Furthermore, I 

will demonstrate the modulation of two of the three main cell types within this layer 

and probe for the functional changes to granule cell activity. Lastly, we will discuss the 

functional implications of this modulation in the context of cerebellar learning     

 

1.6.2 ASTN2 Modulates Synaptic Strength by Trafficking and 
Degradation of Surface Proteins 

Chapter 3 of this dissertation, involves a collaborative project with members of 

Dr. Hatten's group at Rockefeller, we identified a post-migratory role for Astrotactin 2 

(ASTN2) in controlling the synaptic strength of Purkinje cell synapses and the surface 
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level expression of several key synaptic proteins. Additionally, we investigated the 

effects of overexpressing an isoform with a truncated FNIII domain, which was model 

after a rare copy number variation that is associated with neurodevelopmental 

disorders, including autism.  The chapter starts with a broad overview of the complexity 

of autism spectrum disorder (ASD), in order to provide an appreciation for a 

reductionistic approach in studying ASD. Additionally, we will review the potential role 

of the cerebellum in the etiopathogenesis of ASD. The results from this study identify 

that ASTN2 interacts with several notable surface-bound synaptic proteins, i.e. 

neuroligins, and markers for endo/lysosomal trafficking, e.g. Rab 7. Later, in the 

conclusion I will discuss several pathways that may underlie the changes we identified 

and provide several predictions of changes to cortical function. 
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2. Cholinergic Regulation of the Granule Cell Layer 
2.1 Introduction 

To coordinate movements and learn sensorimotor associations, the cerebellum 

must integrate signals across a variety of modalities and timescales (Giovannucci et al., 

2017; Ito, 2012; 2006; Mauk and Buonomano, 2004; Wagner et al., 2017). These signals are 

conveyed via mossy fiber projections onto a dense network of granule cells that provide 

a large pool of contextual sensorimotor information for downstream Purkinje cells. The 

divergence from mossy fibers to granule cells is ideally organized to allow for expansion 

recoding, i.e. the projection of sensorimotor signals into a higher dimensional space, 

which enhances pattern separation and increases the capacity of the network (Albus, 

1971; Cayco-Gajic et al., 2017; Gilmer and Person, 2017; Marr, 1969).  

Recent studies have demonstrated that the granule cell layer can be contextually 

modified during behavior to suppress select sensory modalities (Ozden et al., 2012) and 

enhance associative learning (Albergaria et al., 2018). Ozden et al. demonstrated that 

external sensory information, i.e. stochastic auditory distractors and touch stimuli, are 

actively suppressed during locomotion. Furthermore, Albergaria et al. (2018) showed 

that associative learning of behaviorally relevant sensory information is enhanced with 

locomotion (Albergaria et al., 2018). Thus, contextual modification allows for the 

enhancement of behaviorally relevant stimuli that should be learned, while suppressing 

irrelevant sensory information. Overall, these results suggest that sensory 
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representations within the granule cell layer can be contextually modified to fit specific 

cortical processing demands; however, the mechanisms to gate this context-dependent 

regulation are unknown. 

Throughout the brain, neuromodulators play a key role in contextual regulation 

(Froemke et al., 2013; Kuchibhotla et al., 2017; Letzkus et al., 2011). Within the cerebellar 

cortex, there are prominent ACh projections that terminate in the granule cell layer or 

innervate Purkinje cell-molecular layers (reviewed in Jaarsma et al., 1997). Additionally, 

immunohistochemical studies have shown the presence of both nicotinic and muscarinic 

receptors within the cortex (Dominguez de Toro et al., 1997; Nakayama et al., 1997; 

Neustadt et al., 1988; Turner and Kellar, 2005). While behavioral studies have 

demonstrated cholinergic enhancement of the OKR and VOR reflexes (Prestori et al., 

2013; Tan and Collewijn, 1992; 1991), the proposed circuit level mechanisms that could 

facilitate these forms of learning are often contradictory (Andre et al., 1994; 1993; la 

Garza et al., 1987a; 1987b; 1987c; Takayasu et al., 2003). Moreover, neo- and subcortical 

studies have demonstrated that neuromodulators typically act at multiple sites within a 

circuit and along multiple timescales (reviewed in Picciotto et al., 2012). Thus, it is 

critical to probe for the presence of cholinergic receptors at multiple sites within a 

circuit. Here our goal is to test how acetylcholine acts to modulate processing in the 

granule cell layer by testing the cell autonomous and circuit level effects using in-vitro 

slice physiology approaches.  
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2.2 Context-dependent Regulation in Neocortical Circuits  

An overall framework to contextualize the role of neuromodulation within the 

neocortex is one in which it alters the state of a circuit in order to either enhance or 

suppress incoming sensory stimuli (reviewed in Picciotto et al., 2012). To achieve this, 

neuromodulators utilize pre-existing circuit features to facilitate different cortical 

computations. This point is exemplified in several recent studies that investigated: 1) 

state mediated enhancement of cortical responses (Fu et al., 2014; A. M. Lee et al., 2014; 

Niell and Stryker, 2010); 2) contextual gating of sensory information (Kuchibhotla et al., 

2017).  

 

2.2.1 State Dependent Enhancement of Neocortical Responses 

Recent studies in the neocortex have demonstrated that locomotion enhances 

visually evoked responses in V1 principle cells (Fu et al., 2014; Niell and Stryker, 2010; 

Polack et al., 2013). This enhancement is mediated by a disinhibitory mechanism, in 

which VIP+ interneurons relieve SST+ inhibition of V1 pyramidal cells via direct 

inhibition of SST+ interneurons (Fu et al., 2014; Pfeffer et al., 2013). Fu et al. 

demonstrated that VIP+ interneurons are required for the movement-related modulation 

of V1 cells, and that locomotion increases the activity of VIP+ interneurons via nicotinic 

receptors (Fu et al., 2014). Furthermore, Lee et al. demonstrated that activity within the 
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mesencephalic locomotor region (MLR) is correlated with locomotion; and that 

stimulation of the pedunculopontine tegmental nucleus (PPtg), a region within the MLR 

that projects to cholinergic circuits within the basal forebrain (BF), enhances visually 

evoked responses in V1 (A. M. Lee et al., 2014). Overall, these studies demonstrate that 

BF cholinergic projections into V1 act upon pre-existing inhibitory circuits, VIP to SST, to 

enhance V1 response to visual inputs.         

These previous studies demonstrated a disinhibitory mechanism for enhancing 

cortical responses, this resulted in a multiplicative gain enhancement in which 

orientation selectivity was preserved. A follow-up study demonstrated that the 

neuromodulators acetylcholine and norepinephrine are critical for this multiplicative 

gain change (Polack et al., 2013). Intracellular recordings of V1 principle cells, PV+, and 

SOM+ interneurons revealed that locomotion elicited a tonic depolarization of the 

membrane potential coupled with a decrease in variability. Pharmacological dissection 

of the circuit revealed that cholinergic inputs are required for controlling the membrane 

variance, while norepinephrine inputs mediated the tonic depolarization. These changes 

in membrane potential dynamics enhanced the signal-to-noise ratio of the circuit by 

decreasing the spontaneous firing rate and increasing the likelihood that visual stimuli 

can drive V1 principle cells (Polack et al., 2013). Overall, this study demonstrated that 

neuromodulators elicit proportional changes to excitatory and inhibitory elements 
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within a circuit to enhance the signal-to-noise ratio of sensory inputs and maintain the 

orientation tuning of V1 principle cells.  

 

2.2.2 Contextual Gating of Neocortical Responses 

A study from Kuchibhotla et al. demonstrated that cholinergic modulation of 

inhibitory networks within the auditory cortex is responsible for context switching 

during an auditory go/no-go task (Kuchibhotla et al., 2017). Interestingly, this context-

dependent switching is mediated by both inhibitory and disinhibitory mechanisms that 

arise from the interconnectivity between PV+, VIP+, SOM+ interneurons, and A1 

principle cells. During the behavioral task, acetylcholine enhanced the activity of all 

three interneurons via muscarinic M1/M3-type receptors; moreover, silencing any of 

these interneurons during the task significantly degraded behavioral performance. Thus, 

this suggests that all three play critical roles in gating contextual information 

(Kuchibhotla et al., 2017). Furthermore, results from in-vivo imaging of cholinergic 

terminals during behavior suggest that cholinergic inputs carry stimulus information 

that is discrete and time-locked to the tone presentation. While future studies will need 

to investigate the role of nicotinic receptors in gating contextual information, the 

temporal activity of cholinergic terminals in the auditory cortex is in line with previous 

studies linking phasic cholinergic modulation of a neocortical circuit to attentional 

performance (reviewed in Hasselmo and Sarter, 2011). Overall, this study demonstrated 
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that cholinergic modulation is necessary for context-dependent behavior and that it acts 

through inhibitory and disinhibitory mechanisms that arise from the pre-existing 

interconnectivity of inhibitory interneurons.    

In summary, neuromodulators frequently act upon inhibitory interneurons. 

Thus, depending on the interconnectivity of the interneuron within the circuit, the 

mechanism of action and functional implications of neuromodulation will differ; 

additionally, the time course of neuromodulation varies depending on the behavioral 

task and the receptor type that is activated. In the previous examples, tonic release of 

acetylcholine and norepinephrine modulate V1 cortical circuits; while, phasic release of 

ACh in the auditory cortex is likely underpinning the trial-by-trial contextual switching. 

Overall, these results suggest general principles by which acetylcholine may act to 

regulate cerebellar circuits; moreover, as the cerebellar cortex also receives inputs from 

brainstem cholinergic systems, i.e. pedunculopontine tegmental nucleus (PPtg), the time 

course of modulation may be similar to V1 cortical circuits. 

 

2.3 Cortical Processing in Cerebellar Cortex  

In the previous section, I presented a brief overview of neuromodulation within 

neocortical circuits to highlight how neuromodulators utilize pre-existing circuit 

features to facilitate different cortical computations, typically via the direct modulation 

of inhibitory interneurons.  In this section, we will briefly review the anatomical 
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connectivity within the granular layer to provide an insight into how anatomy shapes 

information processing. In the following section, we will review evidence for a 

neuromodulatory circuit that may facilitate context-dependent regulation of the 

granular layer in the cerebellar cortex.  

 

2.3.1 Granule Cell Layer Synaptic Processing  

Introduced in Chapter 1 (section 1.2), the Marr-Albus model posits that the large 

number of granule cells allows for pattern separation via the re-encoding of a mossy 

fiber input over a distributed granule cell layer. Thus, the granule cell layer allows for: I) 

a mossy fiber signal to be distributed to multiple Purkinje cells via the parallel fibers; II) 

a reduction in pattern overlap between representation of similar stimuli; and III) an 

increase in computational power by increasing the number of unique input patterns 

available for a downstream decoder, i.e. Purkinje cell (Albus, 1971; Marr, 1969; 

Olshausen and Field, 2004; Tyrrell and Willshaw, 1992). Built within this model is the 

role of granule cells to serve as a biological threshold for incoming sensory information. 

By increasing the threshold of individual granule cells, the number of active granule 

cells within a large population decreases; consequently, generating a sparse population 

code for the Purkinje cell to interpret (Billings et al., 2014; Spanne and Jörntell, 2015). 

Thresholding of granule cells is regulated by inhibitory Golgi cells. 
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Granule cells are predominantly inhibited by a single class of interneurons, Golgi 

cells, that play a critical role in gating and transforming the mossy fiber information that 

is made available to the cortex (Crowley et al., 2009; Duguid et al., 2012; Hamann et al., 

2003; Mitchell and Silver, 2003).  Golgi cells release GABA that acts on GABAB receptors 

located on mossy fiber terminals (Mitchell and Silver, 2000a), and on GABAA receptors 

expressed by granule cells (Brickley et al., 1996). Granule cells express two types of 

GABAA receptors, a1 subunit-containing & a6 subunit-containing, and the activation of 

each result in two forms of inhibition, fast phasic and slow tonic inhibition. The fast-

phasic inhibition is mediated by direct synaptic release of GABA from Golgi cells onto 

granule cell dendrites expressing the a1-subunit of the GABAA receptor, resulting in fast 

IPSCs (Farrant and Nusser, 2005; Rossi et al., 2003). Computational and experimental 

studies have revealed that fast-phasic inhibition serves to increase the threshold for 

spike initiation and spike timing in granule cells (Crowley et al., 2009; Nieus et al., 2014). 

Tonic inhibition is mediated by activation of extrasynaptic high affinity, non-

desensitizing α6 subunit-containing GABAA receptors, and is characterized by a tonic 

conductance (observed as a ‘holding’ current with large variance) (Brickley et al., 1996; 

Farrant and Nusser, 2005; Kaneda et al., 1995; Wall and Usowicz, 1997). Tonic inhibition 

shapes the excitability of the granule cell through a multiplicative change in the slope (or 

gain) of the MF-GrC input-output relationship (Figure 4; Semyanov et al., 2004). 

Additionally, tonic inhibition alters the time window for synaptic integration via 
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reductions in the membrane time constant and input resistance (Häusser and Clark, 

1997). 

 

 

Figure 4 Inhibition Alters the Mossy Fiber – Granule Cell Transform. 
Changing inhibition can alter the output of granule cells in two ways, producing both 
a multiplicative (gain, blue) and/or additive transformation of incoming MF excitation 
(offset, red; reviewed in Semyanov et al., 2004). 

 

Overall, the granular layer is one of the key sites for integrating and 

transforming sensorimotor information. At the MF-GrC-GoC synapse, Golgi cells are 

critically positioned to alter the information that is made available to the entire cortex; 

specifically, this regulation is mediated by two forms of GABAergic inhibition, phasic 

and tonic, which shape the output of granule cells. However, intrinsic mechanisms to 

modulate these forms of inhibition are unknown. In the previous section (section 2.2), 

neocortical studies reveal that neuromodulators typically act upon inhibitory 

interneurons. The connectivity of the Golgi cell at MF-GrC synapse provides a powerful 
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site for neuromodulatory control of information processing in a context-specific manner. 

Thus, in the next section, we will review the evidence for a cholinergic circuit that may 

facilitate context-dependent regulation of the granular layer. 

 

2.4 Cholinergic Receptors and Projections in the Cerebellum  

2.4.1 Overview of Cholinergic Receptors  

There are two classes of cholinergic receptors, ionotropic nicotinic (nAChR) and 

metabotropic muscarinic (mAChR). Nicotinic receptors are pentameric proteins 

comprise homomeric or heteromeric assemblies of α- and β-subunits (α2–α7 and β2–β4; 

reviewed in Dani and Bertrand, 2007). nAChRs are nonselective, excitatory cation 

channels that are located at pre-, post-, and extrasynaptic sites. Within the central 

nervous system, nAChRs are implicated in both volume, i.e. extrasynaptic, and synaptic 

transmission (reviewed in Picciotto et al., 2012; Sarter et al., 2009). While nAChRs can 

mediate postsynaptic effect, i.e. membrane depolarization, studies have demonstrated 

that nicotinic receptors also perform a modulatory role at presynaptic terminals. This is 

exemplified in studies that have demonstrated that nAChRs mediate the induction of 

long-term plasticity within neocortex (reviewed in Picciotto et al., 2012) and cerebellar 

cortex (Prestori et al., 2013).       

The mAChR class comprises five distinct subtypes: M1, M2, M3, M4, and M5. 

The M2/M4 types (hereinafter referred to as M2-type) are predominately coupled to Gi/o 
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signaling, which activates multiple second-messenger cascades including GTP-

dependent inhibition of adenylate cyclase (reviewed in Thiele, 2013). Additionally, M2-

type couples to Gbg, activating the membrane-delimited pathway to increase the 

conductance of inwardly-rectifying potassium channels (GIRKs). Activation of GIRKs, 

e.g. GIRK3, elicits a hyperpolarization of the membrane potential, consequently 

silencing neuronal activity (reviewed in Lüscher and Slesinger, 2010). M1/M3/M5 

subtypes (hereinafter referred to as M1-type) are coupled to Gq and activate the 

phospholipase Cb pathway, which hydrolyzes PIP2 and closes voltage-gated K+ 

channels (KM). Additionally, the M1-type signaling cascade leads to the closing of K+ 

leak channels (Kleak) and modulation of several other K+ channels (for an overview see 

Thiele, 2013). M1-type mediated closure of these two potassium channels, KM and Kleak, 

results in an increase in neuronal excitability. Lastly, there are exceptions to the 

canonical G-protein signaling pathways described above, e.g. M1-type mediated 

inhibition adenylate cyclase (for a full discussion see Eglen, 2012; Thiele, 2013). 

Therefore, it is critical to functionally parse out the effects within a neuronal circuit in 

order to understand the role of muscarinic signaling within a circuit of interest. Yet, at a 

broad level, the predominant effect of M2-type activation is a decrease in neuronal 

excitability, while M1-type activation increases neuronal excitability. Lastly, mAChR are 

expressed at pre-, post-, and extrasynaptic sites. Previous studies have shown that 
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presynaptic M2-type muscarinic receptors can modulate synaptic release in neo- and 

subcortical areas (Ding et al., 2010; Higley et al., 2009; Kruglikov and Rudy, 2008).  

 

2.4.2 Cholinergic Receptors in the Cerebellar Cortex 

Within the cerebellum, autoradiographic and immunohistochemical (IHC) 

studies have shown the presence of both nicotinic and muscarinic receptors within the 

cortex (Dominguez de Toro et al., 1997; Jaarsma et al., 1997; Nakayama et al., 1997; 

Neustadt et al., 1988; Turner and Kellar, 2005). Autoradiographic and In-situ 

hybridization results revealed that the majority of muscarinic receptors in the 

cerebellum are muscarinic acetylcholine receptor M2 (M2AChR; Neustadt et al., 1988; 

Vilaró et al., 1992). Within the granular layer, immunohistochemical results suggest that 

mossy fiber terminals and Golgi cells express M2AChRs; additionally, distinct 

subpopulations of Purkinje cells and Parallel Fibers also express M2AChRs (Jaarsma et 

al., 1997). In-situ hybridization and IHC results suggest that granule cells express 

nicotinic receptors containing a3, a4, and b4 subunits (reviewed in Jaarsma et al., 1997). 

Furthermore, there is evidence for b2 and a4 subunit containing nicotinic receptors in 

Purkinje cells (Jaarsma et al., 1997; Nakayama et al., 1997); and expression of homomeric 

�7 nicotinic receptors in Purkinje cells, which are developmentally regulated with a peak 

in early development (P3) and strong stable expression by P20 (Dominguez de Toro et 

al., 1997; Dominguez del Toro et al., 1994). 
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2.4.3 Cholinergic Projections in the Cerebellar Cortex 

 Within the cerebellar cortex, anatomical studies have demonstrated two distinct 

types, mossy and beaded fibers, of cholinergic projections that either: 1) terminate in the 

granular layer; or 2) innervate a region situated between the Purkinje cell and molecular 

layers, respectively (reviewed in Jaarsma et al., 1997). Studies examining the lobular 

distribution of these fibers demonstrated that choline acetyltransferase (ChAT) reactive, 

hereinafter referred to as ChAT+, mossy fiber terminals and beaded fibers are expressed 

throughout the cerebellar cortex, with lobules IX/X having the densest mossy fiber 

innervation and lobule IX having the densest beaded fiber innervation (Barmack et al., 

1992a; Jaarsma et al., 1996; Ojima et al., 1989). Within the granular layer, ChAT+ mossy 

fibers terminate onto granule and unipolar brush cells. Additionally, the density of 

ChAT+ mossy fiber terminals across the mediolateral plane within lobules IX/X exhibit 

zonation (Jaarsma et al., 1996). 

Tracing studies have found that ChAT+ MFs located in lobules IX/X and the 

flocculus originate from the medial vestibular nucleus (MVN) and nucleus prepositus 

hypoglossi (NPH) (Barmack et al., 1992b). The MVN is a region within the vestibular 

nuclei that receives inputs from the horizontal and vertical semicircular canals 

(Sekirnjak, 2006; for a review see Barmack and Yakhnitsa, 2011). MVN ChAT+ MFs form 

part of the secondary vestibular inputs to the cortex (Barmack et al., 1992a); 

consequently, are positioned to potentially carry information related to yaw and 
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roll/pitch rotations. The NPH region is an integration site for horizontal eye movements 

(S.-H. Kim et al., 2016; Seo et al., 2004). 

Retrograde tracing studies have demonstrated that ChAT+ beaded fibers 

originate from the pedunculopontine tegmental nuclei (PPTg). These projections send 

collateral projections into the deep cerebellar nuclei terminating within the fastigial, 

interpositus, and dentate nucleus (Newman and Ginsberg, 1992; Ruggiero et al., 1997; 

Woolf and Butcher, 1989). Additionally, these beaded fibers project to multiple lobules 

within the cortex, including lobules VIII & IX (Jaarsma et al., 1997). Cells within the 

PPTg are active during and involved in multiple behavioral and state processes, 

including wakefulness and REM sleep (Datta et al., 2002; Jones, 2008; Mazzone et al., 

2017; McCormick, 1989); saccade and locomotion (Kobayashi and Isa, 2002; A. M. Lee et 

al., 2014; Norton et al., 2011); and reward signaling (Kobayashi and Isa, 2002; Norton et 

al., 2011). Thus, these beaded fibers are situated to provide context-dependent 

modulation at two key regions within the corticonuclear pathway. Overall, multiple 

brainstem nuclei send cholinergic projections into the cerebellum; while the exact time 

course of acetylcholine release is currently unknown, predictions can be made based 

upon the origin of the fibers.  
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2.4.4 Summary and Experimental Rationale  

Overall, the function of a neuromodulator, i.e. acetylcholine, within a circuit is 

dictated by a combination of the spatial and temporal dynamics of the receptors, release 

sites, and local extracellular concentration – as dictated by the density of the tissue and 

AChE (section 1.4.1). Within the cerebellum, immunohistochemical studies have 

demonstrated the presence of cholinergic projections and receptors within the granular 

layer. Furthermore, at the gross anatomical level, AChE is expressed in distinct 

parasagittal bands (Figure 3), suggesting that ACh might be an important modulator 

within the circuit, potentially controlling cortical processing in a context-specific 

manner. In order to understand the role of acetylcholine during behavior, it is first 

important to probe individual elements within a circuit to gain insight into circuit level 

mechanism that could modulate cortical processing of sensorimotor signals.   

 

2.5 Results 

2.5.1 Nicotinic and Muscarinic Receptors Modulate Golgi Cell Activity 

Prior anatomical studies have reported the presence of nicotinic and muscarinic 

receptors in the cerebellar cortex (Jaarsma et al., 1997). Additionally, functional studies 

have found a7-nAChRs (Prestori et al., 2013), a4β2-nAChRs, and M3-mAChRs on 

granule cells; however, a4β2-nAChRs are reportedly developmentally down-regulated 

(Didier et al., 1995) and the M3-mAChRs are expressed in ~15% of granule cells in 
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lobules IX-X (Takayasu et al., 2003). To screen for the presence of cholinergic receptors in 

the adult cortex, we performed whole-cell recordings from Golgi and granule cells in the 

presence of glutamatergic antagonist (NBQX 5 µM, CPP 2.5 µM) and focally applied 

acetylcholine chloride (ACh 500 µM, 200 ms) via a second patch pipette positioned in 

close proximity (~5-20 mm) to the cell soma.  

Golgi cells fire spontaneously between 1 to 20 Hz (Forti et al., 2006); thus, we first 

tested for acetylcholine-mediated changes to intrinsic firing rate. Brief application of 

ACh caused a transient increase (4.02 fold, n = 10, Figure 5C, D) in the spontaneous 

firing rate followed by a longer suppression of firing (0.13 fold). To examine the currents 

underlying the changes in spontaneous firing rate, we switched into a voltage-clamp 

configuration in the same cell. Focal application of acetylcholine revealed an outward 

current that is blocked using a selective antagonist for type II muscarinic receptors (AF-

DX 116 1 mM, Figure 5F) and an inward current that is blocked by a non-selective 

nicotinic antagonist (MMA 10 µM). Peak current amplitudes were measured from the 

subtracted average current for each cell (nicotinic: 40.3 ± 11.4 pA, muscarinic: 16.1 ± 2.6 

pA, n = 7, Figure 4E). In contrast to the Golgi cell data, we found no evidence for 

nicotinic or muscarinic receptors in granule cells (n = 24, Figure 6).   
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Figure 5 Acetylcholine activates nicotinic and muscarinic (M2) receptors in 
Golgi cells. A) Schematic showing intracellular recording of Golgi cells during focal 
application of acetylcholine chloride (ACh). A glass pipette containing 500 µm ACh 
was placed in close proximity to the soma. B) Representative current-clamp recording 
of spontaneous activity in the presence of glutamatergic (NBQX 5 µM, CPP 2.5 µM) 
and GABAergic (SR-95531 5 µM) antagonist. A 200 ms pulse of ACh evokes a 
transient increase in spontaneous activity followed by a pause. C-D) Normalized 
spike rate across stimulus presentations (normalized to the 5 sec period prior to ACh 
stimulus, 1 sec bins, n = 10). C) Average spike rate by cell (grey), group average (black, 
mean ± SEM; Welch’s ANOVA, F3, 18.01 = 26.38, P<0.00001, n = 10) at 4 sec (0.99 ± 0.09 
norm), 6 sec (4.02 ± 1.05 norm, P = 0.0723), 10 sec (0.13 ± 0.06 norm, P<0.00001), and 20 
sec (1.05 ± 0.18 norm, P = 0.9932). D) Expanded view of the time course of ACh 
mediated change in spike rate (group average). F) Voltage-clamp recordings from the 
same cell in B. A 200 ms pulse of ACh evokes an outward current that is blocked by a 
selective muscarinic M2 antagonist (AF-DX116 1 µm), and an inward current that is 
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blocked by a non-selective nicotinic antagonist (MMA 10 µm). E) Peak amplitudes 
from voltage-clamp recordings at -60 mV. Amplitudes were determined using the 
subtracted average current for each cell (nicotinic: 40.3 ± 11.4 pA, muscarinic: 16.1 ± 2.6 
pA, n = 7). 

 

 

Figure 6 Granule cells lack cholinergic receptors in the adult cerebellar cortex. 
A) Schematic showing intracellular recording of granule cells during focal application 
of acetylcholine chloride (ACh). A glass pipette containing 500 µm ACh was placed in 
close proximity to the soma. B) Representative current clamp trace from a granule cell 
in the presence of glutamatergic (NBQX 5 µM, CPP 2.5 µM) and GABAergic (SR-
95531 5 µM) antagonist. A 500 ms pulse of ACh fails to evoke change in the 
membrane potential. C) Average spike rate across all cells (n = 24). D) Grouped 
voltage-clamp trace from all cells (n = 24). 
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Focal application of ACh on Golgi cells suggest the possibility of long-term 

suppression during periods of elevated acetylcholine release (Figure 5). To test this, we 

simulated tonic release of acetylcholine by bath application of acetylcholine (Figure 22) 

or muscarine (Figure 7), and found a prolonged hyperpolarization that lasted the 

duration of the agonist. This hyperpolarization was blocked in the presence of a non-

selective muscarinic receptor antagonist (atropine 5 µM). Overall, these finding suggest 

that Golgi cells express nicotinic and M2 muscarinic receptors; and tonic release of 

acetylcholine would result in a net suppression of Golgi cell activity. 

 

 

Figure 7 Activation of Muscarinic Receptors on Golgi Cells Hyperpolarizes the 
Membrane. A) Whole cell current-clamp recordings from Golgi cell in the in the 
presence of a Na+ channel antagonist, tetrodotoxin (TTX, 0.5 µM), to block 
spontaneous firing. Bath application of muscarine hyperpolarizes the membrane 
potential (musc: -65.2 ± 3.57 mV, n = 6).    
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2.5.2 Activation of Golgi Cell M2 Receptors Decrease GABAergic 
Inhibition in Granule Cells.    

Golgi cells are the predominant inhibitor of granule cells (Eccles et al., 1966; 

Farrant and Brickley, 2003; Kanichay and Silver, 2008) in which GABA acts upon two 

types of GABAA receptors, a1- & a6-containing (Farrant and Nusser, 2005). These 

receptors produce two forms of inhibition, fast phasic and tonic, and regulate the 

excitability of granule cells both in-vitro (Brickley et al., 1996; Crowley et al., 2009) and 

in-vivo (Duguid et al., 2012; 2015). The previous experiment indicated that tonic release 

of acetylcholine would suppress the spontaneous activity of Golgi cell (Figure 5D); thus, 

we tested for changes in Golgi cell-mediated inhibition of granule cells during simulated 

bulk release of acetylcholine (Figure 8). sIPSCs and tonic inhibition were recorded at a 

holding potential of +10 mV and in the absence of synaptic transmission blockers. Bath 

application of muscarine resulted in a significant decrease in both the sIPSC frequency 

(83.65% decrease, control: 4.47 ± 0.82 Hz, muscarine: 0.79 ± 0.27 Hz, n = 11, Figure 8B) 

and baseline ‘holding’ current (54.32% decrease, control: 8.85 ± 1.08 pA, muscarine: 4.09 

± 0.66 pA, Figure 7C). This effect was reversed by the nonselective muscarinic 

antagonist, atropine (sIPSC frequency: 4.89 ± 0.91 Hz, holding current: 7.45 ± 0.95 pA, 

Figure 8B-D), and was accompanied by a significant increase in sIPSC amplitude 

(control: 24.27 ± 0.47 pA, atropine: 27.01 ± 0.4829 pA; p = <0.0001). These results suggest 
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that M2 mediated suppression of Golgi cell firing rate can significantly reduce the level 

of inhibition within granule cells.      

 

 

Figure 8 Activation of muscarinic M2 receptors on Golgi cell decreases phasic 
and tonic inhibition in granule cells. A) Example whole-cell voltage clamp recording 
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from a granule cell held at the reversal potential of excitation (~10 mV) to record 
GABAA receptor-mediated phasic and tonic inhibition (measured using sIPSC 
frequency and holding current, respectively). Dashed horizontal line indicates no 
holding current. B) Grouped average spontaneous IPSC frequency across time in the 
presence of muscarine (musc, 10 µM), atropine (5 µM), and GABAA antagonist (SR-
95531 5 µM; mean ± SEM, n = 11). C) Grouped average holding current across time. D) 
Left, Summary of the change in sIPSC frequency for individual cells. Quantified 
using a 2-minute window (control: 2-4’, muscarine: 7-9’, atropine: 12-14’, values 
normalized to control; ANOVA, F2, 30 = 28.77, P<0.001, n = 11). Group average for each 
condition: muscarine (0.16 ± 0.03 norm, P<0.00001); atropine (1.23 ± 0.18 norm, P = 
0.44463). Right, Summary of the change in holding current (ANOVA, F2, 30= 56.72, 
P<0.001) for individual cells in muscarine (group average: 0.46 ± 0.03 norm, P<0.00001) 
and atropine (group average: 0.87 ± 0.06 norm, P = 0.08944).    

 

2.5.3 Activation of M2 Receptors on Golgi Cells Invokes Firing Rate 
Potentiation. 

Our IPSC results revealed that the sIPSC frequency increased in a subgroup of 

granule cells after bath application of muscarine (Figure 8D); additionally, the sIPSC 

amplitude across all cells increased after muscarine. Previous work has demonstrated 

that Golgi cell spike rate can undergo a form of long-term facilitation, i.e. firing rate 

potentiation (FRP), following membrane hyperpolarization (C. A. Hull et al., 2013). To 

test if the activation of M2 receptors could provide an endogenous mechanism for 

inducing this plasticity, we performed whole-cell current clamp recordings in Golgi cells 

in the presence of glutamatergic (NBQX 5 µM, CPP 2.5 µM) antagonist while simulating 

bulk acetylcholine release via bath application of muscarine (10 µM). Application of 

muscarine reliably suppressed GoC spiking activity (baseline: 4.23 ± 0.62 Hz; musc: 0.503 

± 0.28 Hz; Figure 9A); and was reversed by atropine (5.46 ± 0.65 Hz, Figure 9A). In 
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agreement with the prior study (C. A. Hull et al., 2013), Golgi cells with a lower baseline 

firing rate on average had a larger firing rate potentiation (FRP; <5Hz: 1.57 ± 0.19 norm, 

n = 13; >5Hz: 1.01 ± 0.12 norm, n = 4; Figure 9B-D). These results suggest that 

acetylcholine can act as an endogenous mechanism, via M2 receptors on Golgi cells, for 

invoking this form of long-term plasticity.     
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Figure 9 Activation of M2 receptors on Golgi cells invokes firing rate 
potentiation. Whole-cell, current-clamp recordings from Golgi cells before and during 
bath application of muscarine (musc, 10 µM). A) Top, representative current-clamp 
recording during muscarine application. Bath application of muscarine silences the 
spontaneous firing activity and this effect is reversed by the non-selective mAChR 
antagonist, atropine. Bottom, normalized spike rate across all experiments (rate at 5’: 
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4.23 ± 0.62 Hz; 20’: 5.46 ± 0.65 Hz; mean ± SEM; n = 17). B) Normalized spike rate across 
experiments that had a baseline firing rate below 5 Hz (rate at 5’: 3.15 ± 0.29 Hz; 20’: 
4.66 ± 0.57 Hz; n = 13). C) Normalized spike rate across experiments that had a baseline 
firing rate above 5 Hz (rate at 5’: 7.73 ± 1.48 Hz; 20’: 7.89 ± 1.84 Hz; n = 4). D) Plot 
showing the initial spike rate and FRP rate for individual cells. The degree of FRP 
was dependent on initial spike rate.    

 

2.5.4 Activation of Presynaptic Muscarinic Receptors Alters 
Glutamatergic Transmission at the Mossy Fiber-Granule Cell and 
Mossy Fiber-Golgi Cell Synapse. 

Our previous results showed that acetylcholine modulates Golgi cell-mediated 

inhibition (Figure 8); thus, can regulate the excitability of granule cells. Next, we tested 

how tonic ACh release regulates incoming inputs to the granule cell layer.  Because ACh 

can act at presynaptic terminals to modulate transmitter release (Higley et al., 2009; 

Oldenburg and Ding, 2011), we first tested for the presence of muscarinic receptors at 

mossy fiber to granule cell synapses (Figure 10). We recorded EPSCs while stimulating 

the white matter (paired-pulse stimulation protocol; 25 Hz x2, 100 ms pulses) and found 

muscarine significantly decreased the amplitude of evoked EPSCs (54.79% decrease, 

control: 68.63 ± 10.69 pA, muscarine: 32.44 ± 8.84 pA, n = 10, Figure 10D). This was 

accompanied by a significant increase in failure rate (control: 0.33 ± 0.33%, muscarine: 

26.3 ± 7.49%, Figure 10E). These effects were reversed using the non-selective muscarinic 

receptor antagonist, atropine (amplitude: 63.96 ± 11.37 pA, failure rate: 1.33 ± 0.74 %, 
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Figure 10D-E). We also found a slight increase in the paired-pulse ratio (control: 0.83 ± 

0.03, muscarine: 0.89 ± 0.11, atropine: 0.83 ± 0.03, Figure 10G).  

 

Figure 10 Activation of presynaptic muscarinic receptors alters glutamatergic 
transmission at the mossy fiber-granule cell synapse. A) Schematic showing the 
intracellular recording configuration and stimulus location. B) Representative 
voltage-clamp recordings of EPSCs (averaged from 30 consecutive events recorded at -
70 mV) evoked by electrical stimulation (2 pulses at 25 Hz, 100 µs pulse width) of 
mossy fibers in control, muscarine (10 µM), and atropine (5 µM). C) Response 
patterns of evoked EPSCs (peak amplitude) for 30 consecutive trials in each drug 
condition. Failures are shown in white. D-G) Data for all recorded cells. D) Average 
amplitude of the first evoked EPSC (30 consecutive trials, measurement includes 
successes and failures, values normalized to control) in muscarine (10 µM, 0.47 ± 0.10 
norm, P = 0.00099), and atropine (5 µM, 0.96 ± 0.09 norm, P = 0.90463). Individual cells 
are depicted in grey, black lines and error bars show mean ± SEM (Welch’s ANOVA, 
F2, 12 = 14.42, P = 0.00064, n = 10). E) Summary of EPSC failure rate to the first stimulus 
in control (0.33 ± 0.33 %), muscarine (10 µM, 26.3 ± 7.49 %, P = 0.02968), and atropine (5 
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µM, 1.33 ± 0.74 %, P = 0.61665), and glutamate antagonist (NQBX 5 µM & CPP 2.5 µM, 
100.0 ± 0.00 %, P<0.00001; Welch’s ANOVA, F3, 17.74 = 5027.47, P<0.00001). F) Summary of 
EPSC potency to the first stimulus (measurement excludes event failures) in control, 
muscarine (0.60 ± 0.07 norm, P = 0.00084), and atropine (0.97 ± 0.09 norm, P = 0.93347; 
Welch’s ANOVA, F2, 12.05 = 14.99, P = 0.00054). G) Summary of paired-pulse ratio (PPR) 
in control (0.83 ± 0.03), muscarine (0.89 ± 0.11, P = 0.88313), and atropine (0.83 ± 0.03, P = 
0.99592; Welch’s ANOVA, F2, 16.36 = 0.12, P = 0.88401). 

 

In conjunction with the granule cell data, we found similar results in Golgi cells 

in the amplitude (54.22% decrease in muscarine, control: 127.01 ± 16.57 pA, muscarine: 

61.36 ± 22.11 pA, atropine: 120.195 ± 18.73 pA, n=10, Figure 11D) and failure rate 

(control: 2.22 ± 0.96%, muscarine: 29.6 ± 8.52%, atropine: 2.22 ± 0.56%, Figure 11E). These 

results suggest that mossy fibers express presynaptic muscarinic receptors that 

modulate the release of glutamate at the MF-GrC cell and MF-GoC synapse. 
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Figure 11 Activation of presynaptic muscarinic receptors alters glutamatergic 
transmission at the mossy fiber-Golgi cell synapse. A) Schematic showing the 
intracellular recording configuration and stimulus location. B) Representative 
voltage-clamp recordings of EPSCs (averaged from 30 consecutive events recorded at -
60 mV) evoked by electrical stimulation (2 pulses at 25 Hz, 100 µs pulse width) of 
mossy fibers in control, muscarine (10 µM), and atropine (5 µM). C) Response 
patterns of evoked EPSCs (peak amplitude) for 30 consecutive trials in each drug 
condition. Failures are shown in white. D-E) Data for all recorded cells. D) Average 
amplitude of the first evoked EPSC (30 consecutive trials, measurement includes 
successes and failures, values normalized to control) in muscarine (10 µM, 0.44 ± 0.12 
norm, P = 0.00338), and atropine (5 µM, 0.90 ± 0.04 norm, P = 0.11901). Individual cells 
are depicted in grey, black lines and error bars show mean ± SEM (Welch’s ANOVA, 
F2, 10.67 = 13.31, P = 0.00126, n = 10). E) Summary of EPSC failure rate to the first stimulus 
in control (2.22 ± 0.96 %), muscarine (29.6 ± 8.52 %, P = 0.04924), atropine (2.22 ± 0.56 %, 
P =1.00), and glutamate antagonist (NQBX 5 µM & CPP 2.5 µM, 100.0 ± 0.00 %, 
P<0.00001; Welch’s ANOVA, F2, 13.16 = 4.9038, P = 0.02562, n = 10). F) Summary of EPSC 
potency to the first stimulus (measurement excludes event failures) in control (1.02 ± 
0.01 norm), muscarine (0.56 ± 0.10 norm, P = 0.00311), and atropine (0.92 ± 0.04 norm, P 
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= 0.11616; Welch’s ANOVA, F2, 11.36 = 13.16, P = 0.0011). G) Summary of paired-pulse 
ratio (PPR) in control (0.95 ± 0.07), muscarine (0.97 ± 0.10 norm, P = 0.9795), and 
atropine (0.79 ± 0.10 norm, P = 0.4578; ANOVA, F2, 24 = 1.16, P = 0.33). 

 

2.5.5 Synergistic Reduction of Feed-Forward Inhibition by Muscarinic 
Receptors. 

Feed-forward inhibition (FFI) serves to control spike timing by limiting the 

window for synaptic integration (Kanichay and Silver, 2008; Pouille and Scanziani, 2001) 

and proportionally scales with the strength of mossy fiber excitation in-vivo (Duguid et 

al., 2015). Given our results that demonstrated muscarinic receptor activation elicits a 

hyperpolarization of Golgi cells (Figure 7) and decreases glutamatergic signaling at the 

mossy fiber terminal (Figure 10, 11), we assessed the impact of these findings on FFI. We 

recorded IPSC from granule cells while stimulating the white matter using a monopolar 

glass stimulating electrode (25 Hz x2, 100 ms pulses at a rate of 0.2 Hz, 5-17 V) placed 

distally (~500 – 1000 mm) from the granule cell recording site. We found mossy fiber 

stimulation reliably evoked inhibitory postsynaptic currents (eIPSCs, control: 51.82 ± 

8.38 pA, 12.8 ± 5.83 % event failure rate to 1st stimulus, n = 5, Figure 12). In the presence 

of muscarine, the amplitude of the event significantly decreased (muscarine 1st 

stimulus: 98.7% decrease from control, 0.57 ± 0.35 pA, Figure 12D) coupled with a 

significant increase in failure rate (muscarine 1st stimulus: 98.4 ± 0.82% failure rate, 

Figure 12E). Application of a non-selective muscarinic antagonist, atropine, recovered 

the amplitude (atropine 1st stimulus: 6.50% increase from control, 52.98 ± 9.94 pA, 
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Figure 12D) and failure rate (atropine 1st stimulus: 19.3 ± 7.10% failure rate, Figure 12E). 

Importantly, the FFI was di-synaptic (MF-GoC-GrC), as the glutamatergic antagonist 

(NQBX 5 µM, CPP 2.5 µM) abolished all evoked activity (All Stimuli: 100 ± 0 % failure 

rate, Figure 12E). 

 

  

Figure 12 Synergistic reduction of feed-forward inhibition by muscarinic 
receptors. A) Schematic showing the intracellular recording configuration and 
stimulus location, ~500–1000 µm from the cell. B) Representative voltage-clamp 
recordings of IPSCs (averaged from 30 consecutive events recorded at ~10 mV) evoked 
by electrical stimulation (2 pulses at 25 Hz, 100 µs pulse width) of mossy fibers in 
control, muscarine (10 µM), and atropine (5 µM). C) Response patterns of evoked 
IPSCs (peak amplitude) for 30 consecutive trials in each drug condition. Failures are 
shown in white. D-E) Data for all recorded cells. D) Average amplitude of the first 
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evoked IPSC (30 consecutive trials, measurement includes successes and failures, 
values normalized to control) in muscarine (10 µM, 0.02 ± 0.01 norm, P = 0.00002), and 
atropine (5 µM, 1.11 ± 0.16 norm, P = 0.67813). Individual cells are depicted in grey, 
black lines and error bars show mean ± SEM (ANOVA, F2, 12 = 43.98, P<0.001, n = 5). E) 
Summary of IPSC failure rate to the first stimulus in control (12.0 ± 5.83 %), muscarine 
(10 µM, 98.0 ± 0.82 %, P = 0.00035), and atropine (5 µM, 19.3 ± 7.10 %, P = 0.85348), and 
glutamate antagonist (NQBX 5 µM & CPP 2.5 µM, 100.0 ± 0.00 %, P = 0.00039; 
ANOVA, F3, 16 = 109.24, P<0.001). 

There are two scenarios that could explain the decrease in eIPSC amplitude: (1) a 

change in presynaptic mossy fiber terminals (Figure 11) coupled with the M2-mAChR 

hyperpolarization of the GoC (Figure 7); or (2) a change in the presynaptic Golgi cell 

terminal in conjunction with the mechanisms described in (1). To test these predictions, 

we placed the stimulating electrode in close proximity of the Golgi cell (~100 – 400 mm, 

Figure 13) to directly stimulate the Golgi cell, as defined by the inability to abolish 

eIPSCs in glutamate antagonist (NBQX/CPP, Figure 13E). We found that muscarine did 

increase the failure rate (control: 15.2 ± 4.29 %, muscarine: 41.9 ± 9.17 %, Figure 13E); 

however, the potency did not significantly change across all conditions (control: 49.55 ± 

9.73 pA, muscarine: 34.86 ± 8.59 pA, atropine: 48.00 ± 10.23 pA, NBQX: 47.34 ± 11.35 pA; 

ANOVA, F3, 24 = 0.2941, P = 0.829; Figure 13F). Thus, we found no significant changes 

in the direct release of GABA from Golgi cell terminals. Overall, these data suggest that 

the decrease in MF-GoC glutamatergic excitation and M2 mediated hyperpolarization of 
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Golgi cells interact synergistically to reduce feedforward inhibition at the GoC-GrC 

synapse. 

 

 

Figure 13 Direct Golgi cell stimulation reveals the reduction in FFI is not 
mediated by presynaptic changes at the GoC terminal. A) Schematic showing the 
intracellular recording configuration and stimulus location, placed in close proximity 
to the GoC cell (~100 – 400 µm) to directly stimulate release from the GoC terminal. B) 
Representative voltage-clamp recordings of IPSCs (averaged from 30 consecutive 
events recorded at ~10 mV) evoked by electrical stimulation (2 pulses at 25 Hz, 100 µs 
pulse width) of mossy fibers in control, muscarine (10 µM), and atropine (5 µM). C) 
Response patterns of evoked IPSCs (peak amplitude) for 30 consecutive trials in each 
drug condition. Failures are shown in white. D-E) Data for all recorded cells. D) 
Average amplitude of the first evoked IPSC (30 consecutive trials, measurement 
includes successes and failures, values normalized to control) in muscarine (10 µM, 
0.77 ± 0.22 norm, P = 0.58301), atropine (5 µM, 1.03 ± 0.08 norm, P = 0.99849), and 
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glutamatergic antagonist (NQBX 5 µM & CPP 2.5 µM, 0.99 ± 0.11 norm, P = 0.99999). 
Individual cells are depicted in grey, black lines and error bars show mean ± SEM 
(ANOVA, F3, 24 = 0.8908, P = 0.46, n = 6). E) Summary of IPSC failure rate to the first 
stimulus in control (15.2 ± 4.29 %), muscarine (41.9 ± 9.17 %, P = 0.05506), and atropine 
(22.4 ± 7.08 %, P = 0.88542), and glutamate antagonist (27.6 ± 6.37 %, P = 0.59636; 
ANOVA, F3, 24 = 2.6365, P = 0.073). F) Summary of IPSC potency to the first stimulus in 
control (1.20 ± 0.06 norm), muscarine (1.28 ± 0.25 norm, P = 0.98043), atropine (1.35 ± 
0.08 norm, P = 0.88421), and glutamatergic antagonist (1.37 ± 0.11 norm, P = 0.82836; 
ANOVA, F3, 24 = 0.2941, P = 0.829). For each experiment glutamatergic antagonists 
(NQBX 5 µM and CPP 2.5 µM) were applied to test if the stimulation elicited direct 
activation of the Golgi cell terminal. 

  

2.5.6 Bi-directional Changes to Granule Cell Excitability. 

Our experimental results suggest that two of the three nodes within the MF-GrC-

GoC circuit are modified by muscarinic receptors. Thus, to understand the overall effect 

on granule cell excitability we recorded the spiking activity of granule cells using loose 

cell attach configuration while stimulating the mossy fiber tract with a monopolar glass 

stimulating electrode (100 Hz x3, 100 ms pulses, repeated at 0.1 Hz, Figure 14).  

Application of muscarine resulted in a bi-directional activity change across the 

population of granule cell tested. We found 5 out of 8 granule cells exhibited an increase 

in the firing rate (muscarine: 1.89 ± 0.27, n = 5, Figure 14C, D) during muscarine 

application; conversely, the remaining had a decrease in firing rate (muscarine: 0.15 ± 

0.15, n = 3, Figure 14C, E). When we completely blocked GABAA inhibition (SR95531 5 

µM) the spike rate significantly increased across all cells (muscarine: 1.89 ± 0.27 

normalized, GABAzine: 8.36 ± 2.29; ANOVA F4, 35 = 13.18, P<0.0001, n = 8, Figure 14C) 
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and within each subgroup (not shown).  Application of muscarine not alter the spike 

timing for these 5 cells (mean ± sd; stim 1: control = 3.49 ± 1.25 ms, musc = 4.26 ± 1.98 ms; 

stim 2: control = 2.30 ± 0.75 ms, musc = 2.47 ± 1.37 ms; stim 3: control = 2.52 ± 1.23 ms, 

musc = 2.79 ± 1.44 ms; n=5; Figure 14C). 

 

Figure 14 Muscarinic receptors modulate GrC spike probability. A) Schematic 
showing the cell-attached recording configuration and stimulus location. B) 
Representative cell-attached recording. Stimulus intensity was set to generate GrC 
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spiking with approximately 20-60 % probability in response to either the 2nd or 3rd 
stimulus (3 pulses at 40Hz, repeated at 0.1 Hz). Note that application of muscarine 
results in an increase in spike probability (upper middle panel), while the non-
selective mAChR antagonist, atropine, reverses the effect (lower middle panel). C) 
Left, average spike rate in control (1.00 ± 0.00 norm), muscarine (10 µM, 1.24 ± 0.36 
norm, P = 0.9994), atropine (5 µM, 0.88 ± 0.18 norm, P = 0.9999), GABAA antagonist 
(GABAzine, 5 µM, 6.82 ± 1.611 norm, P<0.0001), and glutamatergic antagonist (NQBX 5 
µM & CPP 2.5 µM,  0.25 ± 0.13 norm, P = 0.9535; ANOVA, F4, 35 = 13.18, P<0.0001, n = 8). 
Right, summary of the first spike latency within each drug condition (mean & SD). 
Grouped average to 1st stimulus (3.76 ± 0.20 ms), 2nd (2.41 ± 0.09 ms), and 3rd (2.57 ± 
0.13 ms; two-way ANOVA, F3, 84 = 1.01, P = 0.3925). D) Left, spike raster of evoked 
events over time from a single granule cell. Right, spike probability was determined 
by normalizing each cell to its maximum response in control. While the probability 
increases in response to both the 2nd and 3rd stimulus in muscarine (Black vs Blue); 
spike timing is preserved. Abolishing all synaptic inhibition with GABAzine 
(Orange) alters both spike timing and probability. E) In subset of experiments, 
granule cells spike probability was reduced in the presence of muscarine, and 
recovered in atropine. 

 

2.6 Discussion 
Here we have shown that acetylcholine directly modulates two of the three main 

cells within the granule cell layer of the cerebellar cortex. This modulation resulted in a 

decrease in inhibition and excitation within the circuit that caused a bidirectional change 

in granule cell activity. We found that Golgi cells express two types of cholinergic 

receptors, nicotinic and M2-type muscarinic. Phasic activation of these receptors elicited 

a transient increase in the spontaneous firing rate, followed by a brief silencing. We 

simulated bulk release of acetylcholine and found a suppression of Golgi cell activity 

mediated by M2-type muscarinic receptors. This suppression led to a decrease in tonic 

and phasic inhibition in granule cells. Moreover, activation of presynaptic muscarinic 
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receptors on mossy fibers caused a decrease in glutamate transmission; thus, suggesting 

that acetylcholine can control the coordination of excitation and inhibition at the 

network level. 

At the circuit level, our cell-attached recordings revealed that muscarine 

mediated either an increase or decrease in granule cell excitability (Figure 14). There are 

several mechanisms that may account for these opposing effects, including 1) a change 

in granule cell spike threshold; 2) a transient uncoupling of excitation from inhibition; 3) 

a failure to reach threshold due to a decrease in excitatory inputs; 4) a combination of 

several mechanisms. Recent work has demonstrated that fast-phasic inhibition regulates 

the spike threshold in granule cells (Crowley et al., 2009). Given our findings that 

muscarine decreases the evoked FFI and the phasic inhibition, a simple explanation for 

the increase in GrC excitability would be consistent with the notion that the spike 

threshold was reduced, allowing for previously weak inputs to strongly excite a granule 

cell. Moreover, while we found that muscarine reduced the amplitude of evoked EPSCs 

in the majority of the mossy fibers tested (Figure 10, 11), a subpopulation of MFs are not 

modulated in the presence of muscarinic agonist (Figure 10D, 11D); therefore, the 

increase in GrC excitability may be due to a change in spike threshold or the uncoupling 

of inhibition from excitation or both. Additionally, the decrease in GrC excitability may 

also be attributed to the decrease in mossy fiber excitation.  
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A recent study in-vivo demonstrated a significant increase in spontaneous and 

evoked granule cell activity in the presence of GABAA antagonist (Duguid et al., 2012). 

Our findings that activation of muscarinic receptors on Golgi cells reduced granule cell 

inhibition (Figure 8) initially led us to predict that granule cell activity might mirror in-

vivo results from Duguid et al. (2012); however, our cell-attached recordings revealed 

that the temporal window for spike timing is preserved and that muscarine elicited a 

change in spike probability (Figure 14D, E; muscarine vs. GABAzine). Therefore, this 

suggests that activation of muscarinic receptors provide a mechanism for adjusting the 

gain within the circuit. This is likely due to a proportional change in both excitation and 

inhibition within the network, an idea that is in line with a recent study in visual cortex 

that demonstrated the role of neuromodulators in enhancing the signal-to-noise ratio 

and maintaining the orientation tuning of V1 principle cells through proportional 

changes in E/I coordination (Polack et al., 2013).  

Previous in-vivo studies in anesthetized rats have demonstrated that cholinergic 

agonist can bidirectionally modulate Purkinje cell (PC) activity (Andre et al., 1994; 1993; 

la Garza et al., 1987c; 1987b; 1987a). While the results of these earlier studies in the 

Purkinje cell layer suggested conflicting mechanisms and sites of action, more recent 

studies, combined with our results, provide additional insights into the mechanisms that 

could contribute to the bidirectional modulation of PC activity. Garza et al. 

demonstrated in-vivo that nicotine increases the activity of molecular layer interneurons 
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(MLI) and, in turn, results in a decrease in Purkinje cell baseline firing (la Garza et al., 

1987b). Moreover, while a later study suggested that the increase in PC inhibition is also 

mediated by muscarinic receptors (Andre et al., 1994), this result could also be explained 

by an increase of excitatory inputs onto MLI from granule cells. This latter notion is 

supported by two lines of evidence: (1) Takayasu et al. demonstrated in-vitro that 

granule cells located in lobules IX-X express M3-mAChRs. Activation of these receptors 

inhibited K+ leak current, resulting in a depolarization of the GrC membrane potential. 

While only ~15% of granule cells tested express M3-mAChRs, application of muscarine 

increased spontaneous EPSCs at the parallel fiber-Purkinje cell synapse as application of 

TTX abolish the sEPSCs (Takayasu et al., 2003). (2) The results from this study also 

provide an additional mechanism by which disinhibition at the mossy fiber-granule cell 

could enhance specific inputs. While our results demonstrate that muscarine acts at 

presynaptic mossy fibers to reduce excitation (Figure 10, 11), we found several terminals 

that were insensitive to muscarine (Figure 10D, 11D); thus, it is possible that a 

subpopulation of mossy fibers do not express muscarinic receptors and are more 

influential during periods when circuit-wide inhibition is reduced. Alternatively, 

granule cells that receive strong or multiple mossy fiber inputs may be selectively 

enhanced during high levels of acetylcholine, as demonstrated by our cell-attached 

recordings (Figure 14).  
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Previous studies have shown that M2/M4 muscarinic receptors are typically 

expressed at presynaptic terminals, and modulate synaptic release in neo- and 

subcortical areas (Ding et al., 2010; Higley et al., 2009; Kruglikov and Rudy, 2008; 

reviewed in Picciotto et al., 2012). While theoretical models have often treated mossy 

fibers as static (Marr, 1969; Tyrrell and Willshaw, 1992), in-vitro and in-vivo studies have 

shown dynamic changes at the mossy fiber terminal, which can lead to STP (Mitchell 

and Silver, 2000a; 2000b; Thomsen et al., 2010) and LTP (D'Angelo et al., 1999; Prestori et 

al., 2013; reviewed in Z. Gao et al., 2012). Moreover, inducing saturating levels of mossy 

fiber-granule cell LTP via a7-nAChR activation reduces VOR adaption (Prestori et al., 

2013), suggesting that balanced regulation of the mossy fiber-granule cell synapse is 

critical for motor learning. Our results revealed that muscarine acts at presynaptic 

mossy fiber terminals to reduce glutamate release (Figure 10, 11). This transient decrease 

in excitatory drive could arise from M2/M4 mediated inhibition of N-, and P/Q-type 

calcium channels via Gbg signaling (Allen, 1999; Allen and D. A. Brown, 1993; reviewed 

in D. A. Brown, 2010), as mossy fiber terminals express high voltage-activated calcium 

channels (Maffei et al., 2002; Mitchell and Silver, 2000b; Thomsen et al., 2010). 

Additionally, muscarine mediated suppression may arise from the activation of G 

protein-gated inwardly rectifying K+ channels (GIRK; reviewed in Lüscher and 

Slesinger, 2010), as immunohistochemistry studies have demonstrated the presence of 

GIRK channels at multiple synapses within the cortex, including mossy fiber and 
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parallel fiber terminals (Aguado et al., 2008; Alacid et al., 2009). Thus, the activation of 

presynaptic mossy fiber terminals may induce plasticity at the mossy fiber synapse and 

allow for unsupervised learning at the MF-GrC synapse (Schweighofer et al., 2001; 

section 2.7.2.2).   

 

2.7 Functional Implications of Golgi Cell Cholinergic Modulation  

2.7.1 Maintenance of Information Transmission / Temporal Fidelity via 
Scaling Inhibition and Excitation 

Our cell-attached recording revealed that muscarine could elicit an increase in 

the gain of granule cells, i.e. an increase in spike probability without altering the 

temporal window of activity (Figure 14D, E); thus, as discussed above, this is likely due 

to a proportional change in both excitation and inhibition. This idea is in line with an in 

vivo study that demonstrated a proportional scaling of excitation and inhibition 

maintains the signal to noise ratio and would result in uniform sensory responses across 

the granule cell layer (Duguid et al., 2015; 2012). This uniform response is akin to 

normalization of mossy fiber inputs, which is predicted to increase the dynamic range 

and reduce noise within a granule cell layer allowing for enhanced Purkinje cell 

discrimination (Litwin-Kumar et al., 2017). Importantly, Duguid et al. (2015) found that 

the temporal fidelity of the responses was not maintained; however, this was built on 

the idea that GrC excitation and FFI inhibition was mediated by parallel independent 
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mossy fiber inputs, in which FFI inhibition occurred either before or 2ms after excitation 

of the granule cell (Duguid et al., 2015).  

Our in vitro results suggest that the temporal fidelity of the granule cell response 

is maintained, while it remains to be tested if the muscarine-mediated scaling of E/I 

maintains temporal fidelity in vivo, several studies that examined fear conditioning 

found concurrent increases in both excitation and inhibition at PF-PC and MLI-PC 

synapses (Sacchetti et al., 2004; Scelfo et al., 2008). These concurrent changes enhanced 

coincident detection within Purkinje cells while maintaining the temporal fidelity of the 

network (Scelfo et al., 2008). Within the granule cell layer, maintenance of temporal 

fidelity of mossy fiber integration would allow for granule cells to represent temporal 

codes (D'Angelo and De Zeeuw, 2009; Mauk and Buonomano, 2004; Medina et al., 2000).   

 

2.7.2 Contextual Modification of the Granule Cell Layer 

2.7.2.1 Context Dependent Learning: A Mechanism to Mediate Golgi Cell Pause In-
Vivo 

While the precise time course and effect of acetylcholine at multiple nodes within 

the cerebellar cortical circuit in an awake behaving animal remains an open line of 

questioning, our results have identified that acetylcholine can significantly modulate the 

activity of Golgi cells. Interestingly, several in-vivo studies have demonstrated long-

lasting pauses (~30 to 500 ms in rodents; >1 s in primates) in Golgi firing following 

sensory stimulation (Holtzman et al., 2006a; Prsa et al., 2009; Vos et al., 1999; Xu and 
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Edgley, 2008). These studies have proposed several mechanisms including, 

serotoninergic activation of inhibitory Lugaro cells (Holtzman et al., 2006b), mGluR2-

mediated inhibition (Holtzman et al., 2006b), and climbing fiber mediated inhibition (Xu 

and Edgley, 2008). While it is feasible that peripheral stimulation activated serotonergic 

inputs onto inhibitory Lugaro cells (Dieudonné and Dumoulin, 2000), a recent study 

from our lab demonstrated that serotonin has a direct excitatory effect on Golgi cells 

(Fleming and C. Hull, 2018). Thus, we would predict that sensory-evoked activation of 

cortical serotonergic circuits would predominantly result in an increase in Golgi cell 

activity. Furthermore, Holtzman et al. suggested inhibitory mGluRs cannot fully account 

for the change in activity, as Golgi cell pauses were not always preceded by an 

excitatory response (Holtzman et al., 2006b). While we cannot rule out the possibility 

that inhibitory mGluRs (Watanabe and Nakanishi, 2003) contribute to the sensory 

evoked pauses, our findings provide another mechanism that would account for both 

the excitation-pause and pause-only responses found in-vivo (Holtzman et al., 2006a). 

While our results in rat demonstrate co-expression of nicotinic and muscarinic receptors 

in Golgi cells (Figure 5, n = 7), we have found a population of Golgi cells in mice that 

lack nicotinic-mediated excitation (not shown) and in rats (Figure 5C, n = 3). 

Additionally, nicotinic receptors can undergo desensitization during repeated or 

prolonged exposure to cholinergic agonist (reviewed in Giniatullin et al., 2005), which 

may account for the pause-only responses.  
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Overall, cholinergic circuits are well positioned and may play a critical role in 

controlling Golgi cell sensory-evoked pauses in-vivo. Xu et al. proposed that sensory-

evoked pauses in Golgi cell activity provide a period for a widespread increase in the 

excitability of the mossy fiber-granule cell pathway (Xu and Edgley, 2008). While this 

could introduce noise into the system, the authors predict that Purkinje cells would learn 

the context-specific signal via associative pairing with an instructive signal, i.e. climbing 

fiber mediated plasticity (Xu and Edgley, 2008). If acetylcholine is mediating this 

response, the time course of this response will likely be dictated by the temporal 

dynamics of the cholinergic inputs. In the next subsection, we will discuss two possible 

roles for acetylcholine that are dependent on the time course of release.   

 

2.7.2.2 Context Dependent Learning: A Role for Cholinergic Disinhibition of the 
Granule Cell Layer  

A recent study demonstrated a locomotion-related enhancement of a cerebellar 

dependent behavior, delay eyeblink conditioning (EBC; Albergaria et al., 2018). The 

acquisition rate of delay EBC was correlated to the animals mean running speed; 

moreover, the circuit mechanism underlying this enhancement was a global increase in 

excitability of the granule cell layer (Albergaria et al., 2018). Albergaria et al. posit that 

increases in mossy fiber glutamatergic tone, due to locomotion or exogenous MF 

stimulation, allows for behaviorally relevant sensory information to exceed the granule 

cell threshold and transmit downstream to Purkinje cells (Albergaria et al., 2018). This 
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notion is in line with several studies that have demonstrated that granule cells require 

concurrent activation of multiple mossy fiber inputs in order to reach threshold (Chabrol 

et al., 2015; Jörntell and Ekerot, 2006).  

The results from our study (Figure 5, 8) provide an endogenous mechanism that 

would disinhibit the granule cell layer. As discussed before (section 2.4.3), the cerebellar 

cortex and deep cerebellar nuclei receive cholinergic beaded fibers that originate from 

the PPTg, a division of the mesencephalic locomotor region (Jaarsma et al., 1997). 

Moreover, a recent study demonstrated that electrical stimulation of the PPTg releases 

acetylcholine and enhances the activity of nuclear cells within several cerebellar nuclei, 

including interpositus and dentate nuclei (Vitale et al., 2016). As PPTg is active during 

locomotion (A. M. Lee et al., 2014), it is positioned to provide a tonic release of 

acetylcholine within the cortex that could facilitate enhancements in associative learning. 

Another possibility is that cholinergic inputs from the PPTg could allow for a 

synchronous reward signal to be transmitted to the cortex, as neuronal activity within 

PPTg correlates to reward-associated signals (Norton et al., 2011; see Kobayashi and Isa, 

2002). A study by Norton et al. demonstrated that PPTg cells exhibited a phasic increase 

in activity, lasting ~ 1000 ms, in response to reward delivery; moreover, the duration 

corresponded to the size of a reward and the activity was specifically correlated with 

reward-consumption and not with movement (Norton et al., 2011). Furthermore, studies 

have shown that PPTg sends projections into the VTA that synapse onto dopaminergic 
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cells and promote burst firing in DA neurons in order to facilitate reward processing 

(reviewed in (Picciotto et al., 2012); thus, reward-associated PPTg neurons are posited to 

facilitate gating of relevant sensory information (Norton et al., 2011).  

As the PPTg sends projections into the cerebellum that synapse within the 

cerebellar nuclei and cortex (section 2.4.3); thus, these beaded fibers are situated to 

provide context-dependent modulation at two key regions within the corticonuclear 

pathway. A recent in-vivo imaging study demonstrated that granule cells encode 

reward-related signals (Wagner et al., 2017). Of the granule cells imaged ~7% 

corresponded to the anticipation of reward and ~4.4% corresponded to the reward; 

importantly, these reward responses were not correlated with movement. Moreover, 

these signals were broader than sensorimotor signals and extended into multiple 

lobules, including lobule V, lobule VI, and lobule simplex. Lastly, Wagner et al. 

demonstrated that the dopamine system is likely not involved, as they found no 

evidence for dopaminergic projections from the VTA or substantia nigra pars compacta 

(SNc) into the imaged lobules (Wagner et al., 2017). While the precise role of these 

signals remains to be determined, one possibility is that reward-related signals could 

allow for unsupervised learning within the granule cell layer, which would allow for 

enhanced granule cell response to task-relevant sensorimotor inputs and improve 

pattern recognition within the granule cell network (Litwin-Kumar et al., 2017; 

Schweighofer et al., 2001). Overall, these signals could allow for the integration of the 
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state of the animal into cerebellar learning and are analogous to the idea of transient 

disinhibition opening up a period of cortical plasticity prior to returning to a normative 

state in order to enhance task-related performance (reviewed in Froemke, 2015).  

 

2.7.3 Pattern Separation within the Granule Cell Layer: A Role for 
Cholinergic Enhancement of Sensorimotor Representations   

A recent computational study, which simulated the role of acetylcholine and 

dopamine in changing neural representations within an artificial neural network (ANN), 

found that pairing acetylcholine modulation1 with stimuli increased the allocation of 

cells dedicated to representing features of a demanding stimulus, i.e. an increase in 

stimulus’ representations, while decreasing the number of cells dedicated to easier 

stimuli. These changes in stimulus’ representations increased the ANN’s performance 

on difficult task at the cost of simpler task; however, across all stimuli, the network with 

cholinergic modulation performed better than the control network. Additionally, 

network performance was enhanced by neuromodulation when: 1) network activity was 

dense; or 2) sensory information was disproportionally presented to the network (Holca-

Lamarre et al., 2017). Thus, these results indicate that cholinergic modulation could alter 

                                                   

1 ’acetylcholine’ was modeled as an adaptive network learning rate that was controlled by the network’s 
classification confidence 



 

64 

neural representations of sensory information within a biological neural network to 

increase a decoder’s performance, e.g. Purkinje cell, on task that are difficult or complex.  

Within the cerebellar cortex, a recent imaging study in larval zebrafish 

demonstrated that sensorimotor representations within the granule cell layer are 

actively modified when inhibition is modulated. Specifically, in the presence of GABAA 

receptor antagonist, granule cells either change or acquire responses to sensory and 

motor signals; moreover, several quiescent granule cells developed a strong response to 

flashing stimuli (Knogler et al., 2017). These results are in-line with a study that found 

an increase in the activity of reward-omission associated granule across several training 

days (Wagner et al., 2017). Yet, future studies will need to assess the degree in which 

granule cells are allocated to specific sensorimotor stimuli over time and how behavioral 

requirements dictate these changes over sequential trials, however, the study from 

Knogler et al. (2017) provides initial evidence for the reallocation of granule cells to 

specific stimuli and the development of novel responses (Knogler et al., 2017).  

Several studies have found a dense representation of sensorimotor information 

within the granule cell layer (Giovannucci et al., 2017; Knogler et al., 2017; Wagner et al., 

2017). While the functional consequences of a dense representation are unknown, a 

study that silenced ~90% of granule cells revealed that the extensive nature of the 

granule cell layer facilitates the acquisition and stabilization of difficult motor learning 

task (Galliano et al., 2013). Blocking the majority of granule cell activity impaired 
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acquisition and consolidation of gain changes in the vestibular ocular reflex (VOR) and 

optokinetic reflex (OKR), while leaving basic motor performance intact. Importantly, the 

gain of the OKR after VOR training was significantly decreased for difficult stimulus 

frequencies, i.e. drum rotational speeds over 0.6 Hz (Galliano et al., 2013). These results 

indicate that the extensive nature of the granule cell layer is important for motor 

learning, especially for demanding task.   

OKR is a stabilization reflex, in which compensatory eye movements work to 

stabilize a moving image on the retina. A mismatch in speed between the image and eye 

movements results in retina slip, i.e. a blurring. The cerebellum adaptively adjusts the 

gain, eye velocity relative to stimulus velocity, of the eye movement to reduce retina slip 

(Cahill and Nathans, 2008; Kheradmand and Zee, 2011). Studies that injected a non-

selective cholinergic antagonist, carbachol, into the floccus, a cerebellar region critical for 

the maintenance of OKR, demonstrated an increase in the gain of the VOR and OKR 

(Mathoera et al., 2000; Tan and Collewijn, 1991; Tan et al., 1993). The study by Mathoera 

et al. (2000) demonstrated that carbachol injections into the floccus enhanced the 

animal's ability to follow a transparent motion signal at lower signal intensities - the 

intensity level of which approached a static luminance mask - compared to controls 

(Mathoera et al., 2000); thus, enhancing the perception of motion transparency at more 

difficult parameter values. This suggests that the cerebellum receives but filters visual 

information at the lower signal intensities, and that acetylcholine can enhance this 
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information. While the precise mechanism responsible for the cholinergic mediated 

change in OKR gain are unknown, the disinhibitory mechanism described in this paper 

(Figure 5, 8) provide a circuit mechanism that would allow for visual signals within the 

granule cell layer to be enhanced by increasing the signal for granule cells already 

allocated to this information; or permitting more granule cells to transmit this 

information; or both.    

 

2.8 Future Directions  

2.8.1 Conditioned Bradycardia, a Role for Acetylcholine in Regulating 
the Time Course of Bradycardia?  

In classical conditioning paradigms, the repeated pairing of a conditioned 

stimulus (CS), e.g. tone, with an unconditioned stimulus (US), e.g. air puff to the eye, 

results in the formation of a conditioned response (CR), e.g. an eyeblink, to the CS alone. 

The cerebellum's role in the acquisition and expression of eyeblink conditioning is well 

recognized (reviewed in Christian and Thompson, 2003), however, its role in the 

acquisition and expression of conditioned bradycardia is less clear. As discussed in 

Chapter 1 (section 1.4.2.2), several studies have demonstrated that anterior vermis is 

required for the conditioned bradycardic response (CBR), as lesions to these regions in 

patients (Maschke et al., 2002) and animal models (Willaim F Supple and Kapp, 1993; 

William F Supple and Leaton, 1990) abolishes the response. In investigating the role of 

the granule cell layer in CBR, Matsuda et al. discovered that granule cells are not 
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required for the acquisition of conditioned bradycardia, however, two distinct 

subpopulations of conditioning-associated granule cells are active at either the start of 

CS or end of the CR. Furthermore, silencing granule cell synaptic transmission 

prolonged the bradycardic response (Matsuda et al., 2017). This suggests that the 

initiation and the duration of the response are under the influence of the granule cell 

population. While the circuit mechanisms that are governing the spatiotemporal activity 

of conditioning-associated granule cell remains to be determined, one potential 

mechanism for controlling the temporal dynamics is through Golgi cell inhibition. 

Interestingly, a recent study revealed that injection of muscarinic M2 agonist into lobule 

VI elicits a bradycardic response (C. Zhang et al., 2015). In light of our finding that Golgi 

cells are inhibited via the activation of M2 receptors (Figure 5), acetylcholine may 

regulate the time course of the conditioned bradycardic response.  

 

2.8.2 Differential Expression of AChE Could Regulate the Activity of 
Purkinje Cells During Conditioned Bradycardia 

In the previous section, I discussed the role of ACh in controlling the time course 

of conditioned bradycardic response (CBR). Here I will extend the idea of cholinergic 

regulation to the entire cortical circuit, suggesting future avenues of work to understand 

a cohesive role for ACh within the cortical circuit during CBR. As discussed in Chapter 1 

(section 1.4.2.2), after developing a conditioned bradycardic response, Supple et al. 

found both phasic and tonic changes in Purkinje cell activity to the conditioned 
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stimulus, in which the authors suggest that the cortex is performing two distinct cortical 

computations using the same environmental stimuli (Willaim F Supple et al., 1993). This 

raises the question as to the circuit mechanism underlying the different Purkinje cell 

responses?  

From anatomical studies, we know the cerebellar cortex can be 

compartmentalized into modules based upon the expression of specific molecular 

markers. Moreover, a recent study has revealed distinct phycological and functional 

differences between modules that express the molecular marker zebrin-II (H. Zhou et al., 

2014). Additionally, anatomical studies have demonstrated that acetylcholinesterase 

(AChE) is expressed in distinct parasagittal bands (Boegman et al., 1988; Gorenstein et 

al., 1987; Marani and Voogd, 1977; Robertson and Roman, 1989). The study from 

Boegman et al. demonstrated that AChE is strongly expressed within the molecular 

layer (Boegman et al., 1988). Additionally, functional studies have demonstrated that 

Purkinje cells express M1-type muscarinic receptors that trigger retrograde cannabinoid 

signaling (Rinaldo and Hansel, 2013). Activation of endocannabinoid signaling at the 

PF-PC and MLI-PC synapses results in a decrease in presynaptic transmission (S. P. 

Brown et al., 2004; Rinaldo and Hansel, 2013; Safo and Regehr, 2005). Therefore, it is 

reasonable that differential expression of AChE could control the time course of 

acetylcholine within the molecular layer. Thus, in areas with high expression of AChE, 

you will have low levels of acetylcholine; therefore, the activity of the granule cells will 
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be faithfully transmitted via the PF-PC pathway resulting in tonic PC activity. 

Conversely, in regions will low levels of AChE you will have M1-mediated activation of 

endocannabinoid signaling that will transiently reduce the PF-PC inputs resulting in 

phasic PC activity. Overall, we posit that a combination of regional control of a 

neuromodulator that would explain the phase and tonic Purkinje cell responses 

recorded during conditioned bradycardia.       

 

2.9 Concluding Thoughts  

Here we have demonstrated acetylcholine actively modifies two out of three 

main nodes - mossy fibers and Golgi cells - within the granule cell layer and can alter the 

information that is made available downstream to Purkinje cells. While the time course 

and behavioral significance of this modulation are areas for future studies, this study 

demonstrates an endogenous mechanism to alter inhibition within the granule cell layer. 

Importantly, this cholinergic mediated disinhibition of the circuit is coupled with a 

change in glutamatergic signaling; thus, providing a compensatory mechanism that 

preserves the time course of a mossy fiber signal. Overall, cholinergic modulation within 

the granule cell layer provides a mechanism to alter information processing in a context-

specific manner.  
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2.10 Materials and Methods 

2.10.1 Animals and Acute Slice Preparation 

Acute sagittal slices (250 µm) were prepared from the cerebellar vermis of 

Sprague Dawley rats (20–25 d old, males, Charles River). Slices were cut in an ice-cold 

potassium cutting solution (Dugue et al., 2005) consisting of (in mM): 130 K-gluconate, 

15 KCl, 0.05 EGTA, 20 HEPES, 25 glucose (pH 7.4, 320 mmol/kg), and were transferred 

to an incubation chamber containing artificial CSF comprised of (in mM): 125 NaCl, 26 

NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 2 CaCl2, 1 MgCl2, and 25 glucose (pH 7.3, 320 

mmol/kg). A NMDA antagonist, R-CPP (2.5 µM, Tocris), was added to the potassium 

cutting solution to enhance Golgi cell survival. Slices were incubated at 32° C for 20 

minutes, and then kept at room temperature for up to 7 hours. All solutions were 

saturated with 95% O2 and 5% CO2. All procedures were performed according to 

guidelines approved by the Duke University Institutional Animal Care and Use 

Committee. 

 

2.10.2 In-Vitro Recordings 

Visually guided (SliceScope Pro 2000 with Dodt-gradient contrast and water-

immersion 60x objective, Scientifica) whole-cell recordings were obtained using a 

Multiclamp 700B (Axon Instruments) with thick-walled borosilicate glass patch pipettes 

(Granule cells, whole cell: 5-7 MΩ, Granule cells, cell attached: 10-14 MΩ, Golgi cells: 2-4 
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MΩ; 1.5 mm OD, 0.84 mm ID, World Precision Instruments). Electrophysiological 

recordings were digitized at 20 kHz (Digidata 1440A, Axon Instruments), filtered at 10 

kHz, and performed at 32-33 °C. Glass monopolar electrodes (1 MΩ) filled with aCSF, in 

conjunction with a stimulus isolation unit (ISO-Flex, A.M.P.I.), were used for 

extracellular stimulation of the mossy fiber tract.  

 

Spontaneous and evoked IPSCs were recorded at the EPSC reversal potential (10 

mV). Evoked excitatory postsynaptic currents (eEPSC) were recorded at a holding 

potential of -70 mV and -60 mV for granule cells and Golgi cells, respectively. Voltage-

clamp recordings of IPSCs and EPSCs were collected using a cesium-based internal 

solution containing (in mM): 140 Cs-gluconate, 15 HEPES, 0.5 EGTA, 2 TEA-Cl, 2 

MgATP, 0.3 NaGTP, 10 Phosphocreatine-Tris2, 2 QX-314 Cl, pH was adjusted to 7.2 with 

CsOH, resulting in a final osmolality of 316 mmol/kg. Current-clamp and voltage-clamp 

recordings of Golgi cells were performed using a potassium-based internal solution 

containing (in mM): 150 K-gluconate, 3 KCl, 10 HEPES, 0.5 EGTA, 3 MgATP, 0.5 NaGTP, 

5 Phosphocreatine-Tris2, 5 Phosphocreatine-Na2, pH was adjusted 7.2 with KOH, 

osmolality: 315 mmol/kg. Membrane potentials were not corrected for the liquid 

junction potential. Series resistance was monitored during voltage-clamp recordings 

with a 5 mV hyperpolarizing pulse, and only recordings that remained stable over the 

period of data collection were used. All drugs were purchased from Abcam or Tocris. 
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2.10.3 In-Vitro Data Analysis  

IPSCs and EPSCs were analyzed using Mini Analysis software (v6.0.3, 

Synaptosoft Inc.), using a 3 kHz low pass Butterworth filter and a detection threshold set 

to 5x (IPSCs) or 2.5x (EPSCs) greater than the baseline RMS noise level. Mossy Fiber 

paired-pulse ratios were determined using a stimulus interval of 40 ms and measured 

from an average waveform consisting of 30 consecutive trials. Data are reported as mean 

& SEM (unless otherwise noted), and statistical analysis was carried out using custom R 

package (available at github.com/trfore/MAtools) and Clampfit (Molecular Devices). 

Data was tested for homoscedasticity using Brown-Forsythe test and for normality via 

quantile-quantile plots. For heteroscedastic data, we applied a Welch’s ANOVA with 

Games-Howell post hoc test; alternatively, a one-way ANOVA with Tukey post hoc was 

used. Significant differences are denoted as follows:  *** = p < 0.001, ** = p < 0.01, and * = 

p < 0.05. 
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3. ASTN2 Modulates Synaptic Strength by Trafficking 
and Degradation of Surface Proteins 

This chapter contains experiments and results performed by others in a 

collaboration with Mary Hatten's lab at Rockefeller University. These contributions are 

indicated within the text. Of the data presented in this chapter from the published 

manuscript, Behesti et al. (2018), the following individuals contributed: I) Mary Leppert 

provided clinical information and assessed patients with ASTN2 CNVs. II) Hourinaz 

Behesti designed the research – in conjunction with Mary Hatten; generated and tested 

the ASTN2 viral constructs in vitro; provided IHC, WB, RT-PCR, and imaging data and 

analysis; and wrote the manuscript – with contributions from other authors. III) I, Taylor 

R. Fore, developed a neonatal injection protocol; tested the ASTN2 viral constructs in 

vivo; assisted in tissue collection and preparation from ASTN2 injected mice; collected 

data on the ectopic expression of ASTN2+ Purkinje cells; performed and analyzed the 

electrophysiological recordings – in conjunction with Court Hull; and contributed to the 

writing of the manuscript – in conjunction with Court Hull. The complete findings are 

published in Proceedings of the National Academy of Sciences (PNAS) in the October 9, 

2018 edition. The full citation is Behesti, H., Fore, T.R., Wu, P., Horn, Z., Leppert, M., 

Hull, C., Hatten, M.E. ASTN2 modulates synaptic strength by trafficking and 

degradation of surface proteins. PNAS 115(41) E9717-E9726 (2018). PNAS permits 

authors to reuse their publication in dissertations.  
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3.1 Introduction: Autism – A Clinically Complex and 
Heterogeneous Neurodevelopmental Disorder 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder (NDD) 

characterized by deficits in social communication and interaction, and by repetitive 

patterns of behavior, interests, or activities (Association, 2013). ASD is a lifelong 

condition (Howlin et al., 2004) that affects one in 161 children worldwide (Elsabbagh et 

al., 2012). In the US, the average prevalence is one in 59 children, with males being 

diagnosed four times more than females (Baio et al., 2018). Onset typically occurs before 

3-years old and is diagnosable as early as 2-years old. However, within the US, 85% of 

children with ASD have documented developmental concerns by age 3, yet only 42% of 

ASD cases are professionally diagnosed at this age (Baio et al., 2018). Furthermore, 

clinical diagnosis is a lengthy procedure that is susceptible to underdiagnoses of 

individuals with syndromic2 autism, i.e. comorbidity, (Kamp-Becker et al., 2018) and 

under identification of ASD due to the variability of symptom expression (Huerta and 

Lord, 2012). This later point highlights the fact that Autism is a heterogeneous condition 

with diverse etiology, phenotypes, and developmental trajectories (Fountain et al., 2012; 

Kamp-Becker et al., 2018; Masi et al., 2017; Szatmari et al., 2015).  

 

                                                   

2 Syndromic Autism: Individuals diagnosed with ASD in conjunction with additional neurobehavioral 
and/or somatic phenotypes that are linked to other disorders or syndromes. 
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3.1.1 Genetic Factors Increase the Heritability of ASD 

Early twin studies demonstrated that ASD is highly heritable (reviewed in 

Folstein and Rosen-Sheidley, 2001; Rutter, 2000), as identical twins have an average 

concordance3 rate of 70% for autism, compared to 0% for fraternal twins (Folstein and 

Rosen-Sheidley, 2001). Furthermore, recent studies using ADI/ADOS assessments and 

genome-wide association studies (GWAS) analysis have estimated heritability rates 

between 52-80% (Chen et al., 2015; Gaugler et al., 2014; Klei et al., 2012), with one study 

reporting a rate of 37% (95% CI: 8-84%; Hallmayer et al., 2011). While environmental 

factors are estimated to account for 46%-55% of the inheritability of autism (Gaugler et 

al., 2014; Hallmayer et al., 2011), the interaction between genetic and specific 

environmental factors is understudied and warrants further investigation (Chaste and 

Leboyer, 2012). Overall, these studies identified that autism is a multifactorial disorder, 

and that genetic factors significantly contribute to the inheritance of ASDs. 

 

3.1.2 Autism is a Complex Genetic Disorder 

In an attempt to understand the clinical variability, research over the last decade 

has focused on identifying genetic risk factors that have defined molecular pathways 

and mechanisms (reviewed in Jeste and Geschwind, 2014; J. Willsey and State, 2015). 

                                                   

3 Concordance: A set of twins expressing the same trait. 
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Initial genomic studies of patients with syndromic ASD lead to the discovery of several 

monogenic causes of ASD, including FMR1, MECP2, SHANK3, and TSC1/2 (Sztainberg 

and Zoghbi, 2016). While mutations in these genes are highly penetrant, they collectively 

only account for ~5% of ASD cases (for a review see Sztainberg and Zoghbi, 2016). An 

early genome-wide association study (GWAS) using microarray technology identified 

an increased frequency of de novo copy-number variations (CNVs) in simplex families, 

suggesting that CNV carried an increased risk for ASD (Sebat et al., 2007). Importantly, 

the majority of de novo CNVs were found only once in the study sample, with only of a 

few occurring twice; indicating that ASDs can arise from many different genetic defects 

(Sebat et al., 2007). Additional studies found that ASD-associated de novo CNVs tend to 

cluster at multiple loci (Kumar et al., 2008; Sanders et al., 2011; 2015; Weiss et al., 2008). 

Moreover, these regions also carry an increased risk for multiple NDDs, including 

schizophrenia and intellectual disability (Geschwind and State, 2015). Collectively, de 

novo mutations are estimated to account for 15-20% of ASD cases (A. J. Willsey et al., 

2013; Yu et al., 2013), the locus heterogeneity caused by these mutations are estimated to 

result in 600-1,200 ASD-risk genes (De Rubeis and Buxbaum, 2015; A. J. Willsey et al., 

2013). In light of this, focus has been placed on cluster analysis to identify common 

networks or categories of genes that are disrupted in ASD cases, in an attempt to parse 

out common pathophysiology and neuroanatomical themes within ASDs (Gilman et al., 

2011; Menashe et al., 2013; A. J. Willsey et al., 2013). Notably, cluster-based analysis of 
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genes has led to several main categories, including genes involved in synaptic 

connectivity and synaptogenesis (Gilman et al., 2011). Furthermore, gene co-expression 

analysis of 84 ASD-linked, i.e. rare and syndromic, genes identified the cerebellar cortex 

as a region with high overexpression of ASD gene clusters (Menashe et al., 2013).    

 Overall, genetic complexity is highlighted by the fact that of the known genomic 

alterations associated with ASD, none account for more than 1% of cases (Jeste and 

Geschwind, 2014) and monogenic disorders are collectively estimated to only represent 

5% of cases (Sztainberg and Zoghbi, 2016). Furthermore, ~20% of ASDs cases have an 

identifiable genetic etiology (Devlin and Scherer, 2012; Geschwind, 2011). However, 

with the continual advancement of GWAS sequencing technology and cluster-based 

analysis, the ability to identify time periods, brain regions, and cell types impacted by 

ASD-risk genes continues to grow; thus, providing research directions towards 

elucidating etiopathogeneses of ASDs (J. Willsey and State, 2015). 

 

3.1.2 Imaging Studies Reveal Abnormal Cortical Connectivity in ASD 
Patients 

While genetic studies have sought to elucidate the genetic risk factors and 

associative genes of ASD, imaging studies have investigated the structural, functional, 

and effective connectivity in ASD patients with the working goals of 1) elucidate neural 

signatures to aid in the diagnosis of ASD (Dekhil et al., 2018; Zhao et al., 2018); 2) 

explore developmental trajectories within ASD patients to probe for the basis of 



 

78 

variability of ASD symptoms (Guo et al., 2017; Uddin et al., 2013); and 3) examine 

network-level connectivity to understand ASD related deficits in higher-order cognitive 

processes (reviewed in (Hull et al., 2017; Maximo et al., 2014; Mohammad-Rezazadeh et 

al., 2016)). These multilevel approaches to examine cortical connectivity are driven by 

theories that the etiopathogenesis of ASD is due to abnormal neural connectivity 

(reviewed in Belmonte et al., 2004; Geschwind and Levitt, 2007; Hull et al., 2017). 

Specifically, these theories have posited the idea of imbalances in physical and 

computational connectivity between local, i.e. connections within a cortical region, and 

long-range connections between cortical regions (Belmonte et al., 2004). Thus, an 

imbalance arising from a decrease in local connectivity, e.g. mPFC, coupled with a 

decreased in long-range connectivity, e.g. mPFC-amygdala/insula, could explain ASD 

related impairments in higher-order processing, such as social processing (Hagen et al., 

2013) and executive planning (Just et al., 2012)). Lastly, the idea of abnormal connectivity 

was extended by Geschwind and Levitt into the framework of ASD as a “developmental 

disconnection syndrome,” in which connectivity may be disrupted at multiple stages of 

development, resulting in the weakening of prior connections or the failure to form new 

connections (Geschwind and Levitt, 2007).  

One of the first studies to assess the cerebro-cerebellar connectivity in ASD 

patients identified concurrence of under- and over-connectivity between cortico-

cerebellar networks compared to age-match controls (Khan et al., 2015). Specifically, 
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Khan et al. identified overconnectivity in sensorimotor networks, e.g. motor cortex – 

premotor and primary, somatosensory, and underconnectivity within supramodal, i.e. 

“cognitive” - PFC, PPC, medial and inferior temporal lobe, networks (Khan et al., 2015). 

This finding is concurrent with an earlier study that found a decrease in cortico-

cerebellar connectivity, which correlated to a decrease in language performance in 

individuals with ASD (Verly et al., 2014).  

Collectively, imaging studies have yielded mixed and sometimes contradictory 

results, as several studies have reported either unidirectional or bidirectional changes in 

local and long-range connections (reviewed in Maximo et al., 2014; Uddin et al., 2013). 

However, Uddin et al. suggest that discrepancies between functional imaging studies 

can be reconciled when developmental changes are accounted for (Uddin et al., 2013). 

This idea gained traction from a study that found developmentally regulated bi-

directional changes in infants with a high risk for autism during the first year of life 

(Keehn et al., 2013). Furthermore, a recent study using typically-developing individuals 

across multiple age groups found evidence for asynchronous development of cortico-

cerebellar connections that bi-directionally changed with age; thus, providing a baseline 

for comparison to individuals with developmental disorders (Kipping et al., 2017). 

Finally, functional imaging studies provide insight into the global changes in cortical 

connectivity and the ability to correlate behavior changes with cortical networks.  
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3.2 Cerebellum: A Reductionist Approach to Explore the 
Pathophysiology of ASD  

In the previous section, I have presented a high-level overview of the genetic risk 

factors and changes in cortical connectivity to highlight the complex nature of autism 

and touched on approaches used to reduce the problem into manageable functional 

categories of genes and cortical networks. In this section, we will briefly review ASD-

associated disruptions in cerebellar anatomy, connectivity, and behavior. With the goal 

of proposing a reductionist approach to understand the etiopathogenesis of a complex 

disorder by studying a single or group of genetic mutation(s) within a well-defined 

cortical circuit that controls simple well-defined behaviors.  

   

3.2.1 Aberrant Cerebellar Anatomy and Connectivity in ASD patients 
and in Rodent Models of ASD 

The cytoarchitecture of the cerebellar cortex is frequently affected in ASD 

patients (Fatemi et al., 2012). Numerous post-mortem histopathological studies have 

revealed a region-specific decrease in the number and size of Purkinje cells (PC) in 

individuals with ASD (reviewed in Palmen et al., 2004). The decrease in density is not 

correlated with age (Skefos et al., 2014), arguing against the notion of a progressive loss 

and suggestive of a developmentally restricted window for these changes. Evidence for 

the latter comes from a study by Whitney et al. (2009) that found no significant change in 

the density of molecular layer interneurons (MLI) within regions with high Purkinje cell 
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loss, indicating that Purkinje cell loss is occurring after late gestation (30-32 weeks), a 

critical period for synaptogenesis between MLIs and Purkinje cells (Whitney et al., 2009). 

However, while MLIs may develop normally, post-mortem analysis of tissue samples 

from ASD patients have demonstrated a significant increase in GAD67 mRNA in 

molecular layer interneurons (Yip et al., 2008). Additionally, Yip et al. also identified a 

decrease in GAD67 mRNA in Purkinje cells (Yip et al., 2007).  

Structural imaging studies have also found decreases in cortical volume (D’Mello 

et al., 2015; Stoodley, 2014; Webb et al., 2009), connectivity between the cerebellum and 

cerebral cortex (Hanaie et al., 2018; Olivito et al., 2016; 2018; Verly et al., 2014), and 

connectivity within the cerebellum, i.e. cerebellar cortex to dentate nuclei, in ASD 

patients (Jeong et al., 2014). From these studies, a correlation between the severity of 

autistic traits and the decreased connectivity of dentate nucleus (Hanaie et al., 2018) and 

Crus I/II was identified (D’Mello et al., 2015; Olivito et al., 2018). The changes in Crus 

I/II, areas within Lobule VII, are particularly notable, as Lobule VII is a region that is 

associated with non-motor functions in humans (Stoodley and Schmahmann, 2010). 

Specifically, Lobule VII forms reciprocal connections with the prefrontal and posterior 

parietal cortex, and receives climbing fiber inputs from the principle olivary nucleus – a 

region with little to no input from the spinal cord (Stoodley and Schmahmann, 2010; 

Strick et al., 2009). Furthermore, damage to Lobule VII causes impairments in executive, 

linguistic, and emotional processing (Stoodley and Schmahmann, 2010).  
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Lastly, several mouse models of ASD also recapitulate behavioral and anatomical 

features found in patients with ASD (Sagheer et al., 2018; Spisak et al., 2018; for a review 

of monogenic mouse models see Hulbert and Jiang, 2016; Moy and Nadler, 2008). Of 

note, valproate models of autism have revealed sex-dependent decreases in PC density 

within Crus I/II. With males having a significant decrease in the number of Purkinje cells 

in Crus I, and females having a significant decrease in Crus II. Furthermore, the male-

specific structural decreases in both cerebral and cerebellar cortices, correlated with 

locomotion impairments (errors per step, stride length, and ipsilateral paw step 

distance). While female specific structural decreases correlated with an impaired 

climbing ability (increased time to climb a fixed distance, and impaired stride length; 

Sagheer et al., 2018). The utilization of mouse models can provide insights into the 

pathophysiology of ASD, and provide a platform for investigating sex-related 

differences within ASD. However, it is important to note that there are only a few 

functional imaging studies in humans that account for and identified sex-related 

differences (Skefos et al., 2014), as the majority of studies enroll male subjects (Stoodley, 

2014), and may represent development-related biases in clinical diagnostics that lead to 

underdiagnoses in females (Lai et al., 2015). 
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3.2.2 Cerebellar Cortical Processing: Cerebellar Dependent Behaviors 
Provide Insight into Changes in Cortical Processing in ASD Models 

Delay eyeblink conditioning (EBC) is a cerebellar dependent task that requires 

the learned association between a conditioned stimulus (CS), e.g. ~250 ms tone, and an 

unconditioned stimulus (US), e.g. periorbital air puff, presented at the end of the CS. 

Over several repeated pairings of the CS-US, an association is formed between the two 

signals to generate an appropriately timed conditioned response (CR), i.e. eyeblink 

(reviewed in Freeman and Steinmetz, 2011). Thus, this task requires the integration and 

association of several sensory modalities in order to generate a behavioral response. 

Atypical integration and processing of multimodal sensory information, e.g. 

audio-visual, is a common finding in patients with ASDs (reviewed in Marco et al., 

2011). Several studies have identified enhancements in delay eyeblink conditioning in 

autistic children; specifically, children with ASD acquire the task in half of the sessions 

and have a decrease in the onset of the eyeblink compared to age-match typically-

developing children (Oristaglio et al., 2013; Sears et al., 1994; Welsh and Oristaglio, 

2016). Furthermore, computational modeling has demonstrated that this enhancement 

can be attributed to atypical cortical processing (Radell and Mercado, 2014; see section 

3.5.1 for a discussion on cortical processing in the molecular layer).  

During delay EBC, the cerebellar cortex receives information pertaining to the 

unconditioned stimulus via climbing fibers, originating from the inferior olive, that 

terminate onto Purkinje cells. Conditioned stimulus information is conveyed via mossy 
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fibers-granule cell pathway that terminates at the parallel fiber (PF) to Purkinje cell (PC) 

synapse (abbreviated to PF-PC for the remaining chapter). Within the cortical circuit, 

repeated behavioral trials will result in a well-timed pause in Purkinje cell activity that 

correlates to the behavioral CR. This pause in Purkinje cell activity is due in part to 

synaptic plasticity, i.e. long-term depression (LTD), at the PF-PC synapse, which 

decreases the strength of CS-evoked PF inputs; and to increased MLI inhibition onto 

Purkinje cells (Brinke et al., 2015; Heiney et al., 2014). A pause in Purkinje cell activity 

relieves the anterior interpositus from inhibition, which projects to motor centers via the 

red nucleus and results in the eyeblink (Freeman and Steinmetz, 2011).     

Synaptic plasticity is critical for the development of an appropriately timed CR. 

While there are multiple sites of synaptic plasticity within the cerebellum and cerebellar 

cortex proper (reviewed in Gao et al., 2012), blocking synaptic plasticity at the PF-PC 

synapse using a global knockout of endocannabinoid 1 receptors (eCB1R) (Kishimoto 

and Kano, 2006) or systemic activation of eCB1R (Steinmetz and Freeman, 2010) impairs 

the acquisition of delay EBC. Furthermore, efficient acquisition of delay EBC requires 

the cerebellar cortex, as a localized application of eCB1R agonist impairs the acquisition 

of delay EBC (Steinmetz and Freeman, 2018). The individual or synergistic contribution 

of different synapses within the circuit, e.g. PF-PC or MLI-PC, to delay eyeblink 

conditioning can be parsed out using transgenic mouse lines with impaired PF-PC LTD 

(Steinberg et al., 2006) or MLI-PC feed-forward inhibition (FFI) (Brinke et al., 2015). 
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Blocking MLI FFI reduces the acquisition of the CR and increases variance in the timing 

of maximum eyelid closures, CR peak time (Boele et al., 2018; Brinke et al., 2015). 

Moreover, impairing PF-PC LTD alone does not significantly change the acquisition of a 

CR (Schonewille et al., 2011). However, impairing PF-PC LTD and MLI FFI significantly 

reduces acquisition of delay EBC, indicating that multiple forms of synaptic plasticity act 

in concert to form the necessary temporal associations to elicit the behavior, and 

impairment to a single form of plasticity elicits circuit-level homeostatic compensatory 

mechanisms to maintain the behavior (Boele et al., 2018). These results provide insight 

into the neural underpinnings of distinct features of delay EBC, e.g. acquisition and 

eyelid kinematics. 

Understanding the contributions of individual circuit elements to different 

features of delay EBC, e.g. acquisition and eyelid kinematics, provides the opportunity 

to generate direct inferences about aberrant circuit function from quantification of 

behavioral kinematics. This approach was recently applied to five mouse models of 

autism (Kloth et al., 2015). Notably, one of the models tested, Shank3+/ΔC, had a 

decrease in CR latency and amplitude, which the authors posited was due to a decrease 

in glutamatergic signaling at the mossy fiber-granule cell synapse and PF-PC synapse 

(Kloth et al., 2015). However, high-frequency burst at parallel fibers-MLI synapses can 

mediate evoked suppression of excitation via endocannabinoid release from MLIs; thus, 

causing a reduction in feed-forward inhibition in response to high-frequency burst or 
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elevated activity in granule cells (Beierlein and Regehr, 2006). Therefore, a decrease in 

glutamatergic signaling in Shank3+/ΔC does not exclude the possibility of increased FFI 

that could reduce the onset latency of the CR (see section 3.5.1 for a discussion on FFI 

and EBC). This latter notion will require future experimentation; however, it illustrates 

the ability to generate testable predictions based on behavioral kinematics. 

Collectively, delay eyeblink conditioning is a cerebellar dependent associative 

learning task that allows for the quantitative breakdown of 1) the acquisition rate of the 

conditioned responses; and 2) the amplitude and timing of individual responses, e.g. 

eyeblinks (Kloth et al., 2015). Given it is a motor behavior, you can make direct 

inferences about aberrant circuit function that is not as easily approached through social 

behaviors (Piochon et al., 2014); and enhancements in EBC are comparable between ASD 

patients and rodent models.    

 

3.3 Study Motivation: Selectively targeting ASD-associated Risk 
Gene to Cerebellar Cortical Circuit 

Etiology of ASD is unclear, as the development of autism is rooted in changes 

that cause abnormal or imbalances in multiple neuronal processes, including: 

neurogenesis (Wegiel et al., 2010), neuronal migration (Reiner et al., 2016), neuronal 

function/hemostasis (Fatemi et al., 2012; Patak et al., 2016), and cortical circuit changes to 

excitation and inhibition (Mullins et al., 2016; Nelson and Valakh, 2015; Rubenstein and 

Merzenich, 2003). Furthermore, homeostatic compensation within cortical networks 
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makes studying ASD risk-genes difficult as acute changes in excitation or inhibition can 

result in homeostatic compensation between networks; therefore, it is difficult to parse 

the initial impact of a genetic mutation to a circuit from the compensatory changes that 

follow (Nelson and Valakh, 2015). Additionally, organism-wide perturbation may result 

in a behavioral defect that recapitulates the features of a human disease; yet, a 

compensatory mechanism may obscure the underlying pathophysiology (reviewed in 

Nelson and Valakh, 2015). Therefore, one approach is to selectively target ASD related 

mutations to specific cell types in order to understand the initial deficits caused by the 

genetic mutation to a given cell population, e.g. GABAergic cells.  

 

3.3.1 Astrotactin: A Gene that is Highly Expressed within the 
Cerebellum and is a Risk Gene for Autism 

Recent genome-wide association studies for candidate ASD-risk genes identified 

rare copy number variations (CNVs)4 at 9q33.1 that disrupts Astn2 (Glessner et al., 2009; 

Lionel et al., 2011; 2014). 87% of individuals with this CNV presented with several 

neurodevelopmental disorders (NDD) phenotypes, including language delay, autism 

spectrum disorders (ASD), attention-deficit/hyperactivity disorder (ADHD), anxiety, 

and intellectual disability (ID) (Lionel et al., 2014). ASTN2 CNVs primarily affects the c-

                                                   

4 - Copy Number Variant (CNV): Any structural variation, e.g. duplications or deletions, that significantly 
changes the number of base pairs within a segment of DNA. Typically, a minimal length of a CNV is 1kb, 
however, recent studies have use a minimum length of 500 bp (Valsesia et al., 2013). 
  - Rare CNV: CNVs that occur at a rate of < 1% within the global population.   
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terminus that encodes MAC/Perforin (MACPF) and FNIII domains (Lionel et al., 2014). 

ASTN2 shares protein homology to ASTN1, a surface membrane protein that is required 

for appropriate migration of granule cells along the radial glial system (Fishell and 

Hatten, 1991; Zheng et al., 1996); however, unlike ASTN1, ASTN2 is highly expressed 

within the cerebellum throughout pre- and postnatal development, and is expressed in 

adulthood in both humans (Lionel et al., 2014) and mice (Wilson et al., 2010).  

A recent study from Wilson et al. demonstrated that ASTN2 forms a complex 

with the intracellular n-terminus of ASTN1, and regulates the surface expression of 

ASTN1 via endocytosis (Wilson et al., 2010). While ASTN1 and ASTN2 are strongly 

expressed in granule cells and Purkinje cells during glia-guided migration (Adams et al., 

2002; Fishell and Hatten, 1991; Wilson et al., 2010; Zheng et al., 1996), ASTN2 expression 

persist past the completion of neuronal migration, suggestive of key additional roles in 

post-migratory neurons. The biological significance of ASTN2 in postmigratory neurons 

and its contribution to the etiopathogenesis of neurodevelopmental disorders is 

currently unknown.       

Here, we describe a multiplex family with a paternally inherited intragenic 

ASTN2 duplication and NDDs, including autism spectrum disorder, intellectual 

disability, and ADHD. Using immunogold electron microscopy (EM), we show that 

ASTN2 localizes to endocytic and autophagocytic vesicles in the dendritic and somatic 

regions of Purkinje cells. By immunoprecipitation-mass spectrometry (IP-mass) and co-
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immunoprecipitation, we identify multiple ASTN2 binding partners that include 

proteins critical in synapse formation and function, including Neuroligins, OLFM1, AP2, 

and SLC12a5 (KCC2); and show that ASTN2 regulates the surface level expression of its 

binding partners via endocytosis. Conditional overexpression of ASTN2 in Purkinje cells 

increased synaptic strength and was accompanied by a reduction in neuroligin-2 around 

the soma. Importantly, overexpression of ASTN2 with a deletion of the FNIII domain 

(ASTN2-JDUP), the region recurrently disrupted by CNVs in patients and the family in 

this study, is inefficient at changing synaptic strength, and in agreement with 

biochemical data demonstrating a change in the binding and degradation of ASTN2-

JDUP with identified ASTN2 binding partners.  Our study identifies ASTN2 as a 

molecule that modulates the composition of the surface membrane proteome. We 

propose that the intragenic ASTN2 CNVS in patients results in dysregulation of surface 

protein turnover, which is critical for normal synaptic activity.    

 

3.4 Results 

3.4.1 Paternally Inherited ASTN2 CNVs in a Family with ASD, ID, and 
Speech and Language Delay 

SNP array genetic testing was performed on a family in which several children 

displayed one or more neurodevelopmental disorders (NDD) and the father was 

previously diagnosed with ADHD. Genetic results from a 19-month-old male child with 

ID and ASD, identified a 171-kb duplication at 9q33. 1 that affected part of the MACPF 
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domain (exon 19, 20) and part of the FNIII domain (exon 17, 18) of Astrotactin2 

(ASTN2). Furthermore, this duplication event was identified in the father and two 

brothers.  

To understand how this CNV in ASTN2 impacts protein expression, we obtained 

peripheral blood mononuclear cells from the family and tested for ASTN2 expression in 

CD4+ T cells. Sequence analysis of the CNV yielded two main predictions: 1) an mRNA 

encoding a complete MACPF domain with a truncated FNIII domain due to a frameshift 

stop codon (termed ASTN2-JDUP) or 2) a nonsense mutation leading to nonsense-

mediated mRNA decay (NMD). RT-PCR and Western blot analysis of CD4+ T cells 

revealed a ~30-50% decrease in ASTN2 mRNA levels and a ~50% reduction in ASTN2 

protein levels in the father and two sons compared with controls (N = 3, including the 

mother, data not shown). These results suggest that the majority of duplicated mRNA is 

degraded via NMD, however, we were unable to test for the presence of ASTN2-JDUP 

in these patient’s CD4+ T cells using the ASTN2 anti-body, as the ASTN2-JDUP 

truncation lacks the peptide sequence for which the original antibody was raised against 

(Wilson et al., 2010). Thus, it is possible that ASTN2-JDUP is expressed at low levels 

within these individuals. 
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3.4.2 ASTN2 is Expressed in Dendritic Spines of Purkinje cells and 
Localizes to Endocytic Pathway 

To understand how ASTN2 could shape circuit function, we analyzed its 

expression in the mouse cerebellar cortex using antibodies raised against the full-length 

ASTN2. A previous study from Wilson et al. (2010) demonstrated that ASTN2 mRNA is 

strongly expressed in all layers of the cerebellar cortex during early development (P0 – 

P14) with weak expression throughout the neocortex. Additionally, in-situ hybridization 

results demonstrated that ASTN2 is developmentally restricted to the inner granular 

layer by P15 (Wilson et al., 2010). We extended these prior findings using 

immunohistochemistry in postnatal day 15 and 28 mice (Figure 15 A-E). ASTN2 is 

expressed in Purkinje cell and within the granular and molecular layers at day P15 

(Figure 15 A-B). Closer examination revealed distinct puncta in the soma, dendritic stalk 

and dendrites of Purkinje cells at P15 (Figure 15 C-E). At postnatal day 28, immunogold 

labeling revealed that ASTN2 is localized to the plasma membrane, membranes of the 

ER, vesicles, and autophagosomes (Figure 15 G-J). Furthermore, ASTN2 is localized 

within dendritic spines near the postsynaptic density (PSD, Figure 15 L-O).   

We found the localization of ASTN2 to trafficking vesicles (Figure 15 G, I) 

intriguing, as it suggests ASTN2 interacts with phases of the endocytic pathway. To test 

this further, we co-stained ASTN2 with markers for early (Rab4 & Rab5) and late (Rab7) 

endosomes and found a subset of ASTN2 puncta that co-localize with early and late 

endocytic markers (Figure 16). Overall, the expression of ASTN2 within Purkinje cell 
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dendrites near the PSD and its localization to endocytic vesicles raised the possibility 

that ASTN2 is involved in synaptic function.  

 

Figure 15 ASTN2 subcellular protein localization in the cerebellum. Sagittal 
section of the cerebellar cortex at P15 from a wild-type mouse. Labels indicate the 
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following IGL: internal granular layer; ML: molecular layer; PC: Purkinje cell layer; 
WM: white matter tract. A) Expression of ASTN2 (green). B) Negative control (no 
primary antibody). C-E) Labeled with antibodies for ASTN2 (red) and Calbindin 
(green). D) Purkinje cell soma and primary dendrites are denoted by the dashed lines. 
E) Magnified view of a Purkinje cell. (scale bars: A and B, 100 µm; C–E, 10 µm). F – O) 
Immunogold EM labeling of ASTN2 at P28. Labels indicate the following IGL, 
internal granular layer; M, mitochondria; ML, molecular layer; WM, white matter. F) 
Negative control (no primary). G) ASTN2 labeling in a PC soma associated with the 
plasma membrane (highlighted by asterisks and black arrow), membranes of the ER 
(white arrow), trafficking vesicles (white arrowhead and I), and autophagosomes 
(black arrowheads and J). H) High-power image showing ASTN2 labeling associated 
with an endocytic vesicle at the plasma membrane. K) PC dendrite in the ML with 
ASTN2 labeling on membranous structures within the dendrite (arrow). Synapses in 
this image are negative for ASTN2. L) PC dendritic area with positive labeling in a 
spine (white arrowhead). M–O) Higher magnification examples of PC dendritic 
spines showing ASTN2 labeling (arrows). (Scale bars: A and B, 100 µm; C–E, 10 µm; F, 
G, K, and L, 0.5 µm.). Immunohistochemistry and figure provided by H. Behesti. 
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Figure 16 ASTN2 co-localization with endosomal markers. Sagittal section of 
the cerebellar cortex from postnatal mice. A-C) Purkinje cell (PC) soma co-labeled 
with antibodies for ASTN2 (green) and endocytic markers (red) for: A) recycling 
(Rab4); B) early (Rab5); and C) late (Rab7) endosomes. Co-labeling is denoted by 
arrows. B-C) Cell nuclei labeled with DAPI (blue). Scale bar: 10 µm. 
Immunohistochemistry and figure provided by H. Behesti. 

 

3.4.3 ASTN2 Binds to and Reduces the Surface Expression of 
Neuroligins via Endocytosis  

Neuroligins (NLGNs) are postsynaptic cell-adhesion molecules that are involved 

in synapse formation, specification, and function (reviewed in Bang and Owczarek, 

2013; Maćkowiak et al., 2014). Furthermore, studies have demonstrated that 
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dysregulation of NLGN1-3 in cerebellar Purkinje cells disrupts the excitatory-inhibitory 

balance leading to altered circuit function (Zhang et al., 2015; Zhang and Südhof, 2016). 

Given ASTN2 localizes to the plasma membrane and is expressed in Purkinje cell 

dendrites (Figure 15), we first tested if ASTN2 interacts with NLGNs via a heterologous 

expression system in HEK293T cells. Co-immunoprecipitation experiments revealed that 

both ASTN2 isoforms, ASTN2 and JDUP, are present in NLGN1-4 immunoprecipitates, 

but not in the controls (Figure 17A). Additionally, western blot analysis demonstrated 

that NLGN1/2 immunoprecipitated more ASTN2 than JDUP, while NLGN3/4 

immunoprecipitated more JDUP (Figure 17A), suggesting that the binding affinity is 

altered in the truncated JDUP variant. Together, these results indicate that ASTN2 

interacts with NLGN1-4 and that alterations to the FNIII domain differentially impacts 

the affinity of ASTN2 to bind with NLGNs.   

To test if ASTN2 regulates the surface expression of neuroligins, we quantified 

the surface expression level of YFP tagged NLGN1 (Figure 17B, left) and NLGN3 

(Figure17B, middle) in the presence or absence of ASTN2 in HEK293T cells. Flow 

cytometry analysis revealed that ASTN2 reduced the surface expression level of NLGN1 

(Figure 17B, left, control: 67% vs ASTN2: 49%) and NLGN3 (Figure 17B, middle, control: 

23% vs ASTN2: 3%). This interaction was specific to neuroligins as ASTN2 expression 

did not alter the surface expression level glycosylphosphatidylinositol-anchored surface 

EGFP (Figure 17B, right, control – 87% vs ASTN2 – 93%). We extended this finding by 



 

96 

testing surface level expression of NLGN1 in cultured cerebellar granule cells co-

transfected with Nlgn1 and Astn2 at 14 days in vitro (DIV). Pixel density analysis 

(surface vs. total level) revealed a reduction in surface level expression of NLGN1 

(Figure 18), in agreement with our flow cytometry results. These results indicate that 

NLGN surface expression is regulated by ASTN2, however, it does not distinguish if 

ASTN2 is altering NLGN surface expression via a change in the insertion of NLGNs or 

downregulation via endocytosis.  

To investigate if ASTN2 is regulating NLGN surface expression via changes in 

insertion or endocytosis, we carried out pulse-chase labeling of NLGN1-YFP in cultured 

granule cells. Pixel density analysis indicated that granule cell that co-expressed Nlgn1 

and Astn2 had higher levels of internalized NLGN1 verse controls after a 20-minute 

chase (Figure 17C, D). Together, our biochemical and labeling experiments indicate that 

ASTN2 interacts with neuroligins and can reduce their surface expression via 

endocytosis.        
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Figure 17 ASTN2 regulation of Neuroligin surface expression by protein–
protein binding and endocytosis. A) co-IP of ASTN2 and JDUP with neuroligins 
(NLGN) 1-4 from HEK293T cell. B) Live immunolabeling of surface neuroligin 
(Alexa-647, upper right quadrant with red bounding box) in HEK293T cells co-
expressing NLGN1-HA-YFP (left) or NLGN3-YFP (middle) with either a MYC control 
vector (upper panels) or ASTN2-HA (lower panels). Surface 
glycosylphosphatidylinositol (GPI)-anchored EGFP is unaltered by ASTN2 co-
expression (lower right). C) 20’ pulse–chase labeling of NLGN1-HA-YFP coexpressed 
with either EGFP (lower panels) or ASTN2-EGFP (upper panels) in cerebellar granule 
cells (scale bars: 10 µm). NLGN surface labeling (white) and internalized NLGN (red). 
Negative control (right), demonstrating that ASTN2-EGFP or control-EGFP is not 
detected on the surface. D) Quantification of the pulse–chase expressed as integrated 
pixel density (sum of all pixel intensities per area minus the background) of the 
internal labeling divided by the integrated pixel density of the total pulse (red + 
white). Graph (mean ± SEM. N, number of experiments; n, total number of cells 
analyzed) The P value was calculated by analysis of covariance (please see methods). 
Biochemistry and Figure provided by H. Behesti. 
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Figure 18 Quantification of surface labeling of NLGN1 in cerebellar granule 
cells. Image quantifications of surface labeling of NLGN1-HA-YFP co-expressed with 
either EGFP or ASTN2-EGFP in granule cells. Bar plots show the integrated pixel 
density of surface labeling as an index of total labeling (corrected for background, a), 
as well as surface labeling alone (b). mean ± SEM from three independent 
experiments. The number of cells analyzed per condition are stated on each bar. P-
values were obtained for comparison of surface labeling by ANCOVA in a, 
considering total labeling, and by ANOVA in b. Biochemistry and Figure provided by 
H. Behesti. 

 

3.4.4 ASTN2 Binds Multiple Proteins that are Important in Synaptic 
Function  

To find additional binding partners of ASTN2 we took unbiased screening 

approach and analyzed immunoprecipitated ASTN2 protein complexes from mouse 

cerebellum (P22-P28) using mass spectrometry (IP-mass). ASTN2 IP-mass results were 

compared against IgG or depleted ASTN2 sera controls, initial results identified 466 
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enriched proteins in ASTN2 IP samples. We further refined these results to a list of 57 

proteins by excluding proteins with fewer than 3 peptide hits and less than a 1.5-fold 

enrichment (data not shown, see Behesti et al., 2018). We identified several proteins that 

are important in vesicle sorting and trafficking, including: AP2, an adaptor protein 

complex that mediates clathrin-mediated endocytosis from the plasma membrane 

(Kirchhausen et al., 2014); VPS36, a subunit of the ESCRT-II complex that binds 

ubiquitin and PI3P to facilitate endosomal sorting of ubiquitinated cargo (Frankel and 

Audhya, 2018; Slagsvold et al., 2005); and ARFGAP1, a GTPase-activating protein for 

ARF1 that facilitates cargo binding and vesicle formation in COPI-mediated trafficking 

(S. Y. Lee et al., 2005; Popoff et al., 2011). Furthermore, we also identified proteins that 

are important in synaptic refinement and function, including C1q, the initiating protein 

in the classical complement pathway that mediates synaptic pruning (Stevens et al., 

2007; reviewed in Stephan et al., 2012); SLC12a5 (KCC2), a potassium-chloride 

cotransporter that regulates the intracellular Cl- concentration (Ben-Ari, 2002; Rivera et 

al., 1999); and OLFM1/3, secreted glycoproteins that form complexes with AMPA 

receptors and regulate mobility (Pandya et al., 2018; Schwenk et al., 2012). We confirmed 

these interactions by co-IP and western blot in HEK293T cells transfected with AP2, 

SLC12a5, C1q, or OLFM and either ASTN2 or JDUP or control constructs (Figure 19). 

Together, our IP-mass and co-IP results demonstrate that ASTN2 binds to proteins that 
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are: 1) involved in vesicle trafficking to and from the plasma membrane; 2) regulators of 

synapse function that are localized to the plasma membrane. 

 

Figure 19 Protein interactors of ASTN2 identified by IP plus LC-MS/MS. 
Western blots show co-IPs of AP-2 (sigma fragment, Ap2s), SLC12a5, OLFM1, or C1q 
with ASTN2 or JDUP in HEK 293T cells. The protein ladder is shown in kilodaltons. 
In the SLC12a5 blot, GFP appears in all samples due to the existence of an internal 
ribosome entry site-EGFP in the SLC12a5-HA construct. Biochemistry and Figure 
provided by H. Behesti. 
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3.4.5 ASTN2 Induces Degradation of Surface Proteins 

The flow cytometry analysis yielded an interesting finding (Figure 17B) in that 

co-expression of ASTN2 with NLGN1/3 not only reduce the surface level expression of 

neuroligins, as indicated by the decrease in the upper right quadrant (percent of double 

positive labeling); but also decreased the overall expression of NLGN1/3, as indicated by 

the increase in the lower left quadrant (percent of double negative labeling), suggesting 

that ASTN2 also facilitated degradation. We explored this further with several of the 

identified binding partners from the IP-MS results using HEK293T cells that co-

expressed tagged variants of Astn2 with either Ap2s1, Nlgn1-4, SLC12a5, or Olfm1. 

Western blot analysis revealed that co-expression with ASTN2 decreased the levels of 

NLGN1-4, SLC12a5, and OLFM1 (Figure 20A, B), while the levels of AP2 or GAPDH 

were unaffected (Figure 19A & 20A, B). Interestingly, when NLGN1 or SLC12a was co-

expressed with JDUP the change in levels was less pronounced (Figure 20B). 

Furthermore, shRNA mediated knockdown of ASTN2 prevented the reduction of 

NLGN1 and SLC12a, resulting in similar protein levels to JDUP and control experiments 

(Figure 20B), suggesting that the reduction of ASTN2 binding partners requires the fully 

intact protein. Overall, our IP-mass screen and biochemical experiments revealed that 

ASTN2: 1) interacts with several critical regulators of synaptic function; 2) promotes 

internalization and degradation of surface proteins.   
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Figure 20 ASTN2 reduces the levels of interacting proteins. A) Western blots 
showing reduced protein levels of NLGN1–NLGN4 and OLFM1 in HEK 293T cells in 
the presence of ASTN2 compared with MYC (control) or OLFM1 alone. B) Western 
blots showing reduced expression of NLGN1 and SLC12a5 in HEK 293T cells in the 
presence of ASTN2 or ASTN2 coexpressed with a scrambled plasmid, but less so in 
the presence of JDUP or MYC or when ASTN2 is knocked down with shRNA. 
GAPDH was used as an internal control for protein loading. C) Sagittal sections of the 
cerebellar cortex from P25 PCP2-Cre+ mice expressing either JDUP-EGFP (green, left) 
or ASTN2-EGFP (right). Labeled with antibodies for Calbindin (red), NLGN2 (blue), 
and GluD2 (white). Example area (lower panels) within Purkinje cell somas (outlined 
by dashed lines) for quantification of NLGN2 levels (group average, right). Scale bar: 
10 µm. Bar graph shows mean ± SEM. n, total number of cells analyzed from three 
mice per condition. The P value at the top was determined by analysis of covariance, 
and those closer to bars were determined by post hoc tests between groups. 
Biochemistry and Figure provided by H. Behesti. 
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3.4.6 ASTN2 Modulates Synaptic Activity 

To investigate whether manipulation of ASTN2 levels impacts synaptic function 

in the cerebellum, we generated conditional lentiviruses expressing either the full-length 

EGFP-tagged ASTN2 (pFU-cASTN2-EGFP) or a truncated version (pFU-cJDUP-EGFP) 

lacking the FNIII domain. Viruses were injected into the cerebella of P0-P2 Pcp2-Cre+ 

mice to restrict the expression of ASTN2 or JDUP to Purkinje cells (Figure 21A). EGFP 

expression was observed 3–4 weeks after viral injection (Figure 21B).  

To test the properties of intrinsic excitability and synaptic transmission onto PCs 

that expressed either ASTN2-EGFP or JDUP-EGFP, we performed whole-cell 

electrophysiological recordings in acute brain slices from injected Pcp2-Cre+ animals 3–4 

weeks after viral injections (P21–P35). Control recordings were performed on EGFP-

negative PCs from Pcp2-Cre−/− littermates injected with the same conditional viruses. 

Miniature excitatory/inhibitory postsynaptic currents (mEPSCs/mIPSCs) were recorded 

to assess non-evoked, quantal synaptic input, primarily from the parallel fibers 

(mEPSCs) and the inhibitory stellate and basket cells (mIPSCs). In Purkinje cells 

expressing ASTN2-EGFP, we found a significant increase in both mIPSC amplitude 

[maximum difference (Δmax) = 25.2%] and frequency (Δmax = 13.8%) and an increase in 

mEPSC amplitude (Δmax = 21.5%) in the same PCs. There was no change in the 

frequency of mEPSCs (Δmax = 5.9%; Figure 21C, D). In PCs expressing JDUP-EGFP, 

there was a much less marked increase in mIPSC amplitudes (Δmax = 11.4%; Figure 21 
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C, D) and no change in frequency (Δmax = 2.3%). In addition, we observed a less 

marked increase in mEPSC amplitudes (Δmax = 11.9%) but a significant decrease in 

mEPSC frequency (Δmax = 13.5%). These results indicate changes in the synaptic 

strength of PCs, with the strongest effect on mIPSCs upon ASTN2-EGFP expression. 

We also tested evoked excitation from parallel fibers and found that the paired-

pulse ratio was unchanged, suggesting no difference in presynaptic release probability 

(Figure 21E). In addition, we did not observe any differences in the spontaneous spiking 

of either ASTN2-EGFP or JDUP-EGFP expressing cells as measured by extracellular cell-

attached recordings (Figure 21F). These results suggest that ASTN2 overexpression 

increases synaptic strength primarily by altering the postsynaptic response to 

neurotransmitters, rather than the intrinsic excitability of PCs. Importantly, we did not 

observe the same degree of changes with the expression of JDUP-EGFP as we did with 

ASTN2-EGFP. 
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Figure 21 Effect of ASTN2 overexpression on synaptic activity of Purkinje 
Cells. A) Schematic of conditional lentiviral vectors. Expression of ASTN2-EGFP or 
JDUP-EGFP is driven by the Ubiquitin C promoter in the presence of Cre. B) Sagittal 
sections showing JDUP-EGFP and ASTN2-EGFP (green) expression in PCs marked by 
Calbindin (red) and GluD2 (white) 3–4 wk after injection into Pcp2-Cre+ mice. The 
arrow indicates an ectopic PC and its dendritic tree in the IGL of an ASTN2-EGFP–
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injected mouse. (Scale bars: 10 µm.) C) mIPSCs (Top) and mEPSCs (Bottom) 
postsynaptic currents in controls (PCP2-Cre−/−; black, n = 21 cells) and ASTN2-
expressing (PCP2-Cre+; blue, n = 14 cells) PCs and in control (PCP2-Cre−/−; gray, n = 10 
cells) and JDUP-expressing (PCP2-Cre+; orange, n = 12 cells) PCs. D) Cumulative 
histograms of the amplitude (Left) and frequency (Right) of miniature events in 
control (black or gray) and ASTN2-expressing (blue) or JDUP-expressing (orange) 
PCs. Distributions were compared using the Mann–Whitney U test and were found to 
differ significantly between ASTN2 and controls in all measurements (P < 0.0001), 
except for mEPSC frequency, which was the same between control and ASTN2 but 
significantly different between control and JDUP (P < 0.0001). (E, Left) Evoked 
parallel fiber EPSCs [membrane potential (Vm) ∼ −75 mV, 50-ms interstimulus 
interval, arrowheads]. (E, right) Summary graph of paired-pulse ratios (PPR) (mean ± 
SEM). (F, left) Cell-attached recordings of spontaneous spiking. (F, Right) Summary 
graph (mean ± SEM) of spontaneous firing rates. The total numbers of cells recorded 
from five to seven animals per condition are shown. IGL, internal granule layer; ML, 
molecular layer; ns, not significant. Virus provided by H. Behesti. 

 

3.5 Discussion 

ASTN2 is highly expressed in the adult cerebellum and regulates ASTN1 

mediated glial-guided neuronal migration (Wilson et al., 2010). Here we have 

investigated the post-migratory role of ASTN2 using a combination of biochemical, 

electrophysiological, immunogold EM, and functional assays. Our findings demonstrate 

a role for ASTN2 in controlling protein trafficking and homeostasis in synaptic function. 

We detected ASTN2 in dendritic spines of Purkinje cells and trafficking vesicles, and 

identified multiple synaptic and trafficking binding partners. In postmitotic Purkinje 

cells, overexpression of ASTN2 increased synaptic strength and reduced protein levels 

of synaptic binding partners. Furthermore, our biochemical and functional assays 

demonstrated that ASTN2 dynamically regulates the surface expression of membrane 
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proteins and interacts with a critical regulator of clathrin-mediated endocytosis, AP2. 

Lastly, we identified a multiplex family with a CNV duplication event that affected the 

FNIII domain of ASTN2, and compared the overexpression of ASTN2 with that of a 

truncated form lacking the FNII domain (JDUP). Our results revealed that the FNIII 

truncation (JDUP) interfered with the ability of ASTN2 to promote protein degradation, 

but not its ability to interact with binding partners.  

 

3.5.1 ASTN2’s Trafficking Role 

Analysis of the ASTN2 protein sequence revealed two classes of sorting signals, 

dileucine motif, DXXLL, and tyrosine motifs, YXXf (data not shown). Dileucine motifs 

interact with GGAs (Golgi-localized, g-ear-containing, ARF-binding proteins) for 

transport within trans-Golgi network (TGN) and between TGN and endosomes; while 

tyrosine motifs interact with adaptin complexes 1-4 to facilitate endosomal/lysosomal 

trafficking (Boehm and Bonifacino, 2001; Braulke and Bonifacino, 2009; Robinson, 2004). 

Membrane proteins that contain multiple sorting motifs are often localized to multiple 

endosomal vesicles and transported along multiple intracellular transport pathways 

(Doray et al., 2008; 2012; Ghosh and Kornfeld, 2004; Seaman, 2007). Furthermore, recent 

structural analysis of ASTN2 revealed that the protein is stable at pH 4 (Ni et al., 2016); 

thus, this would allow for ASTN2 to facilitate trafficking throughout the range of 

intracellular pH environments within the endolysosomal system. Our EM data revealed 
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that ASTN2 localizes to multiple endocytic vesicles and ER/Golgi membranes (Figure 15, 

16), and our IP-mass results revealed ASTN2 interacts with several endosomal and 

sorting proteins, e.g. VPS36 and ARFGAP1. Collectively, the presence of the DXXLL and 

YXXf sorting signals with our EM and IP-mass data, suggest that ASTN2 is likely 

involved in multiple steps of endolysosomal trafficking and not only at the surface 

membrane.  

A recent study demonstrated that cargo proteins containing the tyrosine motif 

play a critical role in the earliest stage of AP2 activation by fully unlocking the cytosolic 

conformation and facilitating the nucleation of clathrin-coated pits (Kadlecova et al., 

2017). Our IP-mass and biochemical results indicate that ASTN2 binds to AP2 (Figure 

19); moreover, our functional assay results that demonstrated that ASTN2 regulates 

surface expression of NLGN1/3 (Figure 17). Thus, these results and the presence of the 

YXXf domain, suggest that ASTN2 would aid in the activation of AP2 during clathrin-

mediated endocytosis.   

 

3.5.2 ASTN2 Modulation of Synaptic Strength: Differential Regulation 
of Neuroligins  

Neuroligins (NLGNs) are postsynaptic cell-adhesion molecules that are involved 

in synapse formation, specification, and function. Dysregulation of neuroligin levels 

during development alters the balance between excitatory and inhibitory synapse 

formation, with decreases in NLGN expression primarily affecting inhibitory 
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GABAergic transmission (Maćkowiak et al., 2014). NLGN1 is expressed at excitatory 

glutamatergic synapses and interacts with AMPA & NMDA receptors via PSD95 & 

stargazin; while NLGN2 is expressed at inhibitory synapses, and interacts with GABAA 

receptors via gephyrin & collybistin. NLGN3/4 are expressed at both excitatory and 

inhibitory synapse (Maćkowiak et al., 2014). Conditional knockout (cKO) studies have 

demonstrated that NLGNs do not have a uniform role across all inhibitory subtypes, as 

cKO of NLGN2 in hippocampal pyramidal cells decreases parvalbumin+ but not 

somatostatin+ GABAergic transmission (Gibson et al., 2009); while cKO of NLGN3 

enhances CCK+ but not parvalbumin+ GABAergic transmission (Földy et al., 2013). The 

results from Foldy et al. suggest that NLGN3 can have opposing effects at somatic vs 

dendritic inhibition; this idea is supported by a study that used RNAi knockdown of 

NLGN3 in pyramidal cells and found a decreased dendritic inhibition from 

somatostatin+ interneurons (Horn and Nicoll, 2018). Interestingly, Horn et al. (2018) also 

found that overexpression of NLGN3 enhanced dendritic inhibition, which is in-line 

with a recent study that demonstrated an enhancement of both inhibitory and excitatory 

transmission in CA1 pyramidal cells (Nguyen et al., 2016). Together, these studies reveal 

that NLGNs have differential effects at inhibitory synapses that is dependent on the 

presynaptic cell type; and imbalances in neuroligin levels, e.g. NLGN3, can either 

enhance or reduce synaptic transmission. 
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Our results indicated that ASNT2 interacts with NLGN1-4 and, importantly, 

revealed a difference in binding affinity and degradation for ASTN2 to NLGN1/2 and 

NLGN3/4 (Figure 17, 20). Overexpression of ASTN2 with NLGN1-4 in HEK294T cells 

(Figure 17A) resulted in a larger decrease in NLGN1/2 levels compared to NLGN3. 

Thus, it is feasible that the surface level expression of NLGN1-3 is differentially 

regulated in our in-vivo ASTN2 O/E experiments, resulting in an increased level of 

NLGN3 in relationship to NLGN1/2. This increased expression may underlie the 

increase in mIPSC and mEPSC amplitudes we found in Purkinje cells overexpressing 

ASTN2 (Figure 21D, left panels). Furthermore, a recent study by Zhang et al. 

demonstrated an ~20% increase in GAD65 expression in molecular layer interneurons 

after combinatorial knockdown of NLGN1-3 in Purkinje cells, while vGluT2 levels 

decreased between 0-10% (Zhang et al., 2015; Zhang and Südhof, 2016). Changes in 

vesicular loading at the presynaptic terminals may underlie the changes in mIPSC and 

mEPSC frequency, as we found a large increase in mIPSC frequency and no significant 

change in mEPSC frequency (Figure 21D, right panels). This notion is also consistent 

with results from NLGN3 knockin mice expressing an ASD-associated mutation, Nlgn3 

R451C, that have an enhanced mIPSC frequency in the cerebral cortex due to increased 

expression of vGAT at inhibitory synapses and, importantly, is not a result of a change 

in the number of inhibitory synapses (Tabuchi et al., 2007). Additionally, increases in 

GAD65 expression in presynaptic terminals is not limited to knockdown of neuroligins 
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(Zhang et al., 2015), as overexpression of NLGN2/3 in the cerebral cortex can also 

increase of the levels of vGAT and GAD65 without altering the innervation of inhibitory 

terminals (Fekete et al., 2015). In this context, the difference in binding affinity for 

NLGN1-4 between ASTN2 and JDUP likely underlie the electrophysiological differences 

we found in-vitro (Figure 21D), and is supported by the reduced NLGN2 labeling in 

Purkinje cells expressing ASTN2 compared to JDUP expressing Purkinje cells (Figure 19 

C). Overall, these results suggest that NLGN dysregulation may underlie the 

electrophysiological results in ASTN2 O/E experiments, and awaits future studies using 

a loss of function ASTN2 mouse model to probe the effects of JDUP on NLGN regulation 

and circuit function.   

 

3.5.3 ASTN2 Modulation of Synaptic Strength: OLFM1, Slc12a5 

 The previous section proposed that the increase in synaptic strength was due, in 

part, to the dysregulation of neuroligins. Resulting in changes at the presynaptic and 

postsynaptic terminals. However, this does not exclude the possibility of other 

mechanisms, including alterations in single-channel conductance, changes in 

intracellular ion concentration due to alteration in plasma membrane ion transporters, 

receptor desensitization, or structural changes (Walmsley et al., 1998). Our IP-mass 

results pulled out an array of synaptic proteins, and our biochemical results indicated 

ASTN2 reduced the expression of at least two of these synaptic proteins, SLC12a5 and 
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OLFM1 (Figure 19). These are notable as a recent study in the hippocampus of SLC12a5-

deficient mice demonstrated an increase in both mEPSCs and mIPSCs (Khalilov et al., 

2011). Furthermore, OLFM1 limits the mobility of AMPA receptors (Pandya et al., 2018); 

and enhanced AMPA diffusion accelerates synaptic recovery from paired-pulse 

depression (Frischknecht et al., 2009) and receptor desensitization (Constals et al., 2015; 

Heine et al., 2008). However, it is important to note that enhanced AMPA diffusion is 

dependent on disruptions to the extracellular matrix (ECM) (Constals et al., 2015; Heine 

et al., 2008; Pandya et al., 2018). Thus, while ASTN2-mediated degradation of SLC12a5 

and OLFM1 may explain our increase in synaptic activity in ASTN2 O/E Purkinje cells 

(Figure 21), the influence of OLFM1 would depend on disruptions to the ECM.  

 

3.5 General Discussion / Future Direction 

3.5.1 Molecular Layer Interneuron Processing: Predicting Aberrant 
Cortical Activity in ASD Patients Using Computational Models of 
Cerebellar Processing.  

Results from animal models of ASDs have frequently observed reduced levels of 

GABAergic inhibition in cortical circuits; thus, resulting in altered coordination between 

excitation and inhibition (reviewed in E. Lee et al., 2017; Nelson and Valakh, 2015). 

Furthermore, post-mortem analysis of tissue from ASD patients has demonstrated 

significant reductions in the levels of GABAA, GABAB receptors, and other key 

regulators of GABAergic signaling, e.g. vGAT and GAD65, throughout the brain 
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(reviewed in Blatt and Fatemi, 2011; Cellot and Cherubini, 2014). In the cerebellar cortex, 

studies from Yip et al. (2007, 2008) demonstrated a small to significant increase in 

GAD67 mRNA in molecular layer interneurons and a decrease in GAD67 mRNA in 

Purkinje cells (Yip et al., 2008; 2007). Yip et al. posited that the combined upregulation of 

inhibition from MLI would decrease Purkinje cell inhibition within the deep cerebellar 

nuclei, resulting in a disruption of appropriately timed cerebellocortical activity and 

underlie the cognitive and motor deficits in ASD patients (Yip et al., 2008).  

As presented in the previous section (Section 3.2.2), delay eyeblink conditioning 

(EBC) is a cerebellar dependent task that requires the learned association between a 

conditioned stimulus (CS), e.g. ~250 ms tone, and an unconditioned stimulus (US), e.g. 

periorbital air puff (presented at the end of the CS), in order to form an appropriately 

timed conditioned response (CR), i.e. eyeblink. Furthermore, human eyeblink-

conditioning studies have demonstrated an enhanced learning rate, acquiring the CR in 

half the number of sessions as typically-developing children (Sears et al., 1994), and 

developing an earlier time to CR onset and time to CR peak (Oristaglio et al., 2013; Sears 

et al., 1994; Welsh and Oristaglio, 2016). Additionally, valproate mouse models of autism 

display a similar learning enhancement (Stanton et al., 2007). This opens the question of 

which circuit-level mechanisms might account for the enhanced acquisition of the CR 

and the decrease in the CR latency? 
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Computational modeling has demonstrated that this ASD-associated 

enhancement of delay EBC can be explained by atypical cortical processing. Specifically, 

an increase or imbalance of MLI inhibition can account for the enhanced 

acquisition/learning of delay EBC (Radell and Mercado, 2014). Radell et al. 

demonstrated that enhanced basket cell inhibition resulted in increased acquisition rate, 

independent of the use of a simulation that accounted for the assumptions of ‘radial’ or 

‘beam’-like cortical processing5. Furthermore, the latency of the response was decreased 

when basket cell inhibition was enhanced in beam-like simulations. Lastly, increased 

levels of MLI inhibition enhanced CR acquisition and reduced CR latency in radial-like 

simulations. Overall, these results demonstrate that ASD-associated enhanced 

acquisition of delay eyeblink conditioning is accounted for by several circuit-level 

changes, including 1) an increase in MLI inhibition (basket and stellate cells); and 2) an 

increase in basket cell inhibition (Radell and Mercado, 2014). 

Several studies have demonstrated that the acquisition and kinematics of the CR 

are modulated by MLI inhibition. Removal of MLI-PC feedforward inhibition (FFI), via 

the ablation of the a2 subunit of GABAA receptors in Purkinje cells, reduced the 

acquisition rate and CR amplitude, and increased variance in the timing of the response 

                                                   

5 Radell et al. computational modeling accounted for multiple hypotheses of cerebellar cortical processing, 
i.e. radial and beam hypothesis. The biological significance and explanatory value of each cortical 
processing hypothesis, beam vs radial, is beyond the scope of this thesis. For in-vivo evidence of the 
concurrence of both processes see (Cramer et al., 2013), and for a critique of the beam hypothesis see (Bower, 
2010).  



 

115 

(Boele et al., 2018; Brinke et al., 2015). Furthermore, MLI activity correlates to the 

presentation of the conditioned stimulus, as MLI firing rate increases after the start of 

the CS and quickly recovers to baseline at the end of the CS/US (Brinke et al., 2015). 

Importantly, a study by Heiney et al. demonstrated that optogenetic activation of MLIs, 

basket and stellate cells, silenced Purkinje cell activity and elicited an eyeblink. The 

amplitude and rise of the blink were correlated with the stimulus intensity (Heiney et 

al., 2014). These experiments provide support to the "disinhibition hypothesis" and 

highlight that MLI inhibition contributes to the learning of appropriately timed 

behavioral responses. Lastly, the study by Heiney et al. demonstrates that exogenous 

enhancement of MLI-PC inhibition alters the kinematics of eye movements, this 

enhancement provides experimental support for the idea that increased MLI inhibition 

contributes to the enhanced blink kinematics seen in ASD patients (Radell and Mercado, 

2014). 

Exogenous enhancement of MLI inhibition demonstrates that increased basket 

and stellate inhibition could accelerate the delay eyeblink CR in ASD patients. However, 

it does not parse the individual roles of basket and stellate cell in delay EBC. Future 

studies will be required to test the predictions of Radell et al. (2014) and may require 

new genetic tools to specifically target basket cells. Yet, an intriguing approach to 

examining the role of basket cell inhibition might arise from examining the 

dysregulation of NLGN3. Knockdown of NLGN3 in CA3 pyramidal cells enhanced 
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somatic inhibition from CCK+ cells without changing dendritic inhibition from PV+ cells 

(Földy et al., 2013). Additionally, the enhancement of CCK+ inhibition was due to the 

blocking of tonic endocannabinoid (eCB) signaling from CA3 pyramidal cells, which left 

phasic eCB signaling intact (Földy et al., 2013). In the cerebellar cortex, phasic release of 

eCB from Purkinje cell dendritic branches can reduce stellate cell inhibition (Brenowitz 

et al., 2006) and parallel fiber excitation (Brown et al., 2003; Safo and Regehr, 2005). 

Additionally, basket cell inhibition of Purkinje cells is also modulated by eCB1 receptors 

on basket cell terminals (Szabo et al., 2004). Tonic release of eCB is prevented in the 

dendritic branches of Purkinje cells (Brenowitz et al., 2006), due to the absence of 

dendritic sodium channels (Stuart and Häusser, 1994) and the expression of dendritic SK 

potassium channels (Womack and Khodakhah, 2003). However, it is an open question if 

basket cell inhibition is under the influence of tonic eCB release, as the study from Szabo 

et al. found a decrease in basket cell inhibition in the presence of an eCB1 receptor 

antagonist, SR141716 (Szabo et al., 2004). Yet, this decrease in the inhibition is likely due 

to SR141716 ability to act as a positive allosteric modulator for GABAA receptors (Baur et 

al., 2012). Thus, SR141716 activation of GABAA autoreceptors on basket cell terminals 

(Szabo et al., 2004) would reduce release probability at the terminal, and potentially 

mask enhanced release of GABA by blocking eCB1 receptors directly. This latter point, 

unfortunately, does not exclude the possibility of tonic release of endocannabinoids 
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from the soma of Purkinje cells, and would require examination using the eCB1 

antagonist LY320135 (Baur et al., 2012). 

 

3.6 Methods  

3.6.1 Virus Production and in Vivo Viral Injections in ASTN2 Project.  

Vesicular stomatitis virus G glycoprotein (VSV-G) pseudotyped lentiviruses 

were produced with the pFU-cASTN2-EGFP and pfU-cJDUP-EGFP plasmids as 

previously reported. Viruses were collected and concentrated 45 h after transfection, and 

the pH of the media was kept between 7 and 7.3. Neonatal (24–30 h old) first generations 

from hemizygous PCP2-Cre breeding pairs [B6.Cg-Tg(Pcp2-cre)3555Jdhu/J; The Jackson 

Laboratory] were cryoanesthetized and injected using a modified protocol of Kim et al. 

(Kim et al., 2013), utilizing a 10-µL Hamilton syringe (catalog no. 1701-RN; Hamilton) 

fitted with a custom 32-gauge needle (no. 4 point style, 12° angle, 9.52-mm length; 

catalog no 7803-04; Hamilton). The needle was inserted perpendicular to the occipital 

plate at a depth of ∼2.5 mm, centering the tip in-line with the anterior/posterior axis and 

between the ears. All procedures were performed according to guidelines approved by 

the Duke University Institutional Animal Care and Use Committee. 
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3.6.2 Imaging in ASTN2 Project. 

 Images were acquired using an inverted Zeiss LSM 880 NLO laser scanning 

confocal microscope with a Plan-Apochromat oil immersion lens (40x, 1.4 NA) with a 

2.8x digital zoom. For the image in Fig. 14A, a Plan-Apochromat lens (10x, 0.45 NA) was 

used. Images were acquired by setting the same gain and offset thresholds for all images 

per experiment and over/underexposure of signal was avoided. Images were quantified 

in FIJI unless stated otherwise. 

 

3.6.3 Antibodies Used for Immunohistochemistry, 
Immunoprecipitation and Western Blot in ASTN2 Project.  

Primary antibodies, anti-ASTN2 (rabbit, 1:1000-2000 on sections, and 1:500 on 

cells, 1:200 for Western Blot), anti-AP-2 (1:250, mouse, BD Transduction Laboratories 

#611350), anti-Calbindin D28-k (1:500, rabbit, Swant #CB38), anti-Calbindin (1:500, 

mouse, Swant #300), anti-GAPDH (1:10,000, mouse, Chemicon #mab374), anti-GFP 

(1:500, rabbit, Invitrogen #A11122), anti-GluD2 (1:100, goat, Santa Cruz #sc- 26118), anti-

Flag (1:1000, mouse, Sigma #1804), anti-HA (1:500, mouse, Roche #1 583 816 001), anti-

cMYC (1:50, mouse, Calbiochem #OP10), anti-NLG2 (1:100, mouse, Synaptic Systems 

#129 511), anti-Rab4 (1:100, mouse, BD Transduction Laboratories #610888), anti-Rab5 

(1:200, mouse, Synaptic Systems #108011), and anti-Rab7 (1:100, mouse, Santa Cruz #sc-

376362).  
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Secondary antibodies: Donkey anti-mouse, -rabbit, and -goat IgG conjugated to 

Alexa 405 (abcam), 555, 633, and 647 (Molecular Probes), all used at 1:300. HRP-

conjugated secondary antibodies (Jackson Immunoresearch) were used at 1:8000 (anti-

mouse, # 515-035-062) or 1:3000 (anti-rabbit #111-035-144) for Western blots. 

 

3.6.4 Immunohistochemistry/Cytochemistry in ASTN2 Project.  

P15 or older mice were fixed by perfusion with 4% paraformaldehyde (PFA) and 

sectioned sagittally at 50 µm (Leica Vibratome). In vitro-cultured cells (described above) 

were grown on glass coverslips (no. 1.5 thickness; Fisher Scientific) and fixed for 15 min 

at room temperature in 4% PFA. Immunohistochemistry was carried out according to 

standard protocols.  

 

3.6.5 Immunohistochemistry & Cytochemistry.  

Briefly, vibratome sections were blocked with 15% normal horse serum (Gibco), 

0.1% saponin in PBS overnight and then incubated with primary antibodies overnight at 

4°C and with Alexa Fluor® secondary antibodies for 2 hours to overnight at room 

temperature and 4°C respectively. In vitro cultured cells were blocked in 1% normal 

horse serum, 0.05% Triton, incubated in primary antibodies overnight at 4°C followed 

by secondary Alexa Fluor® antibodies for 1 hour at room temperature. Sections/cells 
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were mounted with ProLong® Gold anti-fade mounting media and sections were 

covered with 1.5 thickness Fisherbrand cover glass. 

 

3.6.6 Electrophysiology in ASTN2 Project.  

Acute sagittal slices (250 µm thick) were prepared from the cerebellar vermis of 

3- to 4-wk-old injected mice (PCP2-Cre+) and control littermates (PCP2-Cre−/−). Slices 

were cut in an ice-cold potassium cutting solution (53) consisting of 130 mM K-

gluconate, 15 mM KCl, 0.05 mM EGTA, 20 mM Hepes, and 25 mM glucose (pH 7.4) with 

KOH, and were transferred to an incubation chamber containing artificial cerebrospinal 

fluid (aCSF) composed of 125 mM NaCl, 26 mM NaHCO3, 1.25 mM NaH2PO4, 2.5 mM 

KCl, 2 mM CaCl2, 1 mM MgCl2, and 25 glucose (pH 7.3, 310 Osm). Electrophysiological 

recordings were performed at 32–33 °C using a MultiClamp 700B Amplifier (Axon 

Instruments), with signals digitized at 50 kHz and filtered at 10 kHz. All whole-cell 

recordings were performed using a cesium-based internal solution containing 140 mM 

Cs-gluconate, 15 mM Hepes, 0.5 mM EGTA, 2 mM tetraethylammonium chloride, 2 mM 

MgATP, 0.3 mM NaGTP, and 10 mM phosphocreatine-Tris2, 2 mM QX 314-Cl. The pH 

was adjusted to 7.2 with CsOH. For parallel fiber stimulation experiments, glass 

monopolar electrodes (2–3 MΩ) were filled with aCSF and current was generated using 

a stimulus isolation unit (ISO-Flex Stimulus Isolator; A.M.P.I.). Spontaneous miniature 

synaptic currents were recorded in the presence of tetrodotoxin (0.5 µM; Tocris). IPSCs 
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were recorded at the empirically determined EPSC reversal potential (∼ +10 mV), and 

EPSCs were recorded at the IPSC reversal potential (∼ −75 mV). Membrane potentials 

were not corrected for the liquid junction potential. Series resistance was monitored with 

a −5-mV hyperpolarizing pulse, and only recordings that remained stable over the 

period of data collection were used. The mIPSCs and mEPSCs were analyzed using 

MiniAnalysis software (v6.0.3; Synaptosoft, Inc.), using a 1-kHz low-pass Butterworth 

filter and a detection threshold set to 5× (for IPSCs) or 10× (for EPSCs) higher than 

baseline noise. So that no individual recording biased our distributions, 400 mIPSCs and 

120 mEPSCs from each cell were randomly selected, using a custom R script, to establish 

the amplitude and frequency distributions of events across conditions. To measure the 

paired-pulse ratio, parallel fibers were stimulated at 20 Hz. 

 

3.6.7 Flow Cytometry.  

Transfected HEK 293T cells were harvested in 1 mM EDTA in PBS. The surface 

fraction of YFP-linked surface proteins was immuno-labeled (live) with rabbit anti-GFP 

followed by Alexa-647 anti-rabbit and cells were stained with Propidium Iodide (Sigma-

Aldrich) for dead cell exclusion. Flow cytometry analysis (BD Accuri C6, BD 

Biosciences) was carried out using the 488 nm and 640 nm lasers and the CFlow Sampler 

software (BD Biosciences). A total of 20,000 single viable cells, identified by size and lack 

of Propidium Iodide staining, were analyzed per condition (resulted in approximately 
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100,000 events per condition). Data were analyzed using FlowJo v.9.3.3 (TreeStar Inc.). 

Gates were applied to exclude dead cells and set using non-transfected control cells and 

cells expressing cytosolic GFP (α-tubulin-GFP), which were processed for live GFP 

labeling as described above.  

 

3.6.8 Quantification and Statistics.  

Observations were replicated in at least three independent experiments 

(technical replicates). Data represented in graphs are both biological (pooled or 

individual animals/starting material) and technical (repeated multiple times) replicates. 

Pixel intensities of Western blots and immunolabeling were quantified using ImageJ 

(NIH). Surface and internal labeling of NLG1-HA-YFP, as well as NLGN2 labeling in 

PCs in vivo, was quantified as follows: Each cell and its processes, including dendritic 

spines in the case of GCs and the cell soma only in the case of PCs in vivo, were 

outlined. The “integrated density” was measured (sum of all pixel intensities per square 

micrometer). The “mean fluorescence background” of each channel was also measured 

by selecting an area containing no cells. The “corrected fluorescence” was then 

calculated per cell as follows: integrated density − (area of selected cell * mean 

fluorescence intensity of image). For GCs, 20 cells per coverslip and two coverslips per 

condition were imaged from three independent experiments. The data were plotted as 

mean ± 1 SEM. The “total” in Fig. 5D represents the sum of the total pulse (internal 
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labeling + surface labeling values). All data were checked for normality with the 

Shapiro–Wilk test. Outliers, identified in box plots, were removed, and nonnormal data 

were natural log-transformed to obtain the normal distribution. Specifically, four 

outliers were removed out of 164 data points in Fig. 16D. In general, data were analyzed 

by ANOVA, but if a covariate was present (e.g., “area” or “total pulse”), then analysis of 

covariance was used, taking these covariates into account. Where applicable, P values 

were calculated assuming equal variances among groups (tested with Levene’s test) and 

were two-sided unless stated otherwise. Differences between groups when more than 

two were present were identified by Bonferroni’s post hoc test. The total number of cells 

per condition (n) analyzed is stated on each bar, and the total number of experiments is 

given as N. All electrophysiology data were analyzed with the Mann–Whitney U test 

using GraphPad Prism software and Clampfit (Molecular Devices). The Δmax describes 

the percentage of maximum difference between each pair of distributions. Significant 

statistical difference between distributions of mEPSC and mIPSC amplitudes and 

frequencies is defined by P < 0.01. 
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4. Conclusions 
4.1 Concluding Remarks 

Here I explored the impact of a transient modulation, e.g. acetylcholine, and a 

permanent modification, e.g. ASTN2, to excitatory and inhibitory activity within the 

cerebellar cortex. Chapter 2 of this dissertation examined how the neuromodulator, 

acetylcholine, alters excitatory and inhibitory activity at the initial input stage of the 

cerebellar cortex, the granular layer. I demonstrated that Golgi cells contain nicotinic 

and muscarinic receptors; furthermore, glutamatergic mossy fibers express muscarinic 

receptors. Bulk application of a cholinergic agonist, muscarine, reduced the levels of 

inhibition and excitation within a cerebellar granule cell. These changes resulted in a 

bidirectional change in granule cell excitability. We predict that this change will 

maintain the signal-to-noise ratio within the cortical circuit; thus, allowing for context-

dependent associations to form. 

Chapter 3 of this dissertation, involved a collaborative project with members of 

Dr. Hatten's group at Rockefeller, we identified a post-migratory role for Astrotactin 2 

(ASTN2) in controlling the synaptic strength of Purkinje cell synapses and the surface 

level expression of several key synaptic proteins. Additionally, we investigated the 

effects of overexpressing an isoform with a truncated FNIII domain, which was model 

after a rare copy number variation that is associated with neurodevelopmental 

disorders, including autism. We identified that ASTN2 interacts with neuroligin 1-4, this 
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interaction may underlie the changes in excitation and inhibition in Purkinje cells. 

Furthermore, I posited a dysregulation of NLGNs in patients with ASD may result in 

changes in MLI inhibition, which could result in an enhanced acquisition of cerebellar-

dependent behaviors, i.e. delay eyeblink conditioning.
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Appendix A 

 

Figure 22 Simulated Bulk Release of Acetylcholine Silences Golgi cell 
Activity. Whole cell current-clamp recordings from Golgi cells in the mouse cerebellar 
cortex. A) Bath application of acetylcholine (ACh, 5 µM) silences the spontaneous 
firing rate. Application of a non-selective muscarinic receptor antagonist recovers the 
Golgi cell activity. B) Membrane values extracted from the cells in A, bath application 
of muscarine hyperpolarizes the membrane potential.    
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