
 

i

v 

 

 

Roles of Inhibition in Shaping Sensory Representations in the Cerebellar Input Layer 

by 

Elizabeth Fleming 

Department of Neurobiology 

Duke University 

 

Date: _______________________ 

Approved: 

 

___________________________ 

Court Hull, Supervisor 

 

___________________________ 

Stephen Lisberger 

 

___________________________ 

Nicole Calakos 

 

___________________________ 

John Pearson 

 

 

Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor 

of Philosophy in the Department of 

Neurobiology in the Graduate School 

of Duke University 

 

2021 

 

 

 



 

 

ABSTRACT 

Roles of Inhibition in Shaping Sensory Representations in the Cerebellar Input Layer 

by 

Elizabeth Fleming 

Department of Neurobiology 

Duke University 

 

Date: _______________________ 

Approved: 

 

___________________________ 

Court Hull, Supervisor 

 

___________________________ 

Stephen Lisberger 

 

___________________________ 

Nicole Calakos 

 

___________________________ 

John Pearson 

 

 

 

An abstract of a dissertation submitted in partial 

fulfillment of the requirements for the degree 

of Doctor of Philosophy in the Department of 

Neurobiology in the Graduate School of 

Duke University 

 

2021 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Elizabeth Fleming 

2021 

 



 

 

iv 

Abstract 

The cerebellum plays a central role in motor learning by establishing 

sensorimotor associations necessary for coordinated movement.  To do so, the 

cerebellum’s input layer, the granule cell layer, has been proposed to integrate and 

transform sensorimotor input in a way that creates unique population ensembles that 

can be easily learned by downstream Purkinje cells.  For my thesis work, I used calcium 

indicators in combination with a specific pharmacological block of inhibition to measure 

single and combined sensory responses in granule cells in awake, behaving mice to test 

if local synaptic inhibition sparsens and diversifies granule cell ensembles.  I have also 

tested if this feature can be a component of cerebellar learning, and whether 

neuromodulation can influence inhibition in a manner consistent with regulating 

sensorimotor representations.  I have found that local synaptic inhibition sparsens and 

thresholds sensory responses, as well as sculpts population responses by establishing 

intensity preferences and selectively suppressing inputs.  I have also found that 

inhibition to granule cells is necessary for performance of a cerebellum-dependent 

sensorimotor task.  Additionally, serotonin modulates inhibition to suppress granule cell 

output, suggesting that it could enable learning flexibility to accommodate changes in 

environment or internal states.  Together, my data suggest that synaptic inhibition has 

an important role in forming sensorimotor associations in the cerebellum. 
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1. Introduction  

Associative learning is an essential process that allows us to link sensation and 

action, providing a key mechanism to modify behavior.  The cerebellum plays a central 

role in mediating such modifications by establishing sensorimotor associations 

necessary for coordinated movement.  To do so, the cerebellum receives sensory, motor, 

and cognitive information (Rancz et al, 2007; Proville et al, 2014; Diedrichsen & Zotow, 

2015) from mossy fibers that form excitatory synapses on granule cells and inhibitory 

Golgi cells in the granule cell layer, forming the input stage of cerebellar processing (Ito, 

2006) (Figure 1).  Granule cells must then integrate and relay these signals to Purkinje 

cells, the output neurons of the cerebellar cortex, in a manner that establishes unique 

sensorimotor representations necessary for associative learning. 

pA

MF

PF

GoC
GC

PC

 

Figure 1: Schematic of cerebellar cortical circuitry. 

Mossy fibers (MF) excite granule cells (GC), which excite Purkinje cells (PC) through 

parallel fibers (PF).  Golgi cells (GoC) are excited by MFs and inhibit GCs. 
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Classical models speculate that this pattern separation is achieved in part because 

mossy fiber inputs are recoded onto ~100-fold more granule cells (Albus, 1971), each of 

which receives ~4 inputs that can arrive from the same or different modalities (Sawtell, 

2010; Huang et al, 2013; Chabrol et al, 2015).  Another key mechanism of pattern 

separation in the granule cell layer is thought to be provided by synaptic inhibition from 

Golgi cells.  These local GABAergic interneurons can set the spike threshold 

(Chadderton et al, 2004) and gain of granule cell responses (Mitchell & Silver, 2003), 

operations thought to be essential for creating a sparse, non-overlapping population 

code.  However, these predictions have not been tested in vivo largely due to two 

fundamental challenges: 1) It has not been possible to measure granule cell population 

responses in vivo using traditional electrophysiological approaches, and 2) There has 

been no tool to provide acute, cell-type specific manipulations of granule cell inhibition 

in vivo.  Thus, how the granule cell layer establishes unique sensorimotor 

representations necessary for learning, how synaptic inhibition contributes to such 

population responses, and whether synaptic inhibition in the granule cell is indeed a 

critical feature of associative learning in the cerebellum remain unclear. 
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1.1 Marr-Albus theory 

1.1.1 Expansion recoding 

Inspired by the organized structure and modularity of the cerebellum revealed in 

the monumental work The Cerebellum as a Neuronal Machine by Sir John Eccles, Masao 

Ito, and János Szentagothai (1967; Figure 2), it is hardly surprising that engineers and  

physiologists alike were enticed into a feat of reverse engineering.  This temptation bore 

equally influential works at the dawn of computational neuroscience often referred to 

 

 

Figure 2: "The cerebellar module” 

Drawing depicting the major cell types and organization of the cerebellar cortex.  Ba = 

basket cell, Cl = climbing fiber, g = granule cell, gl = glomerulus, Go = Golgi cell, Mo = 

mossy fiber, P = Purkinje cell, St = stellate cell.  From Eccles et al, 1967. 
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together as Marr-Albus theory.  Pioneers in bridging neuronal structure to function, 

James Albus and David Marr proposed divergent but conceptually cohesive models of 

cerebellar function (Marr, 1969; Albus, 1971). 

Primary ideas proposed by Marr and Albus include that 1) Plasticity at synapses 

between granule cells providing contextual information and Purkinje cells constitute a 

physical substrate for cerebellar learning, 2) Climbing fiber signals dictate when that 

plasticity should occur, and 3) The granule cell layer is suited to transmitting and, thus, 

allowing storage of vast and diverse contextual signals.  It is not hard to imagine the 

origins of the latter idea, given that granule cells are incredibly numerous, and there are 

far more granule cells than mossy fibers bringing them information from all over the 

brain (Eccles et al, 1967).  In fact, recent estimates place the number of cerebellar granule 

cells in the human brain around 60 billion, which is more than all other neurons 

combined (Herculano-Houzel, 2010).  In consideration of what this configuration could 

bring to the cerebellum, the granule cell layer is an appealing silo of signals. 

Albus described the granule cell layer as an “expansion recoder” (Albus, 1971; 

Figure 3).  Modeling the cerebellar circuit in the form of a perceptron, a collection of cells 

with adjustable positive and negative inputs that are summed and thresholded to 

estimate circuit output (Rosenblatt, 1962), Albus proposed that the granule cell layer 

increases the pattern recognition capacity of the cerebellum by recoding N mossy fiber 

inputs onto 100N cells, thus expanding what he called the “decision hyperspace” 100-
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fold (Albus, 1971).  Albus noted from the work of Eccles et al. (1967) that granule cells do 

not receive more than one input from a given mossy fiber and that axon terminals, 

“rosettes,” from a given mossy fiber, which contact many granule cell dendrites and 

Golgi cell axon terminals within a structure called a “glomerulus,” are distributed 

broadly across multiple folia with what appeared to be a random distribution.  He 

argued that such random sorting of mossy fibers to granule cells was likely to result in 

recoded patterns that vary greatly from the inputs that elicit them.  Furthermore, he 

argued that restricting the proportion of granule cells active at once would result in a 

highly efficient system capable of rapid learning (Albus, 1971). 

 

 

Figure 3: “Expansion recoder perceptron” 

Sensory cells = mossy fibers, association cells = granule cells, adjustable weights = 

modifiable synapses, response cell = Purkinje cell.  From Eccles et al, 1967. 
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David Marr had a similar vision for how granule cells could provide the 

cerebellum with an immense capacity for pattern separation.  In “A Theory of Cerebellar 

Cortex,” Marr likened mossy fiber input patterns to nucleotide triplets in the genetic 

code, calling a subset of such inputs “codons.”  According to his model, granule cells 

serve to sample codon distributions, only relaying inputs when they both receive 

excitation and have an accommodating threshold (Marr, 1969).     

 

1.1.2 Activity regulation 

Both Marr and Albus emphasized the significance of the mossy fiber–granule cell 

transformation for pattern separation in the cerebellum.  According to their models, 

pattern separation is achieved in part because mossy fiber inputs are mapped onto 100-

fold or more granule cells, each of which receives presumably random inputs from ~4 

different mossy fibers.  Another key mechanism of pattern separation proposed by both 

theorists is thresholding of granule cell activity.  Only granule cells that receive enough 

excitatory input to fire will transmit the signal to Purkinje cells.   

The granule cell layer consists primarily of granule cells and spontaneously 

active inhibitory interneurons called Golgi cells, the primary source of granule cell 

inhibition (Eccles et al, 1967; Palay & Chan-Palay, 1974).  Thus, Golgi cell activity was 

identified as a likely candidate to control the threshold for granule cell spiking.  In 

addition to receiving direct excitation from the mossy fibers, Golgi cells receive feedback 
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from the granule cells via the parallel fibers (Eccles et al, 1967).  Golgi cell axons and 

dendrites both extend over broad, overlapping regions of cortex (Figure 4) where they 

are thought to influence the activity of thousands of granule cells (Eccles et al, 1967; 

Palay & Chan-Palay, 1974).  Albus proposed that this configuration not only positions 

Golgi cells to exert powerful regulation over granule cells, but specifically that it 

provides a “broad, general feedback system” suggesting a mechanism for “automatic 

gain control” (Figure 5; Albus, 1971).  Therefore, he hypothesized that Golgi cells serve 

to stabilize activity in the parallel fibers at a low percentage of 1% to maximize learning 

efficiency.  

 

Figure 4: A drawing of a Golgi cell and its arborizations 

From Albus et al, 1971. 
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Figure 5: “Parallel fiber rate control circuit” 

M = mossy fiber input, Sp = spontaneous granule cell activity, Gr = transfer gain of 

granule cell network, Go = transfer gain of Golgi cell network, k = mossy fiber/parallel 

fiber input, I = Golgi cell output, P = parallel fiber output.  From Albus, 1971. 

 

 

Marr similarly emphasized the necessity of Golgi cells for learning efficiency in 

the cerebellum.  By reducing the size of an input representation, or “codon,” that needs 

to induce plasticity on a Purkinje cell’s dendrites to be learned, Golgi cells can greatly 

enhance the number of different patterns a Purkinje cell can learn (Marr, 1969).  

Furthermore, Marr emphasized that the cortex needs to be able to accommodate larger 

codons, containing a greater number of mossy fiber inputs.  He argued that the 

configuration of Golgi cells positions them to function as “codon regulators,” with 

potential to adjust the level of inhibition they provide to allow only adequate 

representation of each codon to impact Purkinje cell activity (Marr, 1969).   
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Together, Marr and Albus’s hypotheses about the role of Golgi cells in regulating 

granule cell spike thresholding and gain control have endured.  Although they remain 

largely untested, researchers have sought the opportunity to support or contradict them 

as emerging technologies allow.  New, additional insight into the nature of Golgi cells at 

cellular and network levels has also complicated their role at the input stage of 

cerebellar processing. 

 

1.3 Inhibition in the granule cell layer 

1.3.1 Granule cell spike thresholds 

Based on their morphology and position as the primary source of inhibition to 

granule cells, Golgi cells were hypothesized by cerebellar theorists to set granule cell 

spike thresholds, a function essential for creating a sparse code suitable for efficient 

learning of many input patterns (Marr, 1969; Albus, 1971).  Experimental evidence for 

this hypothesis began to emerge two decades later as investigators characterized a tonic 

inhibitory conductance in granule cells (Kaneda et al, 1995; Tia et al, 1996; Wall & 

Usowicz, 1997).  Using the GABAA antagonist bicuculline, acute recordings from the rat 

cerebellum revealed that this tonic GABAA conductance exerts powerful control over 

granule cell excitability (Brickley et al, 1996; Figure 6).  Although the size of this 

conductance was relatively small at 100 pS, the magnitude of spike thresholding 

observed was consistent with contemporary compartmental models of granule cells, 
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which are electrotonically compact (Brickley et al, 1996; Gabbiani et al, 1994).  The 

authors proposed that the conductance is created by overflow of synaptically released 

GABA that continuously activates both synaptic and extrasynaptic receptors on granule 

cells (Brickley et al, 1996; Nusser et al, 1995).  This hypothesis was supported by later 

studies that confirmed GABA spillover (Rossi & Hamann, 1998) and high affinity, non-

suppressing, extrasynaptic GABAA receptors containing the α6 subunit (Brickley et al, 

2001; Nusser et al, 1998) as the source of activation.  Thus, this powerful “shunting” 

inhibition was proposed to filter inputs to the cerebellum before they reach Purkinje 

cells and enforce the activity thresholds required by Marr and Albus’s cerebellar 

learning models (Brickley et al, 1996).   

 

 

Figure 6: A tonic GABAergic conductance reduces granule cell spike output. 

Increasing the magnitude of injected current steps gradually produces spikes in a 

representative granule cell (top).  Less current is required to drive spikes in the presence 

of bicuculline (bottom).  From Brickley et al, 1996. 
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Due to the small size of granule cells and their dense organization in the granule 

cell layer (Eccles et al, 1967; Jakab & Hamori, 1988), the potential impact of tonic 

inhibition on granule cell excitability in vivo remained untested for yet another decade 

(Chadderton et al, 2004).  Identifying granule cells based on their depth and 

electrophysiological properties, researchers have now published studies with whole cell 

patch-clamp recordings in granule cells of adult rats (Chadderton et al, 2004; Rancz et al, 

2007; Duguid et al, 2012; Duguid et al, 2015; Ishikawa et al, 2015; Powell et al, 2015; Chen 

et al, 2017).  Their recordings have provided compelling evidence that tonic inhibition to 

granule cells can regulate granule cell spike thresholds in the intact cerebellum.   

Performing recordings with and without application of the GABAA receptor 

antagonist gabazine (SR95531), Chadderton et al. (2004) revealed that spontaneous 

inputs rarely result in granule cell firing in vivo.  However, after application of gabazine, 

spontaneous inputs caused spiking more frequently and increased the amplitude of 

excitatory postsynaptic currents (EPSCs) (Chadderton et al, 2004; Figure 7).  The authors 

observed similar results for responses evoked with a gentle air puff to a rat’s whiskers, 

demonstrating that tonic inhibition in the granule cell layer regulates spike thresholds 

such that more than one mossy fiber input is generally needed to produce a spike 

(Chadderton et al, 2004; Figure 8).  Thus, tonic inhibition appears to be an important 

mechanism for setting granule cell spike thresholds.  It should be noted, however, that 

faster forms of inhibition have also been implicated in setting spike thresholds both in 
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slice recordings and in vivo (Crowley et al, 2009; Hull & Regehr, 2012; Duguid et al, 2015; 

discussed in 1.3.3). 

 

Figure 7: Tonic inhibition prevents spiking during spontaneous inputs. 

Whole-cell recordings from an example granule cell.  Spontaneous EPSPs before and 

after blocking GABAA receptors (action potential truncated).  From Chadderton et al, 

2004. 

 

 

 

 

Figure 8: Granule cells typically require >1 input to produce an action potential. 

Number of evoked mossy fiber EPSCs and resulting action potentials at resting potential 

for individual granule cells.  From Chadderton et al, 2004. 
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1.3.2 Gain control 

Mossy fibers display low baseline firing rates ~4 Hz (Chadderton et al, 2004) but 

can fire at more than 700 Hz in vivo (Rancz et al, 2007).  Furthermore, AMPA receptors 

on granule cells display low levels of desensitization, allowing granule cells to receive 

fast excitatory postsynaptic currents (EPSCs) and tonic currents from glutamate 

spillover during high-frequency inputs (DiGregorio et al, 2007).  In addition to the 

intimate associations of connections inside the glomerulus (Eccles et al, 1967; Palay & 

Chan-Palay, 1974), these characteristics should enable high fidelity transmission to 

granule cells over a broad range of activity levels (Saviane and Silver, 2006; DiGregorio 

et al, 2007; Hallermann et al, 2010).  However, for granule cells to preserve the broad 

spectrum of information they receive, their sensitivity to fluctuating levels of input must 

be flexible. 

Contrary to classical models predicting that inhibition from Golgi cells 

accomplishes this goal by modulating the gain of granule cell responses, increasing 

input conductance with a constant shunting conductance was found to shift the input–

output relationship, rather than change its slope (Brickley et al, 1996).  In multiple 

contemporary studies, shunting inhibition had a divisive impact on excitatory 

postsynaptic potentials (EPSPs) but a subtractive effect on firing rates (Holt and Koch, 

1997; Herman et al, 1992).  Here, the mathematical operation performed is crucial for 

interpreting the function of a shunting conductance in a circuit.  If tonic inhibition has a 
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subtractive effect on granule cell firing rates, then it simply reduces the firing rate for a 

given input.  However, if tonic inhibition performs a divisive operation on granule cell 

firing rates, it regulates the gain of granule cell responses, adjusting their sensitivity 

according to the magnitude of their excitatory inputs.  As mentioned earlier, Marr 

proposed that the latter function of Golgi cells would be advantageous because it would 

accommodate a wide range of mossy fiber code sizes (Marr, 1969).   

Clever studies by Chance et al. (2002) and Mitchell & Silver (2003) identified a 

critical error in the design of previous experiments testing the impact of tonic inhibition 

on firing rates.  Published studies had asserted that shunting inhibition only shifts 

input–output relationships using resulting firing rates as the output and constant, 

injected current as the input (Herman et al, 1992; Brickly et al, 1996; Holt & Koch, 1997).  

While shunting conductances are tonic, the excitatory inputs with which they interact in 

physiological systems are not.  Simply varying background noise alone was found to 

result in gain changes in recordings from pyramidal neurons (Chance et al, 2002).  

Similarly, tonic inhibition was found to modify the gain of granule cell firing rates in 

response to excitation emulating the variability in timing and amplitude of mossy fiber 

inputs (Figure 9) and variable inhibitory inputs, such as those transmitted by Golgi cells 

via spontaneous, feed-forward, or feedback inhibition (Mitchell & Silver, 2003).  The 

authors concluded that tonic inhibition can indeed regulate gain when physiological 

variability of synaptic inputs couple spike rate to the subthreshold voltage scaling it 
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induces.  Thus, changes in Golgi cell activity due to increased or decreased cerebellar 

input could indeed regulate the sensitivity of granule cells according to the magnitude 

of mossy fiber inputs they are receiving.        

 

Figure 9: Shunting inhibition regulates gain and offset evoked by high frequency 

inputs. 

Example traces from a granule cell in the presence and absence of 1 nS tonic inhibition 

during a variable excitatory conductance (Gexc; left).  Input excitation rates (Hz) and 

resulting firing rates (Hz) in the presence and absence of tonic inhibition (middle).  Gain 

and offset in the presence and absence of inhibition for individual cells (open) and the 

mean (closed; right).  From Mitchell & Silver, 2003. 

 

 

1.3.3 Phasic inhibition 

As described in the previous sections, Golgi cells have potential to perform their 

classically predicted functions of setting spike thresholds and controlling the gain of 

granule cell responses due to the slow, tonic inhibition they generate through 

continuous activation of GABAA receptors by spillover GABA (Brickley et al, 1996; Rossi 

& Hamann, 1998; Brickley et al, 2001; Mitchell & Silver, 2003; Chadderton et al, 2004).  
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Tonic inhibition is essentially a byproduct of spontaneous and stimulus-evoked activity.  

These forms of direct synaptic transmission at Golgi cell–granule cell synapses produce 

fast inhibitory postsynaptic currents (IPSCs) in granule cells (Nusser et al, 1998; Rossi 

and Hamann, 1998; Farrant & Brickley, 2003) that also rely on high-affinity α subunit-

containing GABAA receptors (Crowley et al, 2009).  What functional roles remain for 

faster forms of modulation?  

Golgi cell firing is dominated by spontaneous activity of 1–20 Hz (Holtzman et 

al, 2006; van Kan et al, 1993; Vos et al, 1999; Crowley et al, 2009; Ruigrok et al, 2011).  

Due to a strong afterhyperpolatization mediated by M and SK channels, spontaneous 

firing enforces a refractory period for activation by mossy fiber inputs of about 50 ms 

(Forti et al, 2006), a mechanism that likely decouples Golgi cell activity from high-

frequency mossy fiber stimulation (Kanichay & Silver, 2008).  However, synchronous 

mossy fiber inputs have been shown to “reset” Golgi cell activity, enabling reliable 

transmission of feedforward inhibition that could enhance granule cell first spike timing 

precision or rarify the window for synaptic integration under some circumstances 

(Kanichay & Silver, 2008; Pouille & Scanziani, 2001; Figure 10).   
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Figure 10: Feedforward inhibition to granule cells in slice recordings 

Latency distributions of direct (NBQX-insensitive, black) and disynaptic (NBQX-

sensitive, gray) electrically evoked IPSCs.  From Kanichay & Silver, 2008. 

 

 

 Due to their morphology, Golgi cells have long been thought to deliver feedback 

inhibition to granule cells (Eccles et al, 1967; Palay & Chan-Palay, 1974).  Golgi cell 

dendrites are restricted to parasagittal regions believed to function in modules (Sillitoe 

et al, 2008).  Functional contacts between ascending granule cell axons and Golgi cell 

dendrites within a parasagittal module have been reported (Cesana et al, 2013), but the 

role of such inputs in shaping granule cell responses or population dynamics is unclear. 

While evidence elucidating the functions of phasic inhibition in physiological 

conditions is lacking, Duguid et al. (2015) assessed the relative timing of sensory evoked 

excitation and inhibition on granule cells using in vivo voltage-clamp recordings.  

Despite reports of feedforward inhibition in slice recordings (Kanichay & Silver 2008), 

the majority of stimulus evoked IPSCs occurred at the onset of stimulation and often 
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before the arrival of excitatory input (Duguid et al, 2015).  This finding suggests that 

Golgi cells may not serve to maintain granule cell spike timing in a canonical 

feedforward inhibitory circuit (Pouille & Scanziani, 2001).  Instead, granule cells may be 

more likely to receive phasic inhibition from Golgi cells activated by different mossy 

fibers and/or activated through feedback from other granule cells (Duguid et al, 2015; 

Figure 11).  However, Golgi cells have also been shown to inhibit each other through 

electrical synapses, resulting in simultaneous inhibition of granule cells and Golgi cells 

receiving the same mossy fiber inputs (Hull & Regehr, 2012), indicating that early phasic 

inhibition need not result from activation of parallel mossy fiber pathways or granule 

cell feedback.  Unlike feedforward inhibition, early phasic inhibition served primarily to 

increase granule cell spike thresholds (Crowley et al, 2009; Hull & Regehr, 2012; Duguid 

et al, 2015) and reduce the temporal fidelity of granule cell excitation, likely due to the 

need for summation of mossy fiber inputs to drive granule cell spiking (Chadderton et 

al, 2004) being counteracted by a reduction in spike probability and increased jitter 

(Duguid et al, 2015).    
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Figure 11: Phasic inhibition in vivo reveals a diversity of temporal profiles 

Schematic depicting feedforward (left), parallel feedforward (middle), and feedback 

inhibitory pathways.  GC = granule cell, GoC = Golgi cell, MF = mossy fiber, PF = parallel 

fiber.  From Duguid et al, 2015. 

 

 

An earlier study in cerebellar slices that implicated phasic inhibition in 

regulating granule cell response thresholds, rather than refining the window for spike 

timing, indicated the use of physiological inhibitory frequencies as a crucial 

methodological difference (Crowley et al, 2009).  Furthermore, with recordings in pairs 

of monosynaptically connected Golgi cells and granule cells, Crowley et al. (2009) 

revealed striking variability in the contributions of tonic and phasic inhibition to 
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individual granule cells, noting that their fractional contribution shapes individual 

granule cell responses (Figure 12).  During high-frequency stimulation, phasic inhibition  

becomes depressed, but tonic inhibition builds, causing them to impact granule cell 

responses with different temporal dynamics (Crowley et al, 2009).  The broad variability 

in potency and failure rate of IPSCs across pairs recorded by the authors are consistent 

with variability in the number of synaptic contacts between Golgi cells and granule cells 

(Jakab and Hamori, 1988) and the possibility that a single Golgi cell could contact more 

than one of a granule cell’s dendrites (Palay & Chan-Palay, 1974; Crowley et al, 2009).  

In summary, in addition to tonic inhibition, phasic inhibition from Golgi cells can 

regulate granule cell spike thresholds, but it can also shape the timing and duration of 

granule cell responses, depending on the source of Golgi cell activation and relative 

amount of phasic inhibition received by an individual granule cell.  Phasic inhibition 

may promote precise spike timing in granule cells that receive the same mossy fiber 

input or promote sustained spiking in granule cells receiving relatively little tonic 

inhibition, whereas granule cells receiving primarily tonic inhibition are likely to have 

strong, curtailed responses.  The experiments described above suggest considerable 

variability in how inhibition shapes granule cell responses in the intact cerebellum.  

More work is needed to determine how these differences manifest in vivo and what they 

mean for the role of Golgi cells in the cerebellar input layer. 
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Figure 12: Phasic and tonic inhibition shape granule cell response dynamics 

Example input conductances (left), granule cell responses (middle), and summary 

granule cell responses during dynamic clamp recordings.  AMPA and NMDA 

conductances and resulting granule cell responses in black.  Additional conductance 

waveforms emulating fast inhibition and resulting granule cell responses in red.  

Additional conductance waveforms emulating a mixture of fast and slow inhibition and 

resulting granule cell responses in purple.  Additional conductance waveforms 

emulating slow inhibition and resulting granule cell responses in blue.  A small tonic 

inhibitory conductance of 0.1–0.3 pS was present in all experiments.  From Crowley et al, 

2009. 

 

 

1.3.4 Synchrony 

Despite the variability of evoked activity patterns described above, the classical 

notion of Golgi cells providing broad, network activity-dependent inhibition that sets 

spike thresholds and controls the gain of granule cell responses (Marr, 1969; Albus, 1971) 
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remains.  Extensive reports on the powerful influence of tonic inhibition, a continuous, 

activity-dependent force, on granule cell excitability (Brickley et al, 1996; Rossi & 

Hamann, 1998; Brickley et al, 2001; Chadderton et al, 2004; Mitchell & Silver 2003, 

Duguid et al. 2012), as well as anatomical records of their widespread dendritic and 

axonal arborizations (Eccles et al, 1967; Palay & Chan-Palay, 1974) likely help keep it 

alive.   

However, further evidence that Golgi cells exert predominantly broad, invariable 

modulation lies in the synchrony of their activity.  As mentioned previously, Golgi cells 

are spontaneously active pacemaking cells (Dieudonne, 1998; Dugué et al, 2005; Forti et 

al, 2006).  Both electrophysiological recordings and computational models have 

demonstrated that activity of multiple Golgi cells can be synchronized, often as a result 

of synaptic inputs (Maex & De Schutter, 1998; Vos et al, 1999; Maex et al, 2000; Mitchell 

& Silver, 2008; Dugué et al, 2009; Vervaeke et al, 2010; van Welie et al, 2016).  This 

synchronization is mediated by gap junctions between neighboring Golgi cells that 

enable electrical coupling (Dugué et al, 2009; Szoboszlay et al, 2016; Vervaeke et al, 2010; 

Vervaeke et al, 2012). 

A recent study took advantage of a murine transgenic line (GlyT2) in which Cre 

recombinase is expressed in 65–85% of Golgi cells to perform population imaging of 

Golgi cell activity in vivo (Gurnani & Silver, 2021).  Using principal component analysis 

on time courses of Golgi cell activity, the authors revealed that the first component 
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accounted for variance in 70% of Golgi cells, including all pairwise activity shared 

between Golgi cells (Gurnani & Silver, 2021).  Activity fluctuations in these cells 

generally co-varied with the limited behavioral parameters tested (i.e., air puff to 

whiskers and locomotion versus no locomotion) without discrimination (Gurnani & 

Silver, 2021), suggesting that most Golgi cells may indeed modulate granule cell 

excitability in a broad manner.  However, the remaining Golgi cells displayed diverse 

activity patterns with faster dynamics, consistent with the variability of inhibition to 

granule cells described in cerebellar slices and in vivo (Mitchell & Silver, 2003; Crowley 

et al, 2009; Duguid et al, 2015; Gurnani & Silver, 2021).  

 

1.3.5 Additional circuit components 

It should be noted that, in addition to granule cells and Golgi cells, the granule 

cell layer has also been reported to contain rare cell types including Lugaro cells, 

globular cells, and unipolar brush cells.  Lugaro cells are rare inhibitory interneurons 

located just beneath the Purkinje cell layer that have been described to inhibit Golgi cells 

in slice recordings upon application of serotonin (Dieudonné and Dumoulin, 2000).  

Similarly, globular cells are rare inhibitory interneurons located beneath the Purkinje cell 

layer that respond to serotonin and are inhibited by Purkinje cell axon collaterals 

(Hirono et al, 2012).   
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Unipolar brush cells are reciprocally connected excitatory interneurons (Diño et 

al, 2000) that form an extensive connection with a single mossy fiber and excite many 

granule cells through mossy fiber-like axons (van Dorp & De Zeeuw, 2015).  Although 

these neurons can exert powerful influence over granule cell activity, they are found 

exclusively in a specialized region (van Dorp & De Zeeuw, 2015), and thus do not 

impact granule cell layer activity in most of the cerebellum.  

  Additionally, the granule cell layer receives collaterals from Purkinje cells that 

are capable of inhibiting granule cells (Guo et al, 2016).  Like unipolar brush cells, 

however, they are restricted to highly specialized regions (Guo et al, 2016). 

 

1.4 Granule cell activity 

1.4.1 Input architecture 

Classical models assume that the distribution of mossy fibers inputs, and, thus, 

their connection to granule and Golgi cells, is random, allowing the granule cell layer to 

integrate diverse sensory and motor information (Marr, 1969; Albus, 1971).  Indeed, 

although anatomical studies have since revealed an organized topography for 

corticopontine projections, a major component of cerebellar input, there is extensive co-

innervation from sensory, motor, and association cortices, particularly in the lateral 

hemispheres (Henschke & Pakan, 2020).  Given that each granule cell receives an 

average of four mossy fiber inputs, which can arrive from different modalities (Sawtell, 



 

25 

2010; Huang et al, 2013; Chabrol et al, 2015; Ishikawa et al, 2015; Figure 13), granule cells 

are poised to integrate this diverse information at the cellular, as well as population, 

level. 

 

Figure 13: Granule cells can respond to multiple modalities in vivo 

A = auditory, S= somatosensory, V = visual.  From Ishikawa et al, 2015. 

 

However, our knowledge of how granule cells encode information has been 

limited to anatomical connections and individual cell responses to electrical or simple 

sensory stimuli (Huang et al, 2013; Proville et al, 2014; Chabrol et al, 2015; Ishikawa et al, 

2015; Chadderton et al, 2004; Garwicz et al, 1998; Duguid et al, 2012; Duguid et al, 2015).  

These experiments do not explain how granule cell responses manifest in the context of 

codes that transmit this information and can be learned.  Furthermore, the feasibility of 

classically proposed mechanisms by which inhibition can sparsen and generate diversity 

in granule cell responses to promote efficient and specific learning have been 
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substantiated with experimental (Chadderton et al, 2004; Mitchell & Silver, 2003; Duguid 

et al, 2012) and computational evidence (Billings et al, 2014; Cayco-Gajic et al, 2017}, but 

whether they actually shape granule cell codes in this manner remains untested.   

 

1.4.2 Population responses 

Modern calcium imaging approaches have recently been used to measure some 

properties of granule cell responses at the population level in vivo.  In these experiments, 

contrary to theoretical models, granule cell population responses have largely appeared  

dense and redundant (Ozden et al, 2012; Giovannucci et al, 2017; Knogler et al, 2017; 

Wagner et al, 2017; Figure 14).  However, these studies have only reported granule cell 

responses to aversive or rewarding stimuli in the context of complex behaviors that 

require task engagement, learning, and/or various body movements.  Granule cell 

responses under such conditions are likely to include complex cognitive and efference 

copy signals, in addition to sensorimotor information.  Thus, the nature of granule cell 

population codes under these conditions is unclear without knowing specifically what 

information individual granule cells encode.  Rigorous contextual and movement 

controls are needed to test whether granule cell encoding is redundant and dense for 

discrete representations.  Moreover, if recoding in the granule cell layer is indeed 

responsible for the extensive pattern-recognition capacity of the cerebellum, there must 

be aspects of granule cell coding that have not been uncovered.    
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Figure 14: Granule cell activity in vivo does not appear sparse 

Heatmap of the maximum normalized change in fluoresence (% dF/F) for all segmented 

granule cells expressing a fluorescent calcium indicator in a larval zebrafish hindbrain.  

From Knogler et al, 2017. 

 

 

1.4.3 Granule cell codes 

For my thesis work, I sought to determine how the cerebellum makes distinct 

associations for motor learning by harnessing tools that allow me to isolate neural 

representations of discrete sensory stimuli in the presence and absence of synaptic 

inhibition.  Using calcium indicators that emit fluorescence during neural activity in 

awake, behaving mice, while controlling for both whisker and whole-body movements 

with video and vibration-based behavioral monitoring, I have measured stimulus-

evoked granule cell activity simultaneously in single and large populations of granule 

cells.  In combination with a granule cell-specific pharmacological block of inhibitory 

transmission, I have tested 1) If sparsening and gain control of granule cells by local 
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synaptic inhibition shapes granule cell ensembles encoding sensory inputs, and 2) If 

inhibition generates diversity in granule cell ensembles encoding sensory inputs.  

Additionally, I have used granule cell-specific pharmacological block of inhibitory 

transmission in a region of the cerebellum necessary for eye-blink conditioning to test 3) 

If filtering of sensorimotor inputs by inhibition can be an inherent feature of cerebellar 

learning.  Finally, I have tested 4) Whether neuromodulation influences inhibition to 

granule cells in a manner consistent with regulating sensorimotor associations.
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2. Synaptic inhibition sparsens granule cell sensory 
representations 

2.1 Introduction 

The feasibility of local synaptic inhibition enforcing spike thresholds and 

controlling the gain of granule cell responses has been confirmed both in acute cerebellar 

slices and in vivo (Chadderton et al, 2004; Mitchell & Silver, 2003; Crowley et al, 2009; 

Duguid et al, 2012).  If these mechanisms are critical components of cerebellar learning 

as predicted by classical models, they must shape patterns of granule cell activity that 

could be used to form sensorimotor associations (Marr, 1969; Albus, 1971). 

Using transgenic mice expressing the calcium indicator Gcamp6f in cerebellar 

granule cells of behaving mice, while controlling for both whisker and whole-body 

movements with video and vibration-based behavioral monitoring, I have measured 

stimulus-evoked granule cell activity simultaneously in single and large populations of 

granule cells.  In combination with a granule cell-specific pharmacological block of 

inhibitory transmission, I have tested if sparsening and gain control of granule cells by 

local synaptic inhibition shape granule cell ensembles encoding sensory inputs.   

All individual stimuli tested activate only a small proportion of granule cells 

imaged, consistent with sparse coding of discrete inputs.  Furthermore, after blocking 

inhibition to granule cells, each stimulus activates new granule cells, suggesting that 

thresholding enforced by inhibition previously prevented suprathreshold responses.   

Additionally, by comparing granule cell responses to one and two simultaneous stimuli 
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in the presence and absence of inhibition, I have found that inhibition can profoundly 

regulate gain in vivo.  These measurements of granule cell population responses reveal 

that mechanisms proposed to restrict input patterns and, thus, enhance the capacity and 

specificity of what the cerebellum can learn shape granule cell sensory codes in vivo.    

 

2.2 Isolating sensory responses  

As mentioned in the previous chapter, it has not been possible to measure 

granule cell population responses in vivo using traditional electrophysiological 

approaches due to their small size and high density (Chadderton et al, 2004).  While 

whole cell recordings have demonstrated that individual granule cells exhibit bursts of 

excitatory post-synaptic currents (EPSCs) and spiking in response to sensory stimulation 

(Rancz et al, 2007; Chadderton et al, 2004; van Beugen et al, 2013; Ishikawa et al, 2015; 

Jörntell & Ekerot, 2006), whisker movements (Chen et al, 2017), and locomotion (Powell 

et al, 2015), they do not reveal the patterns of activity that relay sensorimotor context to 

Purkinje cells.  In contrast, imaging of granule cell populations using calcium indicators 

has shown that many granule cells are active during locomotion (Ozden et al, 2012), as 

well as behavioral tasks with aversive and rewarding stimuli (Giovannucci et al, 2017; 

Wagner et al, 2017), and in juvenile mice under alarmingly stressful conditions 

(Markwalter et al, 2019), without the rigorous movement and contextual controls needed 
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to identify specifically what inputs cells are responding to.  Thus, my first task was to 

isolate discrete granule cell responses. 

To capture discrete responses at cellular and population levels, I performed 

calcium imaging of granule cells in transgenic mice generated by crossing an Ai148 

transgenic line (Deverett et al, 2018) expressing Gcamp6f (Chen et al, 2013) with 

BACα6Cre-C mice, which express Cre recombinase in cerebellar granule cells (Aller et 

al, 2003).  I placed cranial windows over Crus I, where in vivo recordings have identified 

granule cells responsive to single or a combination of somatosensory and auditory 

stimuli (Chadderton et al, 2004; Ishikawa et al, 2015) and anatomical tracing has 

revealed to be a major destination of these sensory inputs (Henscheke & Pakan, 2020).  I 

used the opensource software Caiman (Giovannucci et al, 2019) to extract calcium 

signals from putative granule cells (Figure 15).  Notably, this extraction method selects 

only cells that were active during my experiments, so only a portion of granule cells in 

each field of view (FOV) were selected for analysis. 
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Figure 15: Imaging cerebellar granule cells 

Schematic of imaging configuration (left).  Average image of sample field of view (FOV) 

with and without segmented neuron contours overlaid in green (right). 

 

 

To reduce contamination of putative sensory responses, since Crus I also receives 

signals related to whisker and likely other movement (Chen et al, 2017), I controlled for 

whole-body and whisker movement using high-speed videos of whisker and facial 

movements and a piezo vibration sensor (Cooke et al, 2015), respectively (Figures 15 & 

16).  I used the opensource software DeepLabCut (Mathis et al, 2018; Figure 16) for video 

tracking.  Then, I removed trials in which whole-body movements occurred and 

segregated whisking responsive cells to observe single cell and population sensory 

responses. 
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Figure 16: Sample whisker and whole-body movement traces 

Image collected during an imaging experiment for tracking whisker and facial 

movements (top left).  Stacked XY coordinate (pixels) time courses of features tracked 

during part of the same experiment: w1-root = root of whisker 1 (rostral), w1-mid = 

midpoint of whisker 1, w2-root = root of whisker 2 (caudal), w2-mid = midpoint of 

whisker 2, nose = center of nose tip (top right).  Image showing mouse positioned in 

head restraints on top of piezo vibration sensor (collected during separate, video 

tracking experiment; bottom left).  Raw piezo trace collected at the same time as whisker 

tracking (bottom right). 

 

 

The piezo sensor is highly sensitive, with a baseline that reflects the mouse’s 

breathing (Heffley & Hull, 2019; Figure 17).  To validate the effectiveness of the piezo 

sensor at detecting motion, I delivered the same sensory stimuli used in my imaging 

experiments to mice while collecting high-speed video of each mouse’s body.  Using 

machine learning-based motion tracking with DeepLabCut (Mathis et al, 2018), I found 

that the sensor reliably detects limb motion and other movements such as grooming 

(Figure 18; Appendix A). 
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Figure 17: Piezo sensor reports breathing 

Raw piezo trace collected from a quiescent, awake mouse (top).  Raw piezo trace 

collected from an anaesthetized mouse (bottom).  Data collected and plotted by former 

graduate student Jake Heffley.  From Heffley & Hull 2019. 

 

 

To learn how to interpret the piezo measurements and use them to segregate 

trials with and without motion, I aligned limb and facial deflections with piezo traces for 

several mice (Figure 18; Appendix A).  By doing so, I found that changes in piezo 

measurements reliably reflect a combination of movements of all four limbs, as well as 

the ears and face.  Looking closely, however, detected motion and piezo deflections 

overlap but do not have a one-to-one relationship, likely because piezo deflections also 

appear to report changes in muscle tension as the mouse prepares to move, based on my 

observations.  I applied multiple thresholds to the piezo traces to determine, on a given 

frame in which limb or facial movements are taking place, how many frames away the 

nearest piezo peak lies.  Doing so, I found that nearly all detected movements are less 

than 5 frames away from piezo deflections that are >1 standard deviation from the mean, 

so I decided to use this threshold to declare imaging frames “movement” or “non-
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movement” frames (see Appendix A for figures and further details).  Any movement 

frames that occur between the second, or 30 frames, before stimulus onset, and the 300 

ms, or 10 frames, after stimulus offset cause a trial to be a segregated as a “movement” 

trial. 

 

 

 

 

 



 

36 

 

Figure 18: Segregating trials with whole body motion 

Single frame of mouse in head restraints on imaging rig above piezo sensor with tracked 

features labelled in different colors (top left).  The same frame with the tracked positions 

during all frames from the experiment overlaid (top right).  Sample displacement during 

forelimb movement (left) and grooming (right) of left paw and nose (top), right paw and 

nose (middle), and transformed piezo trace (red, bottom).  Pale gray represents frames 

that exceed 1 std threshold for piezo trace (bottom left).  Sample piezo trace collected 

during stimulus delivery with boxed selection enlarged below.  Blue and green bars 

designate delivery of two different stimuli with random intertrial intervals.   Black, 

dotted line indicates 1 std above piezo baseline.  Gray, dotted lines indicate beginning 

and end of trials (bottom right). 
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An additional benefit of taking piezo measurements during imaging and being 

able to segregate trials in which movement occurs, is that when the mouse moves such 

that motion correction fails, it is typically captured by the piezo sensor.  I have found by 

collecting two-color videos showing both neural activity with Gcamp6f and tdTomato 

expression in granule cells that, when my imaging analysis detects signals from 

tdTomato indicating Z-motion or another motion correction failure, the frames on which 

these false signals occur are typically excluded as movement frames by the piezo 

measurements.  As such, trials with uncorrected motion are excluded from my imaging 

analysis at a high rate (see Appendix A for figures and further details).   

Since mice whisk even more than they fidget, I used a different approach to 

control for whisking.  Granule cells in Crus I can be tuned to whisker movements (Chen 

et al, 2017), so I found and segregated cells that are modulated during whisking.  During 

imaging, I took videos of the head and whiskers to align whisker movements to changes 

in granule cell activity.  I parsed whisker movements according to magnitude, since the 

granule cells could be tuned for different angles of deflection (Chen et al, 2017), then I 

segregated whisks that occurred between trials and in the absence of whole-body 

movement.  I used the ranges of time when these isolated whisks occurred to identify 

granule cells that were modulated during whisking (see Appendix B for figures and 

further details).   
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2.3 Selective modulation of granule cells 

To selectively block neurotransmitter receptors on granule cells, I used the DART 

system (Drugs Acutely Restricted by Tethering) created by the Tadross lab (Shields et al, 

2017; Figure 18).  With flexed AAV injections in BACα6Cre-C mice (Aller et al, 2003), I 

induced expression of HaloTagTM, an engineered bacterial enzyme that becomes 

tethered to the plasma membrane (Shields et al, 2017), in cerebellar granule cells.  

HaloTagTM covalently binds small molecule ligands (“DART”) with high affinity, 

ensuring that low concentrations of the ligand are sequestered near the plasma 

membrane.  Cre-dependent expression of HaloTagTM (HaloTagTM-2A-tdTomato) had 

previously been validated both in vitro and in vivo (Shields et al, 2017), and the Tadross 

lab successfully fused a DART to the GABAA receptor antagonist gabazine to block 

ionotropic GABAergic transmission (“GABA-DART”). 

Using this ligand in acute cerebellar slices, my data revealed that low 

concentrations (100-500 nM) of GABA-DART selectively abolish synaptic inhibition onto 

granule cells expressing HaloTagTM (Figure 19).  Selectivity was confirmed using both a 

variation of HaloTagTM that cannot bind ligand (“ddHaloTagTM”) and a variation of 

GABA-DART that cannot bind HaloTagTM (Figure 19).   
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Figure 19: Selective modulation in acute slices 

Schematic of HaloTagTM system in granule cells used with GABA-DART (modified 

from Shields et al, 2017; top left).  Fluorescence image of HaloTagTM (tdTomato) 

expressed in an acute cerebellum slice.  Scale bar = 200 µm (top right).  Representative 

traces from HaloTagTM positive (top) and negative (bottom) granule cells held at 0 mV 

before (left) and after (right) bath application of GABA-DART (500 nM) (middle left).  

Fractional normalized holding current (mean ± SE) of HaloTagTM positive (red), 

HaloTagTM negative (black), and deactivated HaloTagTM positive (gray) granule cells 

after bath application of GABA-DART.  Total holding current due to tonic inhibition 

determined by subsequent application of gabazine (5 µM).  Data fit with Hill equation 

(middle right).  Sample whole cell patch-clamp recordings from two individual granule 

cells during electrical mossy fiber stimulation.  One HaloTagTM (-) cell treated with 1 

µM GABA-DART, then gabazine (5 µM) (left) and one HaloTagTM (+) cell treated with 

100 nM GABA-DART, then gabazine (5 µM) (right) (bottom left).  Mean ± SE of evoked 

IPSCs (eIPSCs) time courses in HaloTagTM (+) (n = 3) and (-) (n = 2) granule cells after 

bath application of GABA-DART (1 µM for HT (-) and 100 nM for HT (+)) (bottom right).     
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For in vivo experiments, GABA-DART (1 µM) was delivered locally via cannula, 

and control experiments were performed in the same animals with the variation of 

HaloTagTM that does not bind ligand (Shields et al, 2017; Figure 20).  Afterward, mice 

were infused with AlexFluor647-DART, and their brains were harvested for histological  

analysis to confirm DART binding.  My data indicate that 1µM GABA-DART (1 µL), but 

not 1µM of control non-binding, modified GABA-DART, infused in an awake mouse 

expressing HaloTagTM increases spontaneous activity and sensory responses in granule 

cells (Figure 20), suggesting that GABA-DART selectively blocks inhibition onto granule 

cells in vivo. 

Each sensory stimulation experiment with HaloTagTM was also performed in 2 – 

3 animals expressing non-binding, ddHaloTagTM, with additional saline and non-

binding DART controls.  Using DART bound to Alexa647, I confirmed whether DARTs 

were able to bind HaloTagTM and ddHaloTagTM cells in crus I within each animal 

(Figure 20).  These controls, combined with within animal controls provided by non-

binding-GABA-DART and saline infusions in mice expressing HaloTagTM, allow 

rigorous assessment of changes in activity resulting from selective blocking of inhibition. 
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Figure 20: Selective granule cell modulation in vivo 

Heatmaps of average cell responses (% dF/F) before and after infusion of nonbinding 

GABA-DART (left) and GABA-DART (right).  Solid bar and black, dotted lines indicate 

stimulus delivery.  Nonbinding GABA-DART delivery used as within animal control, 

imaged on a different day (top left).  Mean ± SE of example individual granule cell’s 

response (% dF/F) to an air puff before (black) and after (red) GABA-DART infusion (top 

right).  Confocal images collected after an imaging experiment of a mouse with 

transgenic expression of Gcamp6f (green) and viral expression of HaloTagTM (red) with 

bound AlexaFluor647-DART (cyan) (middle).  Confocal images collected after an 

imaging experiment of a mouse with transgenic expression of Gcamp6f (green) and viral 

expression of deactivated (dd) HaloTagTM (red) with no bound AlexaFluor647-DART 

(cyan) (bottom).  Merged images at far right; scale bars = 50 µm. 
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2.4 Local synaptic inhibition thresholds sensory responses  

2.4.1 Inhibition sparsens somatosensory responses 

Selectively blocking synaptic inhibition to granule cells was clearly observed 

increasing baseline fluorescence (“raw f,” Figure 21) in some experiments.  The calcium 

indicator I used for imaging, Gccamp6f, reports increases in spikes (Chen et al, 2013), 

and fluorescence increases in granule cells during recordings from cerebellar slices 

correspond to increases in numbers of spikes (Giovannucci et al, 2017), suggesting that 

sustained enhancement of calcium signals in my experiments are caused by increases in 

spontaneous activity.  This outcome would also be consistent with whole cell patch-

clamp recordings from granule cells in vivo in which spontaneous inputs were more 

likely in elicit a spike in the presence of gabazine (Chadderton et al, 2004).  

 

Figure 21: Inhibition restricts granule cell spontaneous activity in vivo 

Fluorescence time courses for all segmented neurons during an entire experiment.  
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Granule cell responses to gentle, 50-ms air puffs of varying intensities appear 

sparse, with a significant response to any intensity measured in ~30% of segmented 

neurons with a high-quality signal (Figure 22).  As stated previously, I use a 

segmentation algorithm that only selects neurons that are active during my experiments 

(Giovannucci et al, 2019), so these cells only represent a portion of the neurons in a field 

of view.  A recent study that applied the same algorithm to granule cells imaged during 

a motor task calculated that it segmented approximately 45% of imaged neurons 

(Wagner et al, 2019).  The authors were using a complex task involving sensory and 

motor engagement that may activate more pathways than the passive neutral stimulus 

delivery here, but the same percentage of segmentation in my data would place the 

portion of somatosensory stimulus-responsive granule cells at < 15% in control 

conditions.   

Selectively blocking inhibition with GABA-DART greatly increased the 

proportion of activated cells (Figure 22), as well as the magnitude of population 

responses to each intensity applied (puff low: control = 0.03881 ± 0.01, GABA-DART = 

0.1371 ± 0.01, n = 497, P < 0.0001, paired, two-tailed t-test; puff medium: control = 0.02753 

± 0.01, GABA-DART = 0.1088 ± 0.001, n = 497, P < 0.0001, paired, two-tailed t-test; puff 

high: 0.05496 ± 0.01, GABA-DART = 0.1879 ± 0.01, n = 497, P < 0.0001, paired, two-tailed 

t-test; Figures 23 & 24). 
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Figure 22: Air puff responses sparsened by inhibition 

Mean trial responses (dF/F) of granule cells during delivery of a gentle air puff to the 

whiskers before (left) and after (right) infusion of 1 µL GABA-DART (1 µM) rostral to 

the imaging window.  Heatmap displays responses to the highest intensity used for 

trials without detected whole-body movement. 
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Figure 23: Population responses significantly reduced by inhibition 

Mean ± SE time courses of granule cell activation before and after delivery of a low 

intensity (10 psi, top left), moderate intensity (15 psi, top center), and high intensity (20 

psi, top right) 50 ms air puff 5 cm from the whiskers both before (black) and after (red) 

infusion of 1 µL GABA-DART (1 µM).  Puff onset aligned to 0 s.  Summary (mean ± SE) 

of all granule cell responses to low intensity (control = 0.03881 ± 0.01, GABA-DART = 

0.1371 ± 0.01, n = 497, P < 0.0001, paired, two-tailed t-test ; bottom left), moderate 

intensity (control = 0.02753 ± 0.01, GABA-DART = 0.1088 ± 0.001, n = 497, P < 0.0001, 

paired, two-tailed t-test ; bottom center), and high intensity (0.05496 ± 0.01, GABA-

DART = 0.1879 ± 0.01, n = 497, P < 0.0001, paired, two-tailed t-test ; bottom right) 

somatosensory stimulation both before (black) and after (red) GABA-DART infusion (n 

= 2 mice).  Mean responses taken between 90 and 180 ms from air puff onset (40 ms – 130 

ms from air puff offset). 
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Figure 24: Inhibition restricts somatosensory stimulus-evoked activity 

Mean trial responses (dF/F) of all granule cells with significant responses to the air puff 

after GABA-DART infusion during delivery of a gentle air puff to the whiskers before 

(left) and after (right) infusion of 1 µL GABA-DART (1 µM) rostral to the imaging 

window.  Heatmap displays responses to the same granule cells with time courses and 

mean response summaries in Figure 21. 

 

 

 As shown above, more granule cells respond to somatosensory stimuli after 

inhibition is blocked.  If inhibition is preventing granule cell sensory responses during 

normal conditions due to spike thresholding, as predicted by classical models (Marr, 

1969; Albus, 1971) and supported with whole cell recordings in vivo (Chadderton et al, 

2004), then blocking inhibition should increase the likelihood that granule cells respond 

to the stimulus on a trial-by-trial basis.  Measuring granule cell trial responses before 
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and after GABA-DART application, I found that granule cells have more frequent 

significant responses to an air puff in the absence of synaptic inhibition (low intensity: 

control = 0.1263 ± 0.01, GABA-DART = 0.3878 ± 0.01, n = 497, P < 0.0001, paired, two-

tailed t-test; moderate intensity: control = 0.1068 ± 0.01, GABA-DART = 0.3507 ± 0.01, n = 

497, P < 0.0001, paired, two-tailed t-test; high intensity: control = 0.1450 ± 0.013, GABA-

DART = 0.4756 ± 0.013, n = 497, P < 0.0001, paired, two-tailed t-test), suggesting that 

inhibition is indeed restricting the number of granule cells relaying sensory information 

by enforcing spike thresholds (Figure 25).  

 

 

Figure 25: Synaptic inhibition reduces granule cell response probability 

Granule cell response probabilities to low (control = 0.1263 ± 0.01, GABA-DART = 0.3878 

± 0.01, n = 497, P < 0.0001, paired, two-tailed t-test; left), moderate (control = 0.1068 ± 0.01, 

GABA-DART = 0.3507 ± 0.01, n = 497, P < 0.0001, paired, two-tailed t-test; center), and 

high (control = 0.1450 ± 0.013, GABA-DART = 0.4756 ± 0.013, n = 497, P < 0.0001, paired, 

two-tailed t-test; right) intensity 50-ms air puffs to the whiskers.  Response probabilities 

equal the number of trials with significant (> 2 std) responses/total number of trials 

without whole-body movement for each cell found to have significant average responses 

to any air puff after 1 µL GABA-DART (1 µM) infusion. 
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2.4.2 Inhibition sparsens auditory responses 

Granule cell responses to pure tones of different frequencies are also sparse in 

control conditions (Figure 26).  Relative to somatosensory responses, auditory responses 

in control conditions are small and rare.  The amplitude of population responses to each 

tone frequency was greatly enhanced in the absence of inhibition (1 kHz: control = -0.004 

± 0.000, GABA-DART = 0.0222 ± 0.001, n = 303, P < 0.0001, paired, two-tailed t-test; 5 kHz: 

control = -0.005 ± 0.000, GABA-DART = 0.0175 ± 0.001, n = 317, P < 0.0001, paired, two-

tailed t-test; 10 kHz: 0.0006 ± 0.000, GABA-DART = 0.0257 ± 0.002, n = 317, P < 0.0001, 

paired, two-tailed t-test; Figures 26 & 27).  Similar to experiments using a somatosensory 

stimulus, blocking inhibition revealed activity in many cells that did not previously 

respond to the auditory stimulus, as well as increased the probability that individual 

granule cells respond on a trail-by-trial basis (1 kHz: control = 0.1058 ± 0.010, GABA-

DART = 0.3342 ± 0.010, n = 303, P < 0.0001, paired, two-tailed t-test; 5 kHz: control = 

0.1192 ± 0.011, GABA-DART = 0.3395 ± 0.009, n = 317, P < 0.0001, paired, two-tailed t-test; 

10 kHz: control = 0.1368 ± 0.006, GABA-DART = 0.3024 ± 0.012, n = 300, P < 0.0001, 

paired, two-tailed t-test; Figure 26 & 27).   
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Figure 26: Pure tone responses are sparsened by inhibition 

Mean trial responses (dF/F) of all granule cells with significant responses to a 10 kHz, 68 

dB tone in a representative experiment before (left) and after (right) infusion of 1 µL 

GABA-DART (1 µM) rostral to the imaging window. 
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Figure 27: Inhibition thresholds tone responses 

Mean ± SE time courses of granule cell activation before and after delivery of a 68 dB 

pure tone of 1k Hz (top left), 5 kHz (top center), and 10 kHz (top right) both before 

(black) and after (red) infusion of 1 µL GABA-DART (1 µM).  Tone onset aligned to 0 s.  

Granule cell response probabilities to 1 kHz (control = 0.1058 ± 0.01, GABA-DART = 

0.3342 ± 0.01, n = 303, P < 0.0001, paired, two-tailed t-test; bottom left), 5 kHz (control = 

0.1192 ± 0.01, GABA-DART = 0.3395 ± 0.01, n = 317, P < 0.0001, paired, two-tailed t-test; 

bottom center), and 10 kHz (control = 0.1368 ± 0.01, GABA-DART = 0.3024 ± 0.01, n = 300, 

P < 0.0001, paired, two-tailed t-test; bottom right).  Response probabilities equal the 

number of trials with significant (> 2 std) responses/total number of trials without 

whole-body movement for each cell found to have significant average responses to any 

pure tone of 68 dB after 1 µL GABA-DART (1 µM) infusion. 

 

 

2.5 Local synaptic inhibition regulates the gain of granule cell 

responses in vivo 

I have demonstrated that inhibition restricts the proportion and magnitude of 

granule cell population responses to somatosensory and auditory sensory stimuli by 

reducing the probability that a stimulus will elicit a response in individual cells.  In 

addition to setting a threshold for granule cell responses, classical models predict that 
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the morphology and connectivity of Golgi cells position them to deliver “automatic gain 

control” (Albus, 1971).  This circuit feature was posited to stabilize parallel fiber activity 

at a low rate to maximize learning efficiency, while allowing the cerebellar cortex to 

accommodate contextual signals containing large numbers of mossy fiber inputs (Marr, 

1969; Albus, 1971).  Tonic inhibition, such as that exerted by Golgi cells, can modulate 

the gain of granule cell responses to variable excitatory inputs in cerebellar slices 

(Mitchell & Silver, 2003), but whether inhibition stabilizes activity over a range of input 

sizes to the granule cell layer in vivo is unclear.     

The dispersion of mossy fibers throughout the cerebellar cortex is thought to be 

largely random, with no granule cell receiving more than one input from a given mossy 

fiber (Albus, 1971; Palay & Chan-Palay, 1974).  On each of their ~4 dendrites, granule 

cells can receive inputs from multiple sensory modalities or both sensory and motor 

sources (Sawtell, 2010; Huang et al, 2013; Proville et al, 2014; Chabrol et al, 2015; 

Ishikawa et al, 2015; Figure 28).  Given that sensory evoked excitatory postsynaptic 

current (EPSC) bursts in granule cells result from either single mossy fiber input or 

synchronous activation of multiple mossy fibers (Chadderton et al, 2004), it is 

unsurprising that simultaneously activating mossy fibers of different origin that 

converge on an individual granule cell can increase its output (Chabrol et al, 2015; 

Ishikawa et al, 2015).   
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Figure 28: Granule cells can integrate inputs from multiple modalities 

Schematic demonstrating multimodal integration in a cerebellar granule cell.  Granule 

cells can receive separate inputs from multiple modalities (top).  Mean ± SE of trial 

responses of an individual granule cell to coincident excitatory inputs relaying auditory 

and somatosensory information demonstration facilitation (bottom). 

 

 In a subset of my imaging experiments, I delivered the somatosensory and 

auditory stimuli described above both alone and simultaneously, before and after 

blocking inhibition, to determine how local inhibition shapes signal integration in 

granule cells.  Granule cells that are activated by each stimulus alone provided an 

opportunity to determine if or how sensitivity to fluctuations in the number of inputs a 

granule cell receives is regulated by the inhibition it receives in vivo (Figure 29). 
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Figure 29: Inhibition stabilizes responses to multiple inputs 

Illustration of experiment and example responses.  A low intensity (10 psi) air puff and a 

tone (1 kHz or 10 kHz) were delivered separately or together both before and after 

infusion of GABA-DART (1 µM).  Mean of trial responses (dF/F) for an individual cell 

(top).  Mean ± SE of all granule cells significantly responsive to each stimulus alone and 

both together in DART condition that display facilitation or no significant change with 

simultaneously delivery in the control condition before and after GABA-DART infusion.  

Air puff is aligned to 0 s (middle).  Summary of mean ± SE for all cells in response to the 

air puff only (“1”) or the air puff paired with a tone (“2) before and after GABA-DART.  

Mean ± SE slope of responses to one or two stimuli before and after GABA-DART 

(bottom center).  Mean ± SE offset of responses to one or two stimuli before and after 

GABA-DART (bottom right). 
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 For this analysis, I selected granule cells that had significant responses to both 

the air puff and tone individually, as well as together, after applying GABA-DART.  I 

chose cells based on their activity in GABA-DART because removing inhibition should 

reveal which excitatory inputs they receive.  Of these cells, I used only those that were 

significantly facilitated or had no significant change in response in the control condition 

(see Chapter 3 for clarification).  In control conditions, population average responses to 

the air puff alone or the air puff combined with a tone were not different, consistent with 

the classical prediction that granule cell activity should remain constant during 

fluctuating inputs (air puff only = 0.0336 ± 0.007, tone only = 0.0001 ± 0.002, paired = 

0.0359 ± 0.007, n = 102, P < 0.0001, one-way repeated measures (RM) ANOVA, puff v. 

paired: P = 0.9322, puff v. tone: P < 0.0001, tone v. paired: P < 0.0001, Tukey’s multiple 

comparisons test) (Albus, 1971; Marr, 1969; Figure 29).  After GABA-DART infusion, 

however, the mean response was far greater to paired stimuli than to the air puff or tone 

alone (air puff only = 0.0601 ± 0.008, tone only = 0.008 ± 0.004, paired = 0.1586 ± 0.024, n = 

102, P < 0.0001, one-way RM ANOVA, puff v. paired: P < 0.0001, puff v. tone: P < 0.0001, 

tone v. paired: P < 0.0001, Tukey’s multiple comparisons test), suggesting that inhibition 

tightly regulates granule cell responses to increasing amounts of input.   

 To assess whether the influence of inhibition observed here is consistent with a 

mechanism that enhances the dynamic range of granule cell responses, I compared the 

relationship between responses to one and two stimuli before and after GABA-DART 
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(Figure 29).  Applying changes in the slopes of each cell’s input-output relationship with 

and without inhibition as an approximation of changes in gain (Mitchell & Silver, 2003), 

I found that GABA-DART significantly altered how granule cells respond to increasing 

excitatory input (control = -0.5023 ± 0.152, GABA-DART = 1.284 ± 0.182, n = 102, P < 

0.0001, paired, two-tailed t-test; Figure 29).  Additionally, GABA-DART significantly 

shifted the offset of granule cell responses (control = 0.0023 ± 0.006, GABA-DART = 

0.0986 ± 0.019, n = 102, P < 0.0001, paired, two-tailed t-test), a function that should enable 

granule cells to subtract background noise from the signals they transmit (Mitchell & 

Silver, 2003).  Despite the small number of stimuli tested and poor resolution for both 

granule cell input and output, these measurements demonstrate that local inhibition has 

a powerful impact on how granule cells respond to multiple signals in vivo.  My data 

suggest that, in the absence of inhibition, granule cell responses could become saturated 

with minimal excitatory input, preventing integration of converging signals and, thus, 

constricting the number of input patterns the granule cell layer can relay and enable the 

cerebellum to learn.         

 

 

2.6 Discussion 

Classical models of cerebellar learning posit that inhibition restricts granule cell 

activity by setting spike thresholds and controlling gain to enable learning of vast, 

specific contextual patterns (Marr, 1969; Albus, 1971).  The capability of inhibition in the 
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granule cell layer to mediate these tasks has been demonstrated both in acute cerebellar 

slices and in individual whole cell recordings in vivo (Chadderton et al, 2004; Mitchell & 

Silver, 2003; Crowley et al, 2009; Duguid et al, 2012).  Here, I have demonstrated that, 

not only is it possible for inhibition to modulate granule cell activity through these 

mechanisms but, local synaptic inhibition to granule cells utilizes these mechanisms to 

shape patterns of granule cell activity in awake, behaving animals.  

 

2.6.1 Sensory afferents 

Contrary to the notion that granule cell encoding is dense and redundant, as 

suggested by recent calcium imaging experiments (Giovannucci et al, 2017; Knogler et 

al, 2017), I found that representations of discrete sensory stimuli only activate a small 

portion of granule cells.  Given the great number and density of granule cells, it is 

technically possible that the fields of view I imaged contained a disproportionately low 

number of granule cells receiving inputs for the stimuli I delivered.  However, I imaged 

multiple fields of view in several mice for each set of sensory experiments, and the 

proportion of granule cells responsive in each was relatively stable, suggesting that this 

is not the case.  Furthermore, a recent study performing extensive anatomical tracing of 

corticopontine projections to all regions of the cerebellum demonstrated that large 

percentages of the total mossy fiber inputs for both somatosensory (Figure 30) and 

auditory (Figure 31) inputs are relayed to Crus I (Henschke & Pakan, 2020).  Given that 
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all my DART imaging experiments were performed in Crus I, the only location I injected 

HaloTagTM and ddHaloTagTM viruses, the low proportions of somatosensory and 

auditory responses I measured are most likely not due to imaging non-representative 

locations.   

 

 

Figure 30: Crus I receives many inputs from S1 

Schematic of S1 in neocortex showing core (black) and halo (grey) regions of mono-

trans-synaptic anterograde tracer injections (left).  Labeled mossy fiber terminals (% total 

cerebellar input) observed in the anatomical lobules (simplex lobule [Sim], crus I/II 

ansiform lobule [crus I/II], paramedian lobule [PM], copula pyramis [Cop], 

paraflocculus [PFI], flocculus [FL], vermal cerebellar lobules [I-X]) of the contralateral 

cerebellum (right).  Percentages of mossy fiber terminals are similar for ipsilateral 

cerebellum.  From Henschke & Pakan, 2020. 
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Figure 31: Crus I receives a large proportion ofA1 and AuD inputs 

Schematic of A1 and AuD in neocortex showing core (black) and halo (grey) regions of 

mono-trans-synaptic anterograde tracer injections (left).  Labeled mossy fiber terminals 

(% total cerebellar input) observed in the anatomical lobules (simplex lobule [Sim], crus 

I/II ansiform lobule [crus I/II], paramedian lobule [PM], copula pyramis [Cop], 

paraflocculus [PFI], flocculus [FL], vermal cerebellar lobules [I-X]) of the contralateral 

cerebellum (right).  Percentages of mossy fiber terminals are similar for ipsilateral 

cerebellum.  From Henschke & Pakan, 2020. 
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2.6.2 Differences between modalities 

In addition to corticopontine inputs, the cerebellum also receives information 

from peripheral tactile and vestibular systems (Bostan et al, 2013; Arenz et al, 2008; 

Shimuta et al, 2020).  Somatosensory signals are transmitted to the cerebellar 

hemispheres through both corticopontine inputs and directly from the trigeminal 

nucleus, with corticopontine inputs arriving with a longer latency (Morissette & Bower, 

1996; Tahon et al, 2011).  Due to the limited temporal resolution of Gcamp6f (Chen et al, 

2013), I was unable to reliably differentiate between direct and indirect somatosensory 

inputs evoked during my imaging experiments.  As such, the somatosensory population 

responses I measured are most likely a result of combined direct and indirect pathway 

activation.  This may contribute to the larger proportion of somatosensory-responsive 

than auditory responses I observed.  Additionally, individual granule cells can receive 

somatosensory inputs from both direct and indirect pathways (Shimuta et al, 2020), 

which may partially account for the large calcium transients evoked in some granule 

cells during my experiments.  

The somatosensory responses I measured could also be larger in amplitude than 

auditory responses because granule cells have been reported to receive more than one 

input relaying information from the same cutaneous receptive field (Jörntell & Ekerot, 

2006).  Granule cells receiving more than one simultaneous input are more likely to 
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surpass spiking thresholds (Chadderton et al, 2004), so such cells should respond at 

higher frequencies and/or at greater amplitudes.   

Different input sources (i.e., direct and indirect pathways) or integration 

configurations do not, in my opinion, make the somatosensory responses I measured 

less representative of contextual patterns that can be used for cerebellar learning.  If the 

features described above are inherent components of somatosensory signaling to the 

cerebellum as reported, then inputs relayed through the combination of these features 

would compose a pattern that should be associated with a relevant motor output.  

However, the possibility that granule cells responsive to somatosensory stimulation are 

likely to receive more than one excitatory input during the stimulus due to direct and 

indirect pathway integration, multiple inputs from the same cutaneous receptive field, 

or inputs from multiple cutaneous receptive fields complicates interpretation of 

somatosensory response variability, as discussed in the following chapter.  

Another potential source of differences between the magnitude of somatosensory 

and auditory responses lies in the genetic background of the mice used for imaging.  The 

BACα6Cre-C mice crossed with Gcamp6f-expressing mice to enable imaging in large 

populations of granule cells were derived from a strain that has been reported to 

experience hearing loss by 12 months of age (Keithley et al, 2004).  All mice used for 

imaging were less than 6-months-old, but it is still possible that hearing loss confounded 

some of my experiments.  To confirm that the properties of granule cell auditory 
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responses I measured were not impacted by genetic hearing loss, I interbred the 

BACα6Cre-C line with mice from a different genetic background, crossed offspring with 

the Gcamp6f transgenic line, and repeated my imaging experiments in mice that lacked 

alleles for the age-related hearing loss gene (Keithley et al, 2004; data not shown).   

 

2.7 Methods  

2.7.1 Mice 

All experimental procedures using animals were performed with approval of the 

Duke University Animal Care and Use Committee.  Experiments were conducted during 

the light cycle with both male and female adult mice (>P60).  All mice were housed with 

12 h light/dart cycles with food and water ad libitum.  Imaging experiments were 

performed with Ai148(TIT2L-GC6f-ICL-tTA2)-D (Jackson Labs 030328) mice crossed 

with BACα6Cre-C ((Aller, Jones et al. 2003) Hatten lab, the Rockefeller University; n = 21 

mice).  Acute slice and eyelid conditioning experiments used BACα6Cre-C mice (n = 21 

and n = 6, respectively).  All mice were singly housed after cannula implantation. 

 

2.7.2 Slice electrophysiology 

2.7.2.1 Viral expression  

For acute slice experiments, juvenile mice (P21–24) were given small burr holes 

over the medial vermis at approximately 1.8 mm posterior to lambda.  150 nl of either 
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AAV7m8-CAGflex-HaloTagTM-2a-tdTomato (1 × 1012) or AAV7m8-CAGflex-

ddHaloTagTM-2a-tdTomato (1 × 1012) was injected once at a rate of 30 nl/min and a 

depth of 350 µl.  Mice were given 8 weeks to allow viral expression. 

2.7.2.2 Slices and recordings  

Acute sagittal slices (200 µm) were cut from the cerebellar vermis and lateral 

hemispheres of adult mice (P77–87).  Slices were prepared in an ice-cold solution of 130 

mM K-gluconate, 15 mM KCl, 0.05 mM EGTA, 20 mM HEPES, and 25 mM glucose (pH 

7.4), with 2.5 µM R-CPP.  Slices were then stored in aCSF containing (in mM) 125 NaCl, 

26 NaHCO3, 1.25 NaH2PO4, 2.3 KCl, 0.8 MgCl2, 1.4 CaCl2, and 25 glucose and 

equilibrated with 95% O2 and 5% CO2.  Prepared slices were incubated at 34ºC for 20 

min, then kept at room temperature for <6 h.  Slices were viewed using Dodt Gradient 

Contrast optics (Scientifica) on an upright microscope (Olympus BX51WI),  with a ×40 

water-immersion objective and a CMOS camera (QImaging, Rolera Bolt).  Whole cell 

recordings were obtained with patch pipettes (6–9 MΩ) pulled from borosilicate 

capillary glass (World Precision Instruments) with a Sutter P-1000 micropipette puller.  

Electrophysiological recordings were performed at 31–33ºC.  Spontaneous inhibitory 

postsynaptic currents (sIPCs) and tonic holding current were recorded at 0 mV.  

Voltage-clamp recordings were performed using an internal pipette solution containing 

(in mM) 140 Cs-gluconate, 15 HEPES, 0.5 EGTA, 2 TEA-Cl, 2 MgATP, 0.3 NaGTP, 10 

phosphocreatine-tris2, and 2 QX 314-Cl.  pH was adjusted to 7.2 with CsOH.  Vm values 
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were not corrected for liquid-junction potential.  For all experiments, sliced were fixed 

and replaced following bath application of pharmaceutical agents.   

2.7.2.3 Acquisition and analysis  

Electrophysiological data were acquired using a Multiclamp 700B amplifier 

(Molecular Devices), digitized at 20 kHz with a Digidata 1440A digitizer (Molecular 

Devices) and low pass filtered at 10 kHz.  Acquisition was controlled using Axon 

Clampex 10.3 software.  Series resistance was monitored in voltage-clamp recordings 

with a 5-mV hyperpolarizing pulse, and only recordings that remained stable during 

data collection were used for analysis.  Holding current attributed to tonic inhibition 

was identified according to sensitivity to SR95531 (5 µM).  Cells were selected according 

to their expression of tdTomato.  Most labelled cells were in lobules 4/5 of the vermis, 

and no labelled cells were observed in the lateral hemispheres.  Within animal controls 

included tdTomato (+) cells in lobules 4/5 and tdTomato (-) cells in the right hemisphere.  

Quantification of evoked changes in spontaneous inhibition and holding current was 

determined using a 1-min baseline period prior to drug application.  Data are presented 

as means ± SE.  Data distributions were tested for normality using the Shapiro-Wilk test.  

Sample means were compared using paired or unpaired, two-tailed Student’s t-tests.  

Statistics, including nonlinear regression with Hill slope, were calculated using Prism 9.0 

(Graphpad).  Mean values were considered significantly different at P < 0.05.  Significant 
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differences are noted by asterisks, with single asterisks representing P < 0.05, two 

asterisks representing P < 0.01, and three asterisks representing P < 0.001.   

 

2.7.3 Calcium imaging 

2.7.3.1 Surgical procedures 

 Animals received dexamethasone (3 mg/kg) 3–12 h before surgery.  All surgeries 

were performed under anesthesia, using an initial dose of ketamine/xylazine (50 mg/kg 

and 5 mg/kg) 5 min before and 1.0-2.0% isoflurane throughout surgery.  Breath rate and 

toe pinch responsivity were continuously monitored during surgeries.  A heating pad 

(TC-111 CWE) maintained body temperature.  For imaging and eyelid conditioning 

mice, titanium headplates (HE Parmer) were fastened to the skull with Metabond 

(Parkell).  Animals received buprenex (0.05 mg/kg) and cefazolin (50 mg/kg) twice daily 

for 2 d after surgeries.   

For imaging experiments, adult mice (P50–60) were given a 3-mm diameter 

craniotomy over Crus I at approximately 3.0 mm lateral and 4.3 mm posterior to lambda 

(Figure 32).  Crus I was injected (WPI UMP3) with 150 nl of either AAV7m8-CAGflex-

HaloTagTM-2a-tdTomato (1 × 1012; Duke Viral Vector Core) or AAV7m8-CAGflex-

ddHaloTagTM-2a-tdTomato (1 × 1012; Duke Viral Vector Core) at a rate of 30 nl/min and 

a depth of 350 µl at 2–3 sites.  Glass windows consisting of two 3-mm coverslips bonded 

to a 5-mm coverslip (Warner Instruments No. 1) with index matched adhesive (Norland 
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No. 1) were installed in the craniotomy using Metabond.  Imaging mice receiving saline 

and drug infusions received a plastic cannula (Plastics One; C315GS/PK length 0.5 mm) 

positioned immediately rostral to the imaging window and attached with Metabond.  

All mice were given 8 weeks to allow viral expression, including 1–2 weeks of 

habituation to head restraint.   

 

Figure 32: Imaging window placement 

Schematic of mouse with headplate and 3 mm cranial window over cerebellum (left).  

Schematic of cerebellum demonstrating window location over Crus I and II (right). 

 

 

2.7.3.2 Microscopy  

Two-photon imaging was performed with a resonant scanning microscope 

(Neurolabware) using a 16 × water immersion objective (Nikon CFI175 LWD 16xW 

0.8NA).  A polymer (MakingCosmetics, 0.4% Carbomer 940) was used to stabilize the 

immersion solution during imaging.  A Ti: Sapphire laser tuned to 920 nm (Spectra 

Physics, Mai Tai eHP DeepSee) was raster scanned via a resonant galvanometer (8 kHz, 
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Cambridge Technology) onto the cerebellum at a frate rate of 30 Hz and a field of view 

of 278 µm × 117 µm (796 × 264 pixels).  Scanbox software (Neurolabware) was used to 

collect data through a green filter (510 ± 42 nm band filter (SEMrock)) onto GaAsP 

photomultipliers (H10770B-40, Hamamatsu).  21 mice were used for imaging 

experiments. 

2.7.3.3 Analysis 

All acquired two-photon images were processed using a combination of the 

opensource Python toolbox for large scale calcium imaging data analysis CaImAn 

(Giovannucci et al, 2019) and custom code written in MATLAB.  First, images were 

corrected for motion over 60 × 60-pixel patches using a piecewise rigid motion correction 

algorithm (NoRMCorre; (Pnevmatikakis & Giovannucci, 2017)).  Then, source separation 

was performed using constrained non-negative matrix factorization (CNMF; 

(Pnevmatikakis et al, 2016)).  This algorithm includes exclusion of fluorescence changes 

originating in the neuropil.  Regions of interest (ROI) identified by CNMF were then 

sorted according to spatial stability, transient signal-to-noise ratio, and performance in a 

CNN based classifier (Giovannucci et al, 2019).  ROI were then excluded based on their 

proximity to the edge of the FOV and overlap with structures other than putative 

granule cell somata in motion-registered, averaged images using custom MATLAB code.  

Remaining raw Ca2+ time courses computed by CNMF were screened for periods in 

which the signal exceeded 6 standard deviations from the mean of either the first or last 
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20,000 imaging frames for >2 s, as such changes were noted to occur in cells that become 

bright and swell over the course of an experiment and were presumed to be 

unhealthy/dying.  ROIs with this fluorescence signature and a bright,  swollen 

appearance in motion-registered, averaged images were excluded from further analysis.  

 

2.7.4 Infusions 

Saline and drugs were infused into awake, head-fixed mice using an automated 

pump (WPI UMP3), a Hamilton syringe (10 µl Gastight model 1701 RN) and a plastic 

internal cannula (Plastics One, C315IS) threaded into the guide cannula.  All infusions 

had a total volume of 1 µl delivered at a rate of 1 µl/min.  To estimate the spread of 

pharmacological agents under the imaging window, 10 mM fluorescein dye (Sigma-

Aldrich #F6377) dissolved in sterile artificial cerebrospinal fluid (aCSF; 150 nM NaCl, 4 

mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, 10 mM glucose, pH 7.4)) was 

infused through the cannula rostral to the imaging window, followed by a 1 h rest and 

perfusion (Figure 33).  For all other imaging and behavior experiments, aCSF only or 

either 1 µM non-binding GABA-DART (Tadross lab) or 1 µM GABA-DART (Tadross 

lab) was dissolved in sterile aCSF and applied, followed by a 20-min rest.  Infusions 

were delivered at least 1 d apart for each animal.  At least one day after GABA-DART 

administration, 1 µM Alexa647-DART (Tadross lab) was dissolved in sterile aCSF and 

infused, followed by 1 h rest and perfusion. 
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Figure 33: Dye infused through cannula above window 

Fluorescence image of a cerebellum slice.  Fluorescein (1 mM) was infused through a 

cannula rostral to the imaging window to visualize fluid dispersal.  Location of window 

over Crus I visible due to surface damage during removal.  Approximate location of 

cannula (“C”) positioned over surface designated in red. 

 

2.7.5 Behavior 

2.7.5.1 Behavior monitoring 

During imaging, animals were head-fixed in a custom plastic sled atop a 

piezoelectric sensor (C.B. Gitty, 41 mm ‘jumbo’ piezo) read from and triggered through a 

multifunction data acquisition device (90 Hz, USB X, National Instruments) to measure 

animal movement (Cooke et al, 2015).  In a subset of experiments, whole-body motion 

was simultaneously recorded from a CMOS camera (60 Hz, Genie Nano M640 NIR, 

Teledyne Dalsa) with a fixed focal length lens (6 mm f/2.8, Edmund optics).  A machine-

learning-based algorithm (DeepLabCut; (Mathis et al, 2018) was used to automatically 

track limbs and components of the face and head in these videos.  Tracked features were 

C 
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initially labeled manually in a small portion of frames to train the algorithm, then x and 

y locations of each feature were automatically determined for each frame.  During 

imaging, frame-by-frame whisker and facial movements were monitored with the aid of 

IR LEDs (Swann) from a CMOS camera (60 Hz, Genie Nano M640 NIR, Teledyne Dalsa) 

with a fixed focal length lens (6 mm f/2.8, Edmund optics) positioned 13 cm above the 

animal’s head.  Machine-learning-based video tracking (DeepLabCut; (Mathis et al, 

2018)) was used as described above to track prominent whiskers and facial features.  

Piezoelectric and video data were acquired and aligned to imaging data using Scanbox 

software (Neurolabware) and custom code written in MATLAB (Mathworks).   

2.7.5.2 Stimulus delivery 

All sensory stimuli were delivered in pseudorandomized 167 s blocks with 

randomized intertrial intervals (ITI) using Mworks (http://mworks-project.org) and 

custom software written in MATLAB.  For somatosensory stimulation, low intensity air 

puffs (10, 15, or 20 psi, a range of intensities found to produce little or no behavioral 

response, delivered block-wise) were delivered from a metal tube 5 cm from the center 

of the vibrissae (5630–10200 ms ITI, calculate mean and SE when final included 

experiments decided; 18–29 trials/block, calculate mean and SE).  Pure tones of either 68 

or 75 dB with frequencies of 1, 5, or 10 kHz were delivered individually block-wise or in 

randomized pairs for single auditory stimulation. 
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3. Synaptic inhibition diversifies granule cell sensory 
representations 

I have demonstrated that, not only is it possible for inhibition to restrict granule 

cell activity through spike thresholding and gain modulation but that local synaptic 

inhibition to granule cells utilizes these mechanisms to shape patterns of granule cell 

activity in awake, behaving animals.  However, for inhibition in the granule cell layer to 

serve its theoretical function of transforming similar input patterns into more easily 

differentiated output patterns, it must also generate diversity in granule cell population 

responses.         

Granule cells must relay signals for the inputs they receive to Purkinje cells in a 

manner that establishes unique sensorimotor representations necessary for associative 

learning.  Although modifiable synapses have been found at multiple sites within the 

cerebellar cortex (Jörntell, 2016), plasticity at synapses between parallel fibers and 

Purkinje cell dendrites is thought to be critically important for learning in the cerebellum 

(Marr, 1969; Albus, 1971; Ito & Kano 1982; Ito, 1982; Aiba et al, 1994).  Thus, sites of 

plasticity should be yoked to the identity of granule cells activated together in the 

context to be learned.  In this chapter, I will describe how the identity of granule cells 

activated by sensory contexts is determined by inhibition, as well as the excitatory 

inputs they receive.    
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3.1 Inhibition shapes granule cell sensory tuning 

To provide the most specific contextual information, one might expect that 

different stimulus variations are represented by distinct ensembles.  Thus, for my next 

set of experiments, I tested whether granule cells encode features of sensory stimuli and, 

if so, whether stimulus feature encoding is shaped by inhibition.  I suspected that if 

distinct ensembles arise due to computations performed in the granule cell layer, then 

without that processing step, responses to a stimulus with varied features should appear 

relatively homogeneous.   

 

3.1.1 Inhibition shapes somatosensory intensity preferences 

In the previous chapter, I described how gentle air puffs of varying intensities to 

the whiskers of mice elicit granule cell responses that are sparsened by local inhibition.  

Data from the same experiments also demonstrate that overlapping ensembles of 

granule cells respond to different air puff intensities, such that most cells activated by an 

air puff of one intensity are activated by other intensities (Figure 34).  However, closer 

inspection reveals that most granule cells have larger responses to some intensities than 

others, resulting in broad intensity preferences or “tuning” (Figure 35).   
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Figure 34: Granule cells respond to a range of intensities 

Mean ± SE trial responses (dF/F) of granule cells significantly responsive to air puffs of 

any intensity to low (left), moderate (center), and high (right) intensity stimulation. 

 

 

 
Figure 35: Granule cells display intensity preferences 

Mean ± SE response (% dF/F) of granule cells with the greatest response to moderate 

intensity stimulation during low (cyan), moderate (blue), and high (purple) stimulation. 
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To determine whether this diversity in intensity responses is due to differences 

in inhibition, I compared granule cell intensity preferences before and after blocking 

inhibition with GABA-DART (Figure 36).  Grouping air puff-responsive granule cells by 

the intensities that generated the greatest response, I measured significant broadening of 

most granule cell preferences after infusing GABA-DART (low intensity-preferring, 

moderate responses: control = 0.1788 ± 0.05, n = 72, GABA-DART = 0.3566 ± 0.05, n = 72, P 

= 0.0128, unpaired, two-tailed t-test; high responses: control = 0.3177 ± 0.07, n = 72, 

GABA-DART = 0.4838 ± 0.05, n = 72, P = 0.0586, unpaired, two-tailed t-test; moderate-

preferring, low responses: control = 0.1907 ± 0.08, n = 40, GABA-DART = 0.3813 ± 0.05, n 

= 66, P = 0.0236, unpaired, two-tailed t-test; high responses: control = 0.1616 ± 0.11, n = 40, 

GABA-DART = 0.4990 ± 0.05, n = 66, P = 0.0011, unpaired, two-tailed t-test; high-

preferring, low responses: control = 0.3764 ± 0. 03, n = 216, GABA-DART = 0.4474 ± 0.02, 

n = 288, P = 0.0343, unpaired, two-tailed t-test; moderate responses: control = 0.3378 ± 

0.02, n = 216, GABA-DART = 0.4512 ± 0.02, n = 288, P < 0.0001, unpaired, two-tailed t-

test), indicating that these preferences arise at least in part from local inhibition (Figure 

36).   
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Figure 36: Inhibition shapes granule cell intensity preferences 

Stimulus response/maximum response for all air puff-responsive granule cells, grouped 

according to the intensity that drove the maximum response, in control conditions 

during low, moderate, and high stimulation (top left).  The same for all air puff-

responsive granule cells after infusion of GABA-DART, grouped according to the 

intensity that drove maximum responses post-infusion (right).  Stimulus 

response/maximum for all air puff-responsive granule cells with a maximum response 

to air puffs of low intensity (moderate responses: control = 0.1788 ± 0.05, n = 72, GABA-

DART = 0.3566 ± 0.05, n = 72, P = 0.0128, unpaired, two-tailed t-test; high responses: 

control = 0.3177 ± 0.07, n = 72, GABA-DART = 0.4838 ± 0.05, n = 72, P = 0.0586, unpaired, 

two-tailed t-test; bottom left), moderate intensity (low responses: control = 0.1907 ± 0.08, 

n = 40, GABA-DART = 0.3813 ± 0.05, n = 66, P = 0.0236, unpaired, two-tailed t-test; 

high responses: control = 0.1616 ± 0.11, n = 40, GABA-DART = 0.4990 ± 0.05, n = 66, P = 

0.0011, unpaired, two-tailed t-test; bottom center), and high intensity (low responses: 

control = 0.3764 ± 0. 03, n = 216, GABA-DART = 0.4474 ± 0.02, n = 288, P = 0.0343, 

unpaired, two-tailed t-test; medium responses: control = 0.3378 ± 0.02, n = 216, GABA-

DART = 0.4512 ± 0.02, n = 288, P < 0.0001, unpaired, two-tailed t-test; bottom right). 
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3.1.2 Tuning of high frequencies is shaped by local inhibition 

In addition to measuring intensity preferences for somatosensory stimuli, I also 

assessed whether granule cells have preferences for tone frequencies (Figure 37).  Like 

somatosensory responses, auditory responses also displayed tuning.   Grouping tone 

responsive granule cells by the frequencies that generated the greatest response, I 

measured significant broadening of granule cell preferences for the higher frequencies 

delivered after infusing GABA-DART (1 kHz-preferring, 5 kHz responses: control = 

0.4162 ± 0.034, n = 149, GABA-DART = 0.3951 ± 0.024, n = 171, P = 0.6061, unpaired, two-

tailed t-test; 10 kHz responses: control = 0.3221 ± 0.026, n = 149, GABA-DART = 0.3915 ± 

0.024, n = 171, P = 0.0532, unpaired, two-tailed t-test; 5 kHz-preferring, 1 kHz responses: 

control = 0.3545 ± 0.029, n = 188, GABA-DART = 0.4176 ± 0.027, n = 168, P = 0.1150, 

unpaired, two-tailed t-test; 10 kHz responses: control = 0.3297 ± 0.023, n = 188, GABA-

DART = 0.4451 ± 0.027, n = 168, P = 0.0011, unpaired, two-tailed t-test; 10 kHz-preferring, 

1 kHz responses: control = 0.1679 ± 0.036, n = 182, GABA-DART = 0.3024 ± 0.018, n = 321, 

P = 0.0002, unpaired, two-tailed t-test; 5 kHz responses: control = 0.2294 ± 0.036, n = 182, 

GABA-DART = 0.3742 ± 0.019, n = 321, P < 0.0001, unpaired, two-tailed t-test), indicating 

that preferences for high tone frequencies can be sharpened by local inhibition (Figure 

37). 
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Figure 37: Pure tone responses are sharply tuned 

Stimulus response/maximum response for all tone-responsive granule cells, grouped 

according to the frequency that drove the maximum response, in control conditions 

during 1 kHz, 5 kHz, and 10 kHz tones (top left).  The same for all tone-responsive 

granule cells after infusion of GABA-DART, grouped according to the frequency that 

drove maximum responses post-infusion (right).  Stimulus response/maximum for all 

tone-responsive granule cells with a maximum response to 1 kHz (5 kHz responses: 

control = 0.4162 ± 0.034, n = 149, GABA-DART = 0.3957 ± 0.024, n = 171, P = 0.6061, 

unpaired, two-tailed t-test; 10 kHz responses: control = 0.3221 ± 0.026, n = 149, GABA-

DART = 0.3915 ± 0.024, n = 171, P = 0.0532, unpaired, two-tailed t-test; bottom left), 5 kHz 

(1 kHz responses: control = 0.3545 ± 0.029, n = 188, GABA-DART = 0.4176 ± 0.027, n = 168, 

P = 0.0011, unpaired, two-tailed t-test; 10 kHz responses: control = 0.3297 ± 0.023, n = 188, 

GABA-DART = 0.4451 ± 0.027, n = 168, P = 0.0011, unpaired, two-tailed t-test; bottom 

center), and 10 kHz (1 kHz responses: control = 0.1679 ± 0. 036, n = 182, GABA-DART = 

0.3024 ± 0.018, n = 321, P = 0.0002, unpaired, two-tailed t-test; 5 kHz responses: control = 

0.3742 ± 0.036, n = 182, GABA-DART = 0.3742 ± 0.019, n = 321, P < 0.0001, unpaired, two-

tailed t-test; bottom right). 
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3.2 Inhibition selectively suppresses granule cell responses 

Both in vitro and in vivo measurements of granule cell activity suggest that mossy 

fiber inputs can combine to produce spiking via summation (Rancz et al, 2007; Chabrol 

et al, 2015).  However, a recent in vivo study demonstrated that only half of granule cells 

receiving sensory inputs from multiple modalities displayed additive integration in vivo 

(Ishikawa et al, 2015).  What could account for granule cells having greater responses to 

one input than two inputs?  One possibility is recruitment of local inhibition that 

generates a subtractive population response, actively suppressing granule cells that 

would otherwise be active by one of the presented stimuli.  

This hypothesis has gained support from recent behavioral and modeling 

experiments showing that cerebellar-dependent eyelid conditioning can be achieved 

with a conditioned stimulus of two mossy fiber inputs that terminate with a temporal 

offset (Kalmbach et al, 2011).  In this paradigm, animals can learn the interval defined by 

the temporal offset, even if they do not learn to either input alone, suggesting that a 

subset of granule cells can be suppressed when inputs are presented together, and the 

disinhibition of this ensemble during the temporal offset is sufficient for learning. 

However, this study did not test for evidence of such subtraction at the neural circuit 

level, and the conditions under which stimuli combine to produce additive or 

subtractive population responses remain unclear. 

 In the previous chapter, I demonstrated that some granule cells in my imaging 
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experiments are activated by both somatosensory and auditory inputs.  These data 

revealed that local inhibition can stabilize granule cell responses to increasing numbers 

of sensory inputs in a manner consistent with classical models.  However, those granule 

cells represented a relatively small subset of granule cell responses to multiple stimuli. 

To my initial surprise, I found that most granule cell responses to an air puff are 

suppressed during coincident delivery of a pure tone (facilitated cells: air puff only = 

0.0377 ± 0.010, tone only = 0.0038 ± 0.002, paired = 0.1170 ± 0.023, n = 27, P < 0.0001, one-

way RM ANOVA, puff v. paired: P = 0.0002, tone v. paired: P< 0.0001, Tukey’s multiple 

comparisons test; suppressed cells: air puff only = 0.079 ± 0.007, tone only = -0.000 ± 

0.000, paired = 0.012 ± 0.003, n = 228, P < 0.0001, one-way RM ANOVA, puff v. tone: P < 

0.0001, puff v. paired: P < 0.0001, tone v. paired: P = 0.003, Tukey’s multiple comparisons 

test; Figures 38 & 39).  As such, even though inhibition can regulate the gain of granule 

cell responses to sensory stimuli, the influence of this mechanism is vastly 

overshadowed by the prevalence of suppression.  
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Figure 38: Most granule cell air puff responses are suppressed by coincident stimulus 

Mean ± SE time courses of granule cells with air puff responses that were significantly (> 

2 std from baseline) facilitated (top left) or suppressed (top right) by coincident delivery 

of a pure tone (1 kHz or 10 kHz) with responses to the air puff alone (blue), to the tone 

alone (gray), and to coincident air puff and tone delivery (green).  Mean responses of 

individual cells to each stimulus/stimulus pair that were facilitated (bottom left) or 

suppressed (bottom right) with overall mean ± SE overlaid.  Fractional change between 

air puff only and paired conditions for each cell that was facilitated or suppressed with 

overall mean ± SE overlaid (bottom center). 
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Figure 39: Most air puff responses are suppressed by a coincident tone 

Mean responses (dF/F) of granule cells significantly responsive to an air puff during air 

puff delivery (left) and during air puff delivery with coincident presentation of a pure 

tone (right). 

 

 

 Given that major sensory inputs to Crus I are processed the neocortex prior to 

arriving in the cerebellum (Henschke & Pakan, 2002), as well as the prevailing 

assumption that granule cells only summate excitatory inputs in the presence of broad 

inhibitory modulation, I suspected that the suppression I observed was not generated in 

the granule cell layer.  To test this possibility, I compared the activity of air puff-

responsive granule cells that were suppressed by a coincident tone in the control 
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condition to their activity after infusing GABA-DART (1 µM).  My analysis revealed that 

suppression present in control conditions (air puff only = 0.0545 ± 0.007, tone only = -

0.0010 ± 0.002, paired = 0.0167 ± 0.005, n = 50, P < 0.0001, one-way RM ANOVA, puff v. 

paired: P < 0.0001, puff v. tone: P < 0.0001, tone v. paired: P = 0.0019, Tukey’s multiple 

comparisons test) was abolished after infusing GABA-DART (air puff only = 0.0560 ± 

0.0118, tone only = -0.0019 ± 0.0026, paired = 0.0735 ± 0.0270, n = 50, P = 0.0111, one-way 

RM ANOVA, puff v. paired: P = 0.7788, puff v. tone: P = 0.0001, tone v. paired: P = 

0.0223, Tukey’s multiple comparisons test; Figure 40), indicating that a coincident 

stimulus can suppress responses due to local synaptic inhibition to granule cells.   

Notably, I also observed that pure tone responses can be suppressed during coincident 

presentation of a pure tone of another frequency, as well as facilitated (Figure 41), so 

multistimulus suppression is not unique to coincident stimuli from different sensory 

modalities. 

 Furthermore, my data indicate that some granule cells responsive to an air puff 

are silenced during simultaneous presentation of pure tones of one frequency but not to 

another matched in amplitude, despite the absence of excitatory input for either tone, 

suggesting that granule cells can receive suppression that is specific to the stimulus 

being delivered (Figure 42).  Whereas the presence of multistimulus suppression 

presents a yet uncharacterized, additional inhibitory mechanism, the possibility of 

stimulus-specific suppression is in direct opposition to the concept of inhibition in the 
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granule cell layer being the “broad, general feedback system” proposed by Marr-Albus 

theory (Albus, 1971; Marr, 1969).  Its existence, however, may provide the granule cell 

layer with a far greater pattern separation capacity than that envisioned even by Marr 

and Albus, as the specificity of an individual granule cell’s response depends not only 

on the purportedly random mixture of excitatory mossy fiber inputs it receives, but also 

a potentially random mixture of powerful, selective inhibition. 
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Figure 40: Inhibition mediates multistimulus suppression 

Mean ± SE time courses of granule cells with air puff responses that were significantly 

suppressed in control conditions before (left) and after (right) GABA-DART infusion to 

the air puff alone (blue), the tone alone (gray), or coincident air puff and tone delivery 

(green).  Summary with mean ± SEM of suppressed cells in control conditions (air puff 

only = 0.0545 ± 0.007, tone only = -0.001 ± 0.002, paired = 0.0167 ± 0.005, n = 50, P < 0.0001, 

one-way RM ANOVA, puff v. paired: P < 0.0001, puff v. tone: P < 0.0001, tone v. paired: 

P = 0.0019, Tukey’s multiple comparisons test; bottom left).  Same for after GABA-DART 

infusion (air puff only = 0.0560 ± 0.0118, tone only = -0.0019 ± 0.003, paired = 0.0735 ± 

0.027, n = 50, P = 0.0111, one-way RM ANOVA, puff v. paired: P = 0.7788, puff v. tone: P 

= 0.0001, tone v. paired: P = 0.0223, Tukey’s multiple comparisons test; bottom right).  

Mean ± SE fractional change between air puff only and paired air puff responses in 

control and after GABA-DART (n = 50, P = 0.2336, paired, two-tailed t-test; bottom 

center). 
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Figure 41: Stimuli from the same modality can also suppress each other 

Mean ± SE responses of granule cells significantly responsive to 1 kHz but not 5 kHz are 

suppressed during presentation of 5 kHz (top).  Mean ± SE responses of granule cells 

significantly responsive to pairings of 1 kHz and 5 kHz, but neither alone (bottom). 

 

 

 

Figure 42: Suppression can be stimulus specific 

Mean ± SE trial responses (%dF/F) of a granule cell in response to a low intensity air puff 

alone (black; ntrials = 20) or the air puff paired with a 1 kHz, 68 dB tone (red; ntrials = 15) 

(top left), the air puff paired with a 1 kHz, 72 dB tone (top left center; ntrials = 23), the air 

puff paired with a 10 kHz, 68 dB tone (top right center; ntrials = 19), or the air puff 

paired with a 10 kHz, 72 dB tone (top right; ntrials = 19).  The same cell did not have 

significant responses to any tone delivered alone.  1 kHz, 68 dB alone (bottom left; 

ntrials = 23), 1 kHz, 72 dB alone (bottom left center; ntrials = 22), 10 kHz, 68 dB alone 

(bottom right center; ntrials = 17), 10 kHz, 72 dB alone (bottom right; ntrials = 21). 
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 If granule cells can receive stimulus-specific inhibition evoked by a coincident 

excitatory stimulus, it stands to reason that the excitatory stimulus is also eliciting 

specific inhibition that may not be received by the same cell, given the expression of 

excitatory input, but is likely transmitted to another.  This notion is consistent with eye-

blink conditioning experiments suggesting that the offset of a stimulus alone can drive 

learning (Kalbach et al, 2011).  Such learning would be mediated by an ensemble of 

granule cells that receives excitatory input for the stimulus that cannot be expressed 

until a coincident, suppressing stimulus terminates.   

As it happens, comparison of pure tone responses before and after infusing 

GABA-DART revealed that many granule cells that did not display significant responses 

during the tone in control conditions but become responsive after infusing GABA-DART 

had large calcium transients at the offset of the tone in control conditions (Figure 43).  To 

further investigate how granule cells might be suppressed by a stimulus in control 

conditions and activated by the same stimulus in the absence of inhibition, I analyzed 

their single trial responses before and after GABA-DART, comparing only cells that had 

at least two significant trials in both control and after GABA-DART (Figure 44).  I have 

not successfully applied spike deconvolution to my granule cell calcium traces, so I used 

an area under the curve method, assuming peaks for distinct transients would be ~200 

ms (Chen et al, 2013), to count and estimate the latency of granule cell responses during 

each trial (Figure 44).  My measurements indicated that granule cell responses to a pure 
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tone (5 kHz) occur significantly sooner after tone onset after infusing GABA-DART 

(control = 585.3 ± 35 ms, GABA-DART = 341.0 ± 20.18 ms, n = 62, P < 0.0001, paired, two-

tailed t-test), as well as more frequently (control = 1.096 ± 0.025, GABA-DART = 1.57 ± 

0.050, n = 62, P < 0.0001, paired, two-tailed t-test; Figure 44. 

  

 

Figure 43: Activation at tone offset in control conditions 

Heatmap depicting mean responses (dF/F) of all granule cells activated by a 10 kHz pure 

tone after infusion of GABA-DART (1 µM) before (left) and after (right) infusion. 
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Figure 44: Tone responses shift forward in time after GABA-DART 

Heat displaying all trial responses (dF/F) of an example cell during presentation of a 10 

kHz tone before and after GABA-DART (1 µM) infusion (top).  Individual calcium traces 

(% dF/F) of trials from an example cell during presentation of a 5 kHz pure tone before 

and after GABA-DART (middle left).  Mean number of calcium peaks (dF/F) for each cell 

before (1.096 ± 0.025) and after GABA-DART (1.57 ± 0.050, n = 62, P < 0.0001, paired, two-

tailed t-test; middle center and middle right).  Mean ± SE overlaid at right.  Mean onset 

of first peak for individual cells with tone onset aligned to 0 s before (585.3 ± 35 ms) and 

after GABA-DART (341 ± 20.18 ms, n = 62, P < 0.0001, paired, two-tailed t-test; bottom 

left and right). 
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 My data suggest that many, but not all, granule cells that receive excitatory input 

for a pure tone also receive inhibitory input related to the tone that suppresses their 

responses until tone offset in control conditions.  This means that specific suppression 

can not only regulate which excitatory inputs a granule cell responds to, but also when a 

granule cell responds to an excitatory input.  Thus, specific suppression can further 

expand the pattern separation toolbox by generating granule cell ensembles that signal 

both which stimulus occurs and when it occurs. 
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3.4 Discussion 

Here, I have demonstrated that synaptic inhibition can not only sparsen granule 

cell responses to sensory stimuli through spike thresholding, but also generates diversity 

in granule cell ensembles encoding single or a combination of sensory stimuli.  By 

shaping granule cell sensory preferences, differences in inhibition could enhance the 

specificity of granule cell ensembles signaling contextual information.  Granule cells can 

also receive stimulus-specific inhibition that can suppress single or coincident excitatory 

inputs (Figure 45).  Together, these data suggest that inhibition is a prevalent and 

powerful force that diversifies granule cell sensory responses and facilitates pattern 

separation in vivo.   

 

Figure 45: Evoked inhibition and excitation shape granule cell output 

Schematic illustrating mossy fiber inputs from different sensory modalities (red and 

blue) providing selective synaptic inhibition counteracting coincident synaptic 

excitation. 
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3.4.1 Sources of diversity among granule cells 

What differences determine which granule cells will represent the identity of a 

stimulus versus the identity and timing of a stimulus?  The answer may lie in a technical 

barrier to using the DART system in granule cells.  During my analysis of experiments 

using single or paired stimuli, I initially segregated granule cells based on whether they 

display air puff responses that are significantly facilitated or suppressed by coincident 

presentation of a tone.  I performed this step not only for granule cells in the control 

condition, also separately for granule cell responses after infusing GABA-DART.  As I 

discussed above, multistimulus suppression observed in control conditions is abolished 

by GABA-DART.  However, my analysis revealed a relatively large portion of granule 

cells that appeared suppressed after GABA-DART, as they had significantly lower 

activity during the window I use to measure air puff responses (Figure 45).  Upon closer 

inspection, I found that these cells have responses to the air puff delivered during 

coincident tone presentation that are comparable in magnitude to responses in the 

absence of a tone but do not occur until the tone offset (Figure 45).  Tone responses 

delayed by inhibition during a tone are shifted forward in time after inhibition is 

blocked with GABA-DART.  In contrast, on average, these air puff-responsive cells had 

appropriately timed responses to the air puff during coincident tone delivery in control 

conditions but were delayed and far larger after GABA-DART.  Unlike the majority of 

cells that displayed facilitated responses to the air puff with coincident tone delivery 
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after GABA-DART (Figures 29 & 40), cells with delayed air puff responses do not appear 

facilitated, suggesting that they may not receive excitatory input related to the tone.  

With only excitatory input for the air puff and inhibitory input for the tone, it could be 

that these cells require release from inhibition due to the tone before it can express the 

air puff response.  This possibility seems reasonable but given that air puff responses are 

far larger in these cells after infusing GABA-DART, the cells can be assumed to express 

HaloTagTM and should thus have all inhibition blocked.  As such, I speculate that 

inhibition in these granule cells is only partially blocked.  Specifically, I suspect that 

GABA receptors at some locations on a granule cell may be more heavily impacted by 

HaloTagTM expression and modulation with DARTs than others.  As mentioned earlier 

in this document, mossy fibers form synapses with granule cells and Golgi cells within a 

glia encapsulated structure called a glomerulus (Palay & Chan-Palay, 1974).  The 

intimate nature of this structure and the contact of axons and dendrites within may 

constitute a partial shield to the DART system.  HaloTagTM may be expressed inside the 

glomerulus, but GABA-DARTs may not access it as readily as they access extrasynaptic 

HaloTagTM.  Alternatively, HaloTagTM function or expression may be restricted within 

the glomerulus compared to other locations on a granule cell.  This possibility could 

mean that phasic inhibition, including stimulus-evoked inhibition, received by granule 

cells could remain partially intact after infusion of GABA-DART, causing cells not 

receiving excitatory input for the tone to have delayed air puff responses.   
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Figure 46: Response delays after GABA-DART 

Mean ± SE of granule cells with delayed responses to the air puff during coincident tone 

delivery before (left) and after (right) infusing GABA-DART (n = 167). 

 

  Granule cells have been shown to have different responses to excitatory input 

depending on the proportions of tonic and phasic inhibition they receive, which can be 

due to differences in GABA receptor expression (Crowley et al, 2009; Figure 47).  Slice 

recordings from the same study, as well as in vivo recordings of sensory-evoked phasic 

inhibition suggested that phasic inhibition early in stimulus delivery may have a role in 

spike thresholding (Crowley et al, 2009; Duguid et al, 2012), in addition to tonic 

inhibition (Brickley et al, 1996).  My results are consistent with this possibility, indicating 

that phasic inhibition may selectively enforce spike thresholds on granule cells 
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depending on the stimulus that elicits it and connectivity with individual Golgi cells.  

This diversity multiplexed with relative differences in inhibition resulting from 

variability in GABA receptor expression on granule cells has extraordinary potential to 

facilitate separation of input patterns arriving at the granule cell layer. 

 

 

Figure 47: Diversity of inhibition 

Schematic illustrating sources of variation in the inhibition an individual granule cell 

receives.  Granule cells express both synaptic and extrasynaptic GABAA receptors.  

Differences in receptor expression can determine the relative proportion of phasic 

(“transient”) and tonic inhibition a granule cell receives (Crowley et al, 2009). 
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4. Inhibition to granule cells is necessary for expression 
of a learned sensorimotor association 

4.1 Introduction 

Next, I will describe a set of experiments in which I tested whether inhibition to 

granule cells is necessary for execution of a learned behavior.  Pavlovian eyeblink 

conditioning is a simple form of associative learning in which an animal gradually 

learns to blink in anticipation of an aversive air puff (“unconditioned stimulus” or “US”) 

that has been repeatedly paired with a neutral stimulus (“conditioned stimulus” or 

“CS”) (McCormick et al, 1982; McCormick et al, 1984).  Originally studied using rabbits, 

this task has been modified for successful application with mice (Heiney et al, 2014; 

Heiney et al, 2014b).  Delay eyeblink conditioning, in which neutral and aversive cues 

overlap in time (Halverson et al, 2018), is dependent on the cerebellum (McCormick et 

al, 1982; McCormick et al, 1984; Heiney et al, 2014).  Moreover, a narrow region of the 

cerebellum necessary for task performance has been identified in rodents (Heiney et al, 

2014; Steinmetz & Freeman, 2014). 

Classical models proposed that restriction and sparsening of granule cell activity 

is a critical component of information processing in the cerebellum that could enable 

transmission and efficient learning of a vast number of distinct input patterns (Marr, 

1969; Albus, 1971).  To test whether filtering of sensorimotor inputs by inhibition is an 

inherent feature of cerebellar learning, I determined whether intact inhibition is 

necessary for sensory discrimination or execution of a cerebellum-dependent learning 
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task.  First, I conditioned mice using a pure tone as the conditioned stimulus (Figure 42).  

Then, I delivered conditioned stimulus–unconditioned stimulus pairings randomly 

interleaved with unpaired, unlearned pure tones of a different frequency to measure 

tone discrimination in trained mice.  Tone discrimination was tested after infusion of 

saline, non-binding GABA-DART control, or GABA-DART to granule cells expressing 

HaloTagTM in the eye-blink region to assess the importance of inhibition in the granule 

cell layer for task performance.        

 

Figure 48: An aversive air puff conditions mice to blink to a neutral stimulus 

Stimuli are delivered to mice head restrained on a running wheel while high-speed 

video and real-time monitoring of the eyelid capture stimulus responses (left).  Example 

eyelid traces from a mouse that has been conditioned to blink during a neutral tone in 

anticipation of a corneal air puff (right). 

 

 

4.2 Conditioned responses are cerebellum-dependent 

I trained mice to blink to a 5 kHz, 70 dB tone that co-terminated with a 50 ms, 30 

psi air puff.  Over 500 trials mice attained better than average performance (CR 
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probability: 0.603 ± 0.098, CR amplitude: 0.165 ± 0.032, n = 7) and attained maximal 

performance over 1000 trials (CR probability: 0.784 ± 0.040, CR amplitude: 0.317 ± 0.017, 

n = 7; Figure 43).  I evaluated their performance based on the probability of performing a 

conditioned blink (“conditioned response” or “CR”), as well as the amplitude of 

conditioned blinks (Heiney et al, 2014).    

 

Figure 49: Learning curves for wild-type mice 

Mean ± SE for probability (left) and amplitude (right) of conditioned blinks in wild-type 

mice (n = 7). 

 

 

In subset of mice, I delivered fluorescent muscimol (1 mM; BODIPY TMR-X 

muscimol conjugate; Invitrogen), a GABAA agonist, with a cannula above the floor of the 

primary fissure, a region of the cerebellum necessary for eyelid conditioning (Heiney et 

al, 2014; Steinmetz & Freeman, 2014) (Figure 27).  As expected, muscimol abolished 

conditioned responses over time (Figure 44).  Although targeting anterior regions of the 

deep cerebellar nuclei directly with the same concentration of muscimol has been shown 

to be effective within ~3 minutes (Heiney et al, 2014), I targeted the region of the 
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cerebellar cortex approximately 1mm above them.  As such, it took about 12 minutes 

(744 ± 8 s, n = 3) post infusion to completely abolish conditioned responses.   Hull lab 

technician Wenjuan Kong helped perform perfusions, as well as sliced and mounted 

perfused brains in these experiments and others.  

 

Figure 50: Fluorescent muscimol delivered above the eye-blink "hotspot" 

Representative fluorescence images of cerebellar slices (100 µm) taken from a 

conditioned mouse, “M000,” containing a nuclear stain (left) and fluorophore-

conjugated muscimol delivered through a cannula during an experiment (right).  Eye-

blink “hotspot” located at the floor of the primary fissure, “FPF” indicated in red. 

 

 

Figure 51: Muscimol abolished conditioned eye-blink responses 

Representative time course of fractional eyelid closure just prior to air puff from a 

mouse that received a muscimol infusion during an experiment.   Large, frequent 

conditioned blinks eventually dissipated post-infusion (indicated in red). 

FPF 
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Delay eyeblink conditioning experiments performed with rabbits using a neutral 

auditory cue as the conditioned stimulus have confirmed that the cerebellum is 

necessary for the conditioned response (Steinmetz et al, 1987).  However, eyelid 

responses to auditory stimuli in rodents exhibit cerebellum-independent components 

including startle responses (Koekkoek et al, 2005) and learned responses that appear to 

rely on the amygdala (Lee & Kim, 2004).  Disparate components of the eyelid trace are 

dissociable in time (Boele et al, 2010; Figure 46).  Notably, cerebellum-dependent 

responses were readily distinguished in my experiments due to their latencies and 

abolition after infusing muscimol into the cerebellum (Figure 47).   

 

 

Figure 52: Mice exhibit multiple reflexive and learned responses to a tone CS 

Raw eyelid trace from a mouse conditioned using a tone: α startle = small auditory 

startle reflex, SLR = a learned, “short-latency response” that is not dependent on the 

cerebellum, CR = conditioned response, R1 & R2 = unconditioned response peaks.  From 

Boele et al 2010. 



 

99 

 

Figure 53: Averaged consecutive eyelid traces display multiple peaks 

Averaged consecutive eyelid traces (n = 3 traces) from before (black) and after muscimol 

infusion (red).  Cerebellum-dependent, conditioned eye-blink responses are gradually 

abolished after infusion of muscimol, but early learned/reflexive peaks mediated by 

other brain regions remain. 

 

4.3 Conditioned mice distinguish pure tones 

After training mice until task performance reached a plateau (1909 ± 53.75 trials, 

CR probability: 0.8846 ± 0.06, CR amplitude: 0.4859 ± 0.05, n = 4), I delivered 50% of trials 

with unpaired, unlearned tones (CS-) of 1kHz or 10 kHz, matched in intensity to the 

learned tone (70 dB) (Figure 48).  All mice tested were able to discriminate the learned 

tone from both flanking, unlearned tones (CR probability: P = 0.0034 (RM ANOVA), CS+ 
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= 0.7649 ± 0.05, CS- 1 kHz = 0.6235 ± 0.04, P = 0.0023, CS- 10 kHz = 0.4922 ± 0.07, P = 

0.0019, n = 4 (Dunnett’s multiple comparisons), CR amplitude: P = 0.0103 (RM ANOVA), 

CS+ = 0.4198 ± 0.05, CS- 1 kHz = 0.2982 ± 0.02, P = 0.0359, CS- 10 kHz = 0.2795 ± 0.04, P = 

0.0049, n = 4 (Dunnett’s multiple comparisons) (Figure 49).   

 

 

 

Figure 54: Representative responses during tone discrimination task 

All eyelid traces (top, mean in black) and CR amplitude time courses (bottom) from a 

representative experiment in which the conditioned tone (5 kHz) and paired air puff 

were delivered randomly during 50% of trials (middle) and unpaired, unconditioned 

tones of 1 kHz (left) and 10 kHz (right) were each delivered during 25% of trials. 
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Figure 55: Mice distinguish pure tones 

Significant discrimination evident in both probability (left) and amplitude (right) of 

conditioned responses to conditioned stimulus compared to unlearned flanking tones. 

 

4.4 Inhibition necessary for task performance 

To test whether intact inhibition is necessary for sensory discrimination or 

execution of a cerebellum-dependent learning task, I injected either flexed HaloTagTM 

or flexed deactivated HaloTagTM into the cerebellar cortex at the eye-blink “hotspot” 

located at the primary fissure between lobule five and lobule simplex (floor of the 

primary fissure between lobule V and lobule Simplex; injections: bregma, 1.8 mm lateral, 

4 mm depth, 5.6 mm; Figure 50).  Then, I trained injected mice to maximal performance 

and challenged them with 50% paired conditioned stimulus (CS+) trials, using only one 

unpaired, unlearned flanking tone (CS-10 kHz).  At least one week apart with daily 

training in between, I infused saline, nonbinding GABA-DART (1µM), or GABA-DART 

(1µM) 20 minutes before delivering randomly interleaved CS+ and CS- trials.  Mice 

distinguished the CS+ from the CS- after infusion of saline (CR probability: CS+ = 0.8026 



 

102 

± 0.05, CS- = 0.4813 ± 0.05, P = 0.0036, n = 5 (paired t-test); CR amplitude: CS+ = 0.4041 ± 

0.04, CS- = 0.2676 ± 0.04, P = 0.0004, n = 5 (paired t-test) and after infusion of nonbinding 

GABA-DART (CR probability: CS+ = 0.8300 ± 0.05, CS- = 0.5847 ± 0.07, P = 0.0319, n = 5 

(paired t-test); CR amplitude: CS+ = 0.4294 ± 0.03, CS- = 0.3458 ± 0.04, P = 0.0314, n = 5 

(paired t-test).  However, after selectively blocking inhibition to granule cells in the 

eyeblink region with GABA-DART, mice no longer distinguished the learned tone from 

the unlearned tone (CR probability: CS+ = 0.5604 ± 0.05, CS- = 0.4955 ± 0.05, P = 0.1894, n 

= 5; CR amplitude: CS+ = 0.3138 ± 0.03, CS- = 0.2901 ± 0.02, P = 0.2515, n = 5 (paired t-test); 

Figure 51).  Comparing conditioned responses across drug conditions for both tones 

revealed that GABA-DART significantly altered the ability of mice to blink in response 

to the learned tone (CR probability: P = 0.0231 (RM ANOVA), saline = 0.8026 ± 0.05, 

nonbinding GABA-DART = 0.8300 ± 0.05, P = 0.7902, n = 5 (Dunnett’s multiple 

comparisons), GABA-DART = 0.5604 ± 0.05, P = 0.0884, n = 5 (Dunnett’s multiple 

comparisons); CR amplitude: P = 0.0836 (RM ANOVA), saline = 0.4041 ± 0.04, 

nonbinding GABA-DART = 0.4294 ± 0.03, P = 0.5392, n = 5 (Dunnett’s multiple 

comparisons), GABA-DART = 0.3138 ± 0.03, P = 0.2637, n = 5 (Dunnett’s multiple 

comparisons)) and did not change responses to the unlearned tone (CR probability: P = 

0.4311, n = 5 (RM ANOVA); CR amplitude: P = 0.2837, n = 5 (RM ANOVA).  At least one 

day after GABA-DART application, AlexaFluor647-DART (1µM) was infused to ensure 

the was cannula clear and confirm HaloTagTM binding (Figure 50).       
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Figure 56: HaloTagTM bound to DART in the eye-blink "hotspot" 

Representative confocal images of cerebellar slices taken from a mouse expressing 

HaloTagTM (red) in the eye-blink “hotspot” (floor of the primary fissure between lobule 

V and lobule Simplex; injections: bregma, 1.8 mm lateral, 4 mm depth, 5.6 mm) that has 

been infused with AlexaFluor647-DART (cyan).  Error bars = 50 µm. 
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Figure 57: GABA-DART impairs conditioned responses 

Conditioned response probabilities (top) and amplitudes (bottom) for delivery of the 

CS+ and CS- after infusing saline (left), nonbinding GABA-DART (middle), and GABA-

DART (right).  Individual mouse averages indicated with connected open circles.  Mean 

± SE overlaid for each condition. 

 

 

Figure 58: GABA-DART only alters responses to the conditioned tone 

Conditioned response probabilities from delivery of the CS+ (left) and CS- (right) for all 

drug conditions.  Individual mouse averages indicated with connected open circles.   

Mean ± SE overlaid for each condition. 
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4.4 Discussion 

4.4.1 Overview 

Here, I have demonstrated that cerebellum-dependent, Pavlovian eye-blink 

conditioning can be applied to measure auditory discrimination in mice.  Mice trained to 

optimal performance with a neutral pure tone perform more and larger conditioned 

blinks in response to the trained tone than to unlearned pure tones of different 

frequencies.  Furthermore, I have shown that successful execution of the task relies on 

intact inhibition to granule cells in the eyeblink region of the cerebellar cortex. 

These results differ from those of similar experiments in which lesions to the 

cerebellar cortex of rabbits conditioned with auditory cues had altered response timing 

but otherwise maintained conditioned responses (Perrett et al, 1993).  That study 

provided exciting evidence that eye-blink conditioning may require plasticity at 

multiple sites in the cerebellum.  In our experiments, conditioned responses to the 

learned tone were smaller and less frequent after blocking inhibition to granule cells 

selectively in the eye-blink region of the cerebellar cortex.  The difference in outcomes 

may be due to differences in approach.  Whereas lesions to the cortex destroy entire 

regions of circuitry, our manipulation was relatively non-invasive, requiring delivery of 

a small amount of drug above the region of cortex that mediates eye-blink responses to 

modulate granule cell activity.  As such, my experiments reflect differences in signal 

transmission at the granule cell layer and not gross disruption of cortical activity.    
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4.4.2 Tone discrimination 

In delay eye-blink conditioning, a sensory signal representing the conditioned 

stimulus enters the cerebellar cortex via mossy fibers and is transmitted to Purkinje cells 

through the parallel fibers of granule cells (Steinmetz et al, 1986; Steinmetz et al, 1987; 

Tracy et al, 1998).  The timing of convergence of this signal and that of the 

unconditioned stimulus arriving from a climbing fiber on the Purkinje cell is believed to 

induce plasticity necessary for the conditioned response (Mauk et al, 1986; Ruigrok & 

Voogd, 2000).  As such, the conditioned stimulus used here was transmitted from the 

mossy fibers into the granule cell layer.  Within the granule cell layer, excitation and 

inhibition shape sensory stimulus representations, as demonstrated in the previous two 

chapters, and thus form the ensemble of granule cells that relays the sensory signal 

needing to be associated with the co-terminating unconditioned stimulus.  Given that 

representations of the tones used here, 1, 5, and 10 kHz were largely non-overlapping in 

my imaging experiments (Chapter 3), it may be inferred that mice have significantly 

fewer and smaller conditioned responses to unlearned tones because those tones are 

transmitted through different ensembles of granule cells and synapses that have not 

undergone plasticity on Purkinje cell dendrites. 
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4.4.3 Expression of a sensorimotor association 

One might expect that blocking inhibition to granule cells in the eye-blink region 

of the cortex would change which and how many cells are activated during learned and 

unlearned tones, resulting in a failure to distinguish the two.  This outcome is consistent 

with my results to the extent that conditioned responses to the learned and unlearned 

tone are no longer different after infusing GABA-DART.  However, if this change was 

due to the mice no longer being able to discriminate the learned tone from the unlearned 

tone, there would likely be an increase in conditioned responses to the unlearned tone, 

as well as a decrease in conditioned responses to the learned tone.  Such a failure to 

discriminate sensory cues may seem logical if representations of the tones were more 

similar, containing more overlapping responses after inhibition is blocked.  As noted in 

Chapter 3, this is not the case.  Tone frequency responses remain sharply tuned after 

GABA-DART application (Figure 31), suggesting that many of the same granule cells 

that previously transmitted the trained tone should still be active and there remain few, 

if any, cells that transmit the untrained tone after inhibition is blocked. 

Instead, why conditioned responses are impaired after GABA-DART may be 

better understood by separately comparing responses to the learned and unlearned 

tones across drug conditions.  Rather than failing to discriminate between the tones, it 

appears that the mice either fail to detect or respond correctly to the learned tone (Figure 

30).  While blocking inhibition greatly increases the number of cells that respond to a 
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pure tone (Chapter 2), it most likely increases the number of cells that respond to all 

mossy fiber inputs, as granule cell excitability has been shown to regulate how many of 

its inputs are required to reach spike threshold (Chadderton et al, 2004).  Granule cells 

that only respond to the tone with inhibition blocked would not have been active during 

conditioning, and so have not undergone plasticity to elicit a conditioned response.  

Furthermore, dynamic clamp experiments have demonstrated that blocking inhibition to 

granule cells significantly reduces the signal-to-noise ratio (Duguid et al, 2012).  Thus, 

mice may fail to respond correctly to the learned tone due to Purkinje cells being 

bombarded with non-specific signals that counteract those that have undergone 

plasticity.  Experiments measuring Purkinje cell responses with electrophysiology 

and/or voltage indicators in Purkinje cell dendrites during the manipulations used here 

would help clarify how blocking inhibition changes Purkinje cell activity.  However, my 

experiments indicate that sparsening of granule cell activity by local synaptic inhibition 

can indeed shape granule cell codes used for associative learning.  Although it is 

possible that a new, larger granule cell ensemble representing the conditioned stimulus 

while inhibition to granule cells is blocked could be associated with the aversive air puff 

to generate conditioned responses, these data suggest that the cerebellar cortex 

recognizes and learns sparse sensorimotor representations, as predicted by classical 

models (Marr, 1969; Albus, 1971). 
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4.5 Methods 

4.5.1 Surgical procedures 

For eyelid conditioning experiments, adult mice (P50–60) were given 0.3 mm 

diameter craniotomies at approximately 1.8 mm lateral and 5.85 mm posterior to 

bregma.  Three equidistant 80 nl injections of either AAV7m8-CAGflex-HaloTagTM-2a-

tdTomato (1 × 1012) or AAV7m8-CAGflex-ddHaloTagTM-2a-tdTomato (1 × 1012) were 

performed at a rate of 30 nl/min and a depth of 4.0 mm.  Mice receiving saline and drug 

infusions were implanted with a plastic cannula (Plastics One; C315GS/PK length 3.0 

mm) over the injection site that was secured with Metabond.  A subset of wild type mice 

(n = 3) received cannulas but no virus injection at the same location.  Mice were given 8 

weeks to allow viral expression, including a minimum of 2 weeks for recovery before 

habituation to head restraints and training. 

 

4.5.2 Infusions 

Saline and drugs were infused into awake, head-fixed mice using an automated 

pump (WPI UMP3), a Hamilton syringe (10 µl Gastight model 1701 RN) and a plastic 

internal cannula (Plastics One, C315IS) threaded into the guide cannula.  All infusions 

had a total volume of 1 µl delivered at a rate of 1 µl/min.  In a subset of eyelid 

conditioning experiments, fluorescent muscimol (1 mM; BODIPY TMR-X muscimol 

conjugate; Invitrogen) was infused in wild type mice, followed by a 3-min rest period.  
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For all behavior experiments, ACSF only or either 1 µM non-binding GABA-DART 

(Tadross lab) or 1 µM GABA-DART (Tadross lab) dissolved in sterile ACSF was infused, 

followed by a 20-min rest.  Infusions were delivered at least 1 d apart for each animal.  

At least one day after GABA-DART administration, 1 µM Alexa647-DART (Tadross lab) 

was dissolved in sterile ACSF and infused, followed by a 1 h rest and perfusion. 

 

4.5.3 Behavior 

Prior to training, all mice were habituated to head restraint on the same wheel 

used for training for 30–60 min/day until they calmly entered head restraints and 

walked comfortably on the wheel (5–10 d).  The training rig was built to emulate those 

used by Heiney et al. (2014).  Stimulus delivery and frame acquisition for video 

monitoring were triggered with an Arduino Uno microcontroller board (Arduino) 

controlled with modified Arduino and Matlab code written for Neuroblinks software 

(Medina lab).  

4.5.4 Analysis 

Behavioral data were analyzed using modified Matlab code written for 

Neuroblinks software (Medina lab).  Briefly, fraction of eyelid closure was calculated for 

each video frame by generating a binary image of a region of interest surrounding the 

eye, thresholded to provide maximal discriminability for each experiment, then 

summing pixel counts for each frame. 
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5. Serotonergic modulation of inhibition shapes granule 
cell activity 

5.1 Introduction 

I have demonstrated that local synaptic inhibition shapes granule cell ensembles 

encoding sensory inputs and used for associative learning.  But what shapes inhibition?  

Due to the central role of Golgi cells in controlling granule cell excitability, modulation 

of Golgi cell activity could represent a key mechanism for generating the types of 

flexible, context-dependent responses that have been observed in the granule cell layer 

during behavior (Albergaria et al, 2018; Courtemanche et al, 2009; Ozden et al, 2012). 

Neuromodulatory inputs to the granule cell layer are well-suited to assert such 

context-dependent regulation of Golgi cells and cerebellar processing.  Specifically, the 

cerebellum receives significant serotonergic projections from the reticular and raphe 

nuclei (Bishop and Ho, 1985; Dieudonné, 2001) that are particularly dense in the granule 

cell layer (Takeuchi et al, 1983).  Moreover, serotonin (5-HT) receptors have been 

reported to be expressed on both Golgi cells and granule cells, although the latter 

appears to be restricted to early stages of cerebellar development (Geurts et al, 2002; 

Oostland et al, 2014; Figure 54).  Because 5-HT activation in other brain regions has been 

associated with flexible reconfiguration and reversal of learned associations (Clarke et 

al, 2004; Matias et al, 2017), these anatomical observations suggest that cerebellar 5-HT 

inputs could provide a key mechanism for modulating learning and cerebellar 

sensorimotor integration. 
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Figure 59: Schematic of 5-HT receptors and inputs in the cerebellar cortex 

The cerebellum receives serotonergic inputs, and 5-HT receptors are present on multiple 

cell types in the cerebellar cortex.  From Oostland & van Hooft, 2013. 

 

In this chapter, I demonstrate that 5-hydroxytryptamine (5-HT, serotonin) 

depolarizes Golgi cells, likely through activation of the 5-HT2A receptor, but does not 

act directly on either granule cells or mossy fibers in young adult rats. As a result,  5-HT 

significantly increases tonic inhibition onto both granule cells and Golgi cells. 

Additionally, although 5-HT produces a net depolarization of Golgi cells that elevates 

their firing, it does not significantly alter the probability or timing of Golgi cell inhibition 

onto granule cells.  Together, increased tonic inhibition with normal feed-forward 

inhibition acts to reduce mossy fiber-driven spike probability in granule cells without 

degrading spike timing.  These data provide a circuit mechanism by which 5-HT can 

regulate the reliability of granule cell firing to modify sensorimotor representations. 
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Such changes in network integration could underlie the types of context-dependent 

gating of sensorimotor input that have been observed in the cerebellum and enable 

flexible suppression of inputs that should either not be learned or should be unlearned. 

 

5.2 Serotonin does not alter evoked excitation to granule cells 

To test whether 5-HT acts presynaptically to modulate excitatory input from 

mossy fibers entering the granule cell layer or postsynaptically to modulate either of the 

two principal cell types of the granule cell layer, we performed whole cell recordings 

from granule cells and Golgi cells in acute cerebellar slices.  First, to determine whether 

5-HT can alter granule cell excitability by modulating evoked excitation from mossy 

fibers, we recorded EPSCs in granule cells while stimulating the white matter, before 

and after applying 5-HT (Figure 55).  These experiments revealed no significant effect of 

5-HT on evoked EPSC amplitude (control = 55.8 ± 12.3 pA, 5-HT = 50.3 ± 12.7 pA, P = 

0.75), potency (control = 60.2 ± 12.4 pA, 5-HT = 55.6 ± 13.2 pA, P = 0.79), failure rate 

(control = 0.15 ± 0.1 pA, 5-HT = 0.20 ± 0.1, P = 0.64), or paired-pulse ratio (control = 0.97 ± 

0.05 pA, 5-HT = 0.99 ± 0.08, P = 0.84, n = 10). 
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Figure 60: 5-HT does not alter evoked excitation 

Schematic of the voltage-clamp recording configuration (top left).  Excitatory 

postsynaptic currents from an example granule cell before and apply application of 5-

HT NBQX (top right).  Summary of paired-pulse ratio (PPR), failure rate, mean 

amplitude, and potency for individual granule cells (connected open circles; bottom). 

Overall mean ± SE are overlaid.  n.s. = statistically nonsignificant.   

From Fleming & Hull 2019. 

 

5.3 Serotonin does not alter granule cell membrane potential 

Next, to test whether 5-HT acts directly on granule cells to modulate their 

excitability, we performed current-clamp recordings in the presence of synaptic 

transmission blockers (NBQX 5 µM, R-CPP 5 µM, SR95531 5 µM) (Figure 56).  Following 

5-HT (10 µM) bath application, we observed no change in the Vm of recorded granule 

cells (control = –75.1 ± 3.0 mV, 5-HT = –75.4 ± 2.7mV, P = 0.7435, n = 11) and no difference 

in evoked spiking in response to current injection (input/output slope: control = 0.302 ± 
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0.024 mV; 5-HT = 0.301  ± 0.031 mV, P = 0.86).  These data suggest that 5-HT does not act 

on either excitatory glutamatergic mossy fiber inputs or granule cells at the input stage 

of cerebellar processing. 

 

 

Figure 61: 5-HT does not alter granule cell membrane potential 

Schematic of current clamp recording configuration (top left).  Mean ± SE of 

granule cell membrane potential (Vm) before and after 5-HT application in the presence 

of synaptic blockers (top right).  Whole cell current clamp recordings from two example 

granule cells given a series of 2 pA steps in the presence of synaptic blockers (bottom 

left).  Mean ± SE relationship between firing rate and current steps (2 pA steps) for 

granule cells with synaptic blockers only (open circles) or synaptic blockers and 5-HT.  

From Fleming & Hull 2019. 
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5.4 Serotonin directly enhances Golgi cell activity 

5.4.1 Serotonin depolarizes Golgi cells 

Next, we tested whether 5-HT can directly modulate the excitability of Golgi 

cells, the interneurons responsible for all inhibition of cerebellar granule cells.  These 

experiments revealed that 5-HT produced a robust increase in Golgi cell firing rates in 

the presence of synaptic transmission blockers (Figure 57; 156.2 ± 54.0% mean increase, 

control = 4.0 ± 0.9 Hz, 5-HT = 7.6 ± 1.1 Hz, P = 0.046, Kolmogorov-Smirnov test, n = 10). 

This increase was followed by a slower return toward baseline despite the continued 

presence of 5-HT, consistent with the well-documented desensitization of 5-HT 

receptors (Hanley and Hensler, 2002).  Because immunohistochemistry has suggested 

that 5-HT2A receptors may be expressed by Golgi cells (Geurts et al, 2002), we next 

tested the possibility that these effects on firing rate were mediated by 5-HT2A receptors 

using the selective antagonist MDL 100907 (500 nM) (Kehne et al, 1996; Sorensen et al, 

1993).  Based on our finding that 5-HT-induced firing rate increases can begin returning 

toward baseline within a few minutes, we conducted these experiments by applying 5-

HT in the presence of MDL 100907.  In support of the hypothesis that 5-HT2A receptor 

activation likely mediates spike rate increases, we observed no significant change in 

Golgi cell firing rates in the presence of MDL 100907 (change in (Δ) spike rate = 0.8 ± 1.0 

Hz, n = 4, P = 0.1061).  We did, however, observe that Golgi cells were more 

hyperpolarized in the presence of MDL as compared with control conditions, suggesting 
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a resting serotonergic tone in the slice (Vm control = –54.8 ± 0.8 mV; Vm MDL:  –59.1 ± 

1.8 mV; P = 0.0328). 

5-HT2A receptor activation has been reported to modulate neuronal excitability 

by several mechanisms, including directly depolarizing the membrane either by opening 

a depolarizing conductance (Hannon and Hoyer, 2008) or attenuating resting potassium 

conductance (Villalobos et al, 2005).  Thus, we first tested whether 5-HT modulates the 

resting Vm of Golgi cells by recording in current-clamp in the presence of the voltage-

activated sodium channel blocker TTX (1 µM).  In these recordings, 5-HT produced a 

significant depolarization of the Golgi cell membrane (Figure 35; 7.6 ± 2.4 mV 

depolarization, control = –55.1 ± 0.7 mV, 5-HT = –47.6 ± 2.9 mV, P = 0.024, n = 7).  This 

depolarization was absent when 5-HT was applied in the presence of MDL 100907 (1.1 ± 

1.9 mV hyperpolarization, MDL = –58.0 ± 3.8 mV, +5-HT = –59.1 ± 1.9 mV, P = 0.6063, n = 

4).  Consistent with the hypothesis that this membrane depolarization is mediated by a 

reduction in resting potassium conductance rather than activation of a depolarizing 

conductance, we measured an increase in membrane resistance following 5-HT 

application that did not occur in the presence of MDL (312.9 ± 225.6 MΩ increase, control 

= 360.6 ± 60.3 MΩ, 5-HT = 679.7 ± 274.6 MΩ, P = 0.0411, n = 6; MDL: control = 588.8 ± 

106.9 MΩ, 5-HT = 590.5 ± 86.4 MΩ, P = 0.9480, n = 5). 
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Figure 62: 5-HT enhances Golgi cell excitability 

Schematic of the recording configuration (top left).  Example traces from two 

individual whole cell, current-clamp recordings from Golgi cells before and during bath 

application of 5-HT, with and without the 5-HT2A receptor-specific antagonist MDL 

100907 (top left, center).  Synaptic blockers present in all recordings.  Mean ± SE of 

normalized spike rates across time in control (open circles, Golgi cells treated with 5-HT, 

no MDL present) and in MDL (gray circles, Golgi cells treated with 5-HT, MDL present 

(top right, center).  Mean ± SE of normalized spike rates during peak 5-HT response 

window in control and in MDL (top right).  Mean ± SE of membrane potential (Vm) over 

time with 5-HT added to control (open circles) and MDL (gray circles; bottom left).  

Mean ± SE Vm values during control, 5-HT, MDL, and MDL + 5-HT. Vm values in 5-HT 

were measured at the time of peak 5-HT modulation, and all experiments were 

performed in TTX.  n.s. = statistically nonsignificant (bottom center).  Mean ± SE 

normalized change in conductance during 5-HT application in control (open circles) and 

MDL (gray circles) as measured by a 5 mV test pulse (bottom right).  *P < 0.05.   

From Fleming & Hull, 2019. 

 

 

5.4.2 Depolarization not due to hyperpolarization induced FRP 

Previous work has demonstrated that Golgi cell spike rate can also be modulated 

by a plasticity mechanism termed firing rate potentiation (FRP) (Hull et al, 2013).  This 
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FRP plasticity mechanism involves a kinase-dependent, bidirectional regulation of large 

conductance-type potassium channels participating in the action potential AHP (Hull et 

al, 2013).  Specifically, CaMKII activation is thought to increase BK channel open 

probability, enhancing AHPs and decreasing spike rates, whereas PKC is thought to 

decrease BK channel open probability, leading to smaller AHPs and elevated spiking 

(van Welie and du Lac, 2011).  Because 5-HT2A receptors act via a Gq-coupled pathway 

to increase PLC, it is possible that they can also engage this same FRP plasticity 

mechanism by activating PKC to modulate BK channels and enhance Golgi cell spike 

rates.  To test whether 5-HT can engage FRP in addition to depolarizing Golgi cells, we 

measured the effect of 5-HT on Golgi cell AHPs in control conditions and after inducing 

FRP (Figure 58).  The rationale for this approach is that if 5-HT acts in part through an 

FRP mechanism to modulate BK channels, it should have a smaller effect on AHPs after 

FRP has already been maximally engaged.  Hence, we began by measuring the effects of 

5-HT on Golgi cell AHPs in control conditions from a subset of our experiments where 

there was no change in the amplitude of action potentials across the duration of the 

experiment.  Consistent with previous data showing a small change in the AHP in 

response to depolarization (Hull et al, 2013), we measured a 1.4 ± 0.2 mV change in the 

AHP following 5-HT application.  Next, we compared the change in the Golgi cell AHP 

induced by a depolarization protocol previously established to produce maximal FRP 

with the change in the AHP when 5-HT was applied after maximal FRP.  Consistent 
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with previous results, FRP induction produced a significant change in the AHP (Δ = 2.4 

± 0.8 mV, control = 13.6 ± 1.9 mV, FRP = 11.0 ± 1.5 mV, P = 0.0199, n = 4).  After maximal 

FRP induction, 5-HT produced an additional reduction in the AHP that was not 

different from the AHP change induced by 5-HT in control conditions (5-HT only = 1.6 ± 

0.06 mV, 5-HT with FRP = 1.2 ± 0.2 mV, P = 0.1701, n = 4).  Because 5-HT produces the 

same change in the AHP in control and after FRP induction, we conclude that 5-HT does 

not act through the previously described FRP mechanism to modulate Golgi cell spike 

rates. 
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Figure 63: 5-HT does not act through hyperpolarization-induced FRP 

Averaged Golgi cell action potential (AP) waveforms in control and after 5-HT 

application in the subset of cells with stable AP height.  Inset shows expanded view of 

the afterhyperpolarization (AHP) (top left).  Subtraction between conditions (bottom 

left).  Synaptic blockers included in all recordings.  Example Golgi cell recording 

showing APs from an experiment where a hyperpolarizing step (−50 pA, 3 min) was 

applied to induce firing rate potentiation before 5-HT application (top center).  Mean ± 

SE normalized firing rate across experiments (bottom center).  Averaged AP waveforms 

for each condition (top right).  Inset shows expanded view of the AHP. Subtractions of 

AP waveforms between subsequent conditions (bottom right).  ΔVm = change in 

membrane potential.  From Fleming & Hull, 2019. 

 

 

5.5 Serotonin increases tonic inhibition 

5.5.1 Serotonin increases tonic inhibition to granule cells 

The primary role of Golgi cells is to provide synaptic inhibition to granule cells at 

the input layer of cerebellar processing.  Specifically, GABA release from Golgi cells 

mediates both tonic and phasic synaptic inhibition of granule cells via distinct types of 

GABAA receptors (Kaneda et al, 1995; Puia et al, 1994).  To test how 5-HT-mediated 
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changes in Golgi cell firing alters each type of granule cell inhibition, we next performed 

voltage-clamp recordings from granule cells in the absence of synaptic transmission 

blockers.  After 5-HT bath application, the frequency of sIPSCs was significantly 

increased in recorded granule cells (Figure 37; 374.1 ± 148.4% mean increase, control = 

2.8 ± 0.9 Hz, 5-HT = 9.6 ± 4.0 Hz, P = 0.016, Wilcoxon matched-pairs signed rank test, n = 

13), with no associated change in sIPSC amplitude (control = 5.9 ± 0.6 pA, 5-HT = 5.7 ± 

0.6 pA, P = 0.67, n = 13).  In addition, we measured a significant increase in the tonic 

holding current that reflects GABAergic inhibition via non-desensitizing GABAA 

receptors (Brickley et al, 1996; Kaneda et al, 1995; Rossi and Hamann, 1998; Wall and 

Usowicz, 1997) (83.0 ± 29.1%, control = 8.3 ± 1.3 pA, 5-HT = 13.3 ± 1.8 pA, P = 0.02, n = 9). 

These large increases in both IPSC frequency and holding current did not occur when 5-

HT was applied in the presence of SR5531 (–2.6 ± 0.1% holding current decrease, 

SR95531 holding current = 12.5 ± 2.4 pA; SR95531 + 5-HT holding current = 12.0 ± 2.6 pA, 

P = 0.6308, n = 8; no sIPSCs detected in SR95531), or when 5-HT was applied in the 

presence of MDL 100907 (17.9 ± 26.2% mean sIPSC rate increase, control = 23.7 ± 7.7 Hz, 

5-HT = 32.9 ± 16.6 Hz, P = 0.39, n = 5; 21.2 ± 18.8% mean holding current increase, control 

= 19.6 ± 4.6 pA, 5-HT = 22.3 ± 4.3 pA, P = 0.67, n = 7, respectively).  These data suggest 

that the 5-HT-mediated increases in Golgi cell firing rate can significantly elevate 

granule cell tonic inhibition. 
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Figure 64: 5-HT increases tonic inhibition to granule cells 

Schematic of the recording configuration (top left).  Example whole cell, voltage-clamp 

recordings from 3 granule cells held at the reversal potential for excitation (0 mV) before 

and during bath application of 5-HT (left), with and without the 5-HT2A receptor 

antagonist MDL 100907 (middle) or SR95531 (right) (top right).  Mean ± SE normalized 

spontaneous inhibitory postsynaptic current (sIPSCs) frequency across time in control 

(open circles 5-HT, but no MDL or gabazine present) and MDL (gray circles 5-HT and 

MDL present, middle left).  Mean ± SE sIPSC frequency quantified at the time of peak 5-

HT effect for individual granule cells (closed circles, 5-HT and gabazine, middle right). 

Mean ± SE normalized holding current across time in control (open circles) and MDL 

(gray circles, bottom left).  Mean ± SE holding current quantified at the time of peak 5-

HT effect for individual granule cells (right). Solid black lines are mean and SE. n.s.  

= statistically nonsignificant; *P < 0.05.  From Fleming & Hull, 2019. 
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5.5.2 Serotonin increases tonic inhibition to Golgi cells 

Golgi cells also make inhibitory synaptic connections onto neighboring Golgi 

cells (Hull and Regehr, 2012); therefore, 5-HT should also increase inhibition onto Golgi 

cells.  Such a circuit configuration could serve as a form of negative feedback to restrict 

the magnitude of granule cell inhibition.  To test this hypothesis, we next measured how 

5-HT modulates synaptic inhibition onto Golgi cells by performing voltage-clamp 

recordings without blocking synaptic transmission.  In these experiments, 5-HT 

significantly elevated Golgi cell sIPSC frequency (Figure 59; 433.9 ± 75.9% mean increase, 

control = 3.4 ± 0.5, 5-HT = 17.1 ± 1.5 Hz, P = 0.0008, n = 5) consistent with a previous 

report that had attributed such effects to inputs from Lugaro cells (Dieudonné and 

Dumoulin, 2000).  To test the hypothesis that this increase in Golgi cell inhibition serves 

to regulate the magnitude of 5-HT-induced changes in Golgi cell spontaneous spiking 

(and hence granule cell spontaneous inhibition), we next performed current-clamp 

recordings in the absence of synaptic blockers.  These experiments revealed that Golgi 

cell spike rates increased in the presence of 5-HT (79.2 ± 30.5% mean increase, control = 

6.2 ± 0.9, 5-HT = 10.8 ± 1.6 Hz, P = 0.081, n = 3), but to a much smaller degree than when 

synaptic transmission was blocked (156.2 ± 54.0% mean increase, control = 4.0 ± 0.9, 5-HT 

= 7.6 ± 1.1 Hz, P = 0.046, n = 10).  We conclude that the increase in granule cell layer 

inhibition mediated by 5-HT is restricted by a negative feedback mechanism regulated at 
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least in part by Golgi cell-to-Golgi cell synapses, and possibly also by additional 5-HT-

induced input from Lugaro cells. 

 

Figure 65: 5-HT increases tonic inhibition to Golgi cells 

Schematic of the recording configuration (top left).  Example Golgi cell voltage-clamp 

recording (0 mV) of sIPSCs before and after 5-HT application (top right).  Mean ± SE 

sIPSC frequency before and during application of 5-HT (middle left).  Mean ± SE sIPSC 

rates measured at baseline and peak response for individual Golgi cells (middle right).  

Solid lines reflect mean and SE.  Mean ± SE Golgi cell spike rate with (open circles) and 

without (closed circles,) synaptic transmission blockers (bottom left).  Mean ± SE spike 

rates measured at baseline and peak response for individual Golgi cells (bottom right). 

Solid lines reflect mean and SE. n.s. = statistically nonsignificant; aCSF = artificial 

cerebrospinal fluid; ***P < 0.001.  From Fleming & Hull, 2019. 
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5.5.3 Serotonin does not change evoked inhibition to granule cells 

In addition to regulating tonic inhibition of granule cells, Golgi cells provide 

evoked feed-forward and feedback inhibition to granule cells in a manner that is 

thought to be important for regulating spike timing (Kanichay and Silver, 2008).  Thus, 

we next tested whether 5-HT acts to regulate evoked (phasic) granule cell inhibition by 

performing voltage-clamp recordings from granule cells while electrically stimulating 

mossy fibers (Figure 60).  These experiments revealed no statistical differences in the 

amplitude (stim 1: control = 19.2 ± 1.7 pA, 5-HT = 17.7 ± 1.9 pA, P = 0.93; stim 2: control = 

22.1 ± 2.1 pA, 5-HT = 17.7 ± 1.6 pA, P = 0.48) or latency (stim 1: control = 3.3 ± 0.3 ms, 5-

HT = 3.3 ± 0.2 ms, P = 0.66; stim 2: control = 4.0 ± 0.4 ms, 5-HT = 5.0 ± 0.8 ms, P = 0.10, n = 

18) of eIPSCs before and after applying 5-HT.  Additionally, the failure rate (stim 1: 

control = 0.7 ± 0.0, 5-HT = 0.8 ± 0.0, P = 0.30; stim 2: control = 0.8 ± 0.0, 5-HT = 0.8 ± 0.0, P = 

0.64) and paired-pulse ratio (control = 1.2 ± 0.1, 5-HT = 1.1 ± 0.1, P = 0.37, n = 18) of 

eIPSCs were not statistically different before and after applying 5-HT.  These data 

suggest that, while the depolarization evoked by 5-HT is sufficient to increase 

spontaneous Golgi cell spiking, it is not sufficient to alter the probability or timing of 

Golgi cell spiking in response to incoming mossy fiber input.  Hence, these data reveal 

that 5-HT acts to regulate spontaneous, tonic granule cell inhibition without significantly 

altering evoked inhibition. 
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Figure 66: 5-HT does not change evoked inhibition 

Schematic of the recording configuration (top left).  Mean evoked inhibitory 

postsynaptic currents (eIPSCs) from an example granule cell held at 0 mV in response to 

electrical stimulation of the mossy fibers (top right).  Mean ± SE eIPSC amplitude, 

latency, paired-pulse ratio (PPR), and failure rate measured from individual granule 

cells.  Solid lines reflect mean and SE.  n.s. = statistically nonsignificant.   

From Fleming & Hull, 2019. 

 

 

5.6 Serotonin reduces granule cell evoked spike probability 

Tonic inhibition from Golgi cells regulates granule cell responses to excitatory 

inputs (Mitchell and Silver, 2003), such as those initiated by sensory stimuli (Duguid et 

al, 2012; Chapters 2 & 3).  Because 5-HT enhances tonic inhibition onto granule cells, we 
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hypothesized that 5-HT may act to selectively reduce efficacy of granule cell responses 

to mossy fiber input.  To test this hypothesis, my adviser, Court Hull, performed cell-

attached recordings of granule cells while delivering brief bursts of high-frequency 

stimuli to the mossy fibers to simulate physiological, sensory-evoked cerebellar input 

(Chadderton et al, 2004) (Figure 61).  In most recordings (4 of 6), we observed a marked 

decrease in the probability of granule cell spiking in the presence of 5-HT (stim 1: control 

= 0.031 ± 0.019, 5-HT = 0.0 ± 0.0, P = 0.10; stim 2: control = 0.075 ± 0.040, 5-HT = 0.038 ± 

0.030, P = 0.03; stim 3: control = 0.144 ± 0.019, 5-HT = 0.113 ± 0.022, P = 0.02, n = 4), that 

quickly recovered above control after application of MDL 100907.  The increase in 

spiking above control levels in MDL is consistent with the finding of a resting 

serotonergic tone in the slice (Figure 36).  There was no change in spiking in the 

remaining 2 cells (not shown; stim 1: control = 0.038 ± 0.12, 5-HT = 0.038 ± 0.12, P = 0.5; 

stim 2: control = 0.075 ± 0.050, 5-HT = 0.075 ± 0.075, P = 0.99; stim 3: control = 0.062 ± 

0.062, 5-HT = 0.037 ± 0.037, P = 0.5, n = 2).  This result is consistent with the finding that 

5-HT did not increase tonic inhibition onto all granule cells (Figure 38).  In contrast with 

spike probability, however, granule cell spike timing was not altered by 5-HT 

application (control = 4.0 ± 1.2 ms, 5-HT = 4.5 ± 1.2 ms, P = 0.88; stim 3: control = 4.3 ± 0.60 

ms, 5-HT = 4.6 ± 0.60 ms, P = 0.88; n = 4), which agrees with our observations that 5-HT 

does not alter evoked feed-forward inhibition onto granule cells.  These data reveal that 
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5-HT can act to selectively reduce reliability of granule cell spiking in response to mossy 

fiber input in a manner that does not alter the timing of granule cell spiking. 

 

Figure 67: 5-HT reduces granule cell evoked spike probability 

Schematic of the recording configuration (top left).  Example traces from a cell-attached 

granule cell recording during electrical stimulation of mossy fibers and sequential bath 

application of 5-HT, MDL 100907, gabazine, and NBQX (top center).  Spike raster from 

the same example cell (top right).  Mean spike probability for granule cells across 

conditions (bottom left).  Mean ± SE spike number (left), first spike latency (middle), and 

spike jitter (right) (bottom right).  n.s. = statistically nonsignificant; *P < 0.05, **P < 0.01, 

***P < 0.001.  From Fleming & Hull, 2019. 

 

 

5.7 Discussion 

5.7.1 Overview 

Here, we demonstrate a circuit mechanism by which 5-HT regulates granule cell 

layer excitability by modulating the activity of cerebellar Golgi cells.  By providing a 

modest depolarization of the Golgi cell membrane that is likely mediated by 5-HT2A 
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receptors, 5-HT acts to selectively modulate the spontaneous spiking of these 

interneurons without altering their evoked responses to incoming mossy fiber input.  As 

a result, 5-HT acts indirectly to decrease granule cell excitability within a range capable 

of lowering the probability of granule cell spiking in response to mossy fiber input. 

However, because 5-HT does not alter evoked inhibition onto granule cells, granule cell 

spike timing is preserved. 

 

5.7.2 Depolarization mechanism 

Mechanistically, we find that 5-HT acts to increase inhibition onto both Golgi 

cells and granule cells by rapidly depolarizing Golgi cells in a cell-autonomous manner, 

likely through 5-HT2A receptor activation.  Although the concentration of MDL 100907 

we used does not preclude some contribution from other 5-HT receptors, the IC50 for 

the next closest 5-HTR has been reported to be 700 nM (5-HT2C) and all other 5-HT 

receptors have IC50s for MDL that are significantly higher than this (Kehne et al, 1996). 

Thus, because MDL completely occluded the effects of 5-HT on Golgi cells, it is most 

likely 5-HT2A receptors that are responsible for Golgi cell depolarization.  Our results 

are also consistent with a previous anatomical study that identified 5-HT2A receptors on 

Golgi cells using histochemical methods (Geurts et al, 2002).   

It has been suggested that 5-HT2A receptors produce neuronal depolarization 

and increased firing rates via multiple Gq protein-dependent mechanisms, including 
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opening of non-specific cation channels (Hannon and Hoyer, 2008) and reducing spike 

AHPs by decreasing calcium-activated potassium conductances (Villalobos et al, 2005).  

However, our results are not consistent with either of these mechanisms, as 5-HT acts to 

decrease the Golgi cell mem brane conductance and does not alter the spike AHP more 

than would be predicted by the increased spike rate induced by membrane 

depolarization (Hull and Regehr, 2012).  Although hyperpolarization of Golgi cells 

drives a long-term increase in firing rate that results from modification of calcium-

activated potassium currents underlying the spike AHP (Hull et al, 2013), our results 

suggest that the increase in firing rate seen in the presence of 5-HT does not interact with 

this mechanism.   

Instead, the increase in membrane resistance we observe is consistent with 

reports that 5-HT2A receptors can reduce resting potassium conductances.  In particular, 

these receptors have been shown to reduce an inward-rectifying potassium conductance 

in cortical fast spiking interneurons, thus depolarizing the Vm at rest (Athilingam et al, 

2017).  5-HT2A receptors have also been shown to depolarize feed-forward interneurons 

in the auditory system by reducing a resting potassium conductance (Tang and Trussell, 

2017).  Golgi cells are similar to cortical fast-spiking interneurons in that they fire narrow 

action potentials that can achieve high spike rates; are gap junctionally coupled within 

their population; make a dense, highly divergent axon plexus to release GABA near the 

soma of their postsynaptic targets; and provide feed-forward inhibition to their targets.  
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Thus, our data may support the general rule that has been demonstrated in the 

neocortex and elsewhere: FS-like interneurons commonly express 5-HT2A receptors 

(Jakab and Goldman-Rakic, 1998; Kruglikov and Rudy, 2008).   

Notably, our results differ from an earlier study that suggested no direct effect of 

5-HT on Golgi cells in acute slices from the rat cerebellum (Dieudonné and Dumoulin, 

2000).  Although it is unclear why this study did not reveal any effect of 5-HT on Golgi 

cell spiking, we note that both studies identified increases in synaptic inhibition onto 

Golgi cells in response to 5-HT.  Our results are, however, consistent with the circuit 

arrangement predicted from the more recent finding that Golgi cells can inhibit one 

another (Hull et al., 2013).  Moreover, our finding that 5-HT reliably increases inhibition 

onto granule cells is consistent with the depolarizing effect of 5-HT on Golgi cells, as 

these are the only interneurons in the cerebellar cortex known to inhibit granule cells.  In 

addition, our results are not in conflict with the previously demonstrated result that 5-

HT can depolarize Lugaro cells (Dieudonné and Dumoulin, 2000).  Although a 

physiological connection from Lugaro cells to Golgi cells remains to be demonstrated, 

inhibition from Lugaro cells in the presence of 5-HT could also contribute to the 

increases in Golgi cell spontaneous inhibition we observe.   

We also note that our results differ from a previous study that showed no effect 

of 5-HT on granule cell tonic inhibition (Rossi et al., 2003).  This study used recording 

solutions that, in our experience, do not promote Golgi cell spontaneous spiking (see 
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5.8).  Thus, it is possible that conditions in this previous study were not specifically 

tailored for revealing an effect of 5-HT on granule cell spontaneous inhibition.  We 

therefore speculate that methodological differences may account for the differences 

between our work and this study.   

 

5.7.3 Spike timing 

At the circuit level, it is somewhat surprising that our cell-attached recordings 

revealed no significant change in the timing of evoked granule cell spiking in 5-HT, even 

though the time to drive granule cells to spike threshold should be prolonged when 

inhibition is enhanced.  However, we suggest that the rapid arrival of feed-forward 

inhibition, which remains intact in 5-HT, maintains granule cell spike timing (Duguid et 

al, 2015; Kanichay and Silver, 2008).  Specifically, whereas early spikes remain possible 

in response to large synaptic inputs, feed-forward inhibition prevents late spikes from 

occurring.  Consequently, we speculate that the lower spike probability in 5-HT results 

at least in part from mossy fiber input that cannot drive the granule cells to spike 

threshold before the arrival of feed-forward inhibition.  In support of this view, the time 

window for granule cell spike generation is dramatically enhanced when feed-forward 

(and spontaneous) inhibition is blocked with SR95531.  Moreover, although it might be 

expected that early spikes should arrive even sooner due to a decrease in the membrane 

time constant when tonic inhibition is elevated, granule cells have unusually high 
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membrane resistance (<1 GΩ) and small membrane capacitance (~3 pF) and therefore a 

rapid membrane time constant (~5–10 ms).  As a result of these passive properties, 

elevating tonic inhibition at levels measured here (with resistance decreases of ~70 mΩ) 

should only decrease the membrane time constant by hundreds of microseconds.  

Granule cell spike timing is thought to be an important feature of sensorimotor 

encoding at the input stage of cerebellar processing (D’Angelo and De Zeeuw, 2009; 

Kennedy et al. 2014).  Recent work has demonstrated that granule cells can receive 

multimodal input from distinct mossy fibers with different strengths and short-term 

plasticity (Chabrol et al, 2015).  As a result, individual granule cells exhibit diverse spike 

patterns in response to unique patterns of mossy fiber input that are best distinguished 

by their timing.  Accordingly, it is thought that temporal coding, along with population 

identity, provides a key mechanism for establishing sensorimotor representations and 

allowing pattern separation in the granule cell layer (Medina et al, 2000).  In this context, 

our results are consistent with a model in which 5-HT can reduce the strength of a given 

sensorimotor representation by reducing the reliability of granule cell spiking (Figure 

62).  It does so without altering the identity of that representation by preserving 

temporal coding. Moreover, the precise timing and reliability of granule cell inputs to 

Purkinje cells determines their potential for undergoing long-term synaptic plasticity 

(D’Angelo and De Zeeuw, 2009).  Thus, by selectively reducing the reliability of granule 

cell spiking, we speculate that 5-HT can decrease associative learning for sensorimotor 
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inputs that behavioral context dictates should not be learned by downstream Purkinje 

cells.  Such a mechanism could also promote reversal learning for an association that has 

already been made. 

 

Figure 68: Schematic of 5-HT inhibiting activated granule cells 

 

5.7.4 Similarities to 5-HT signaling in other brain regions 

Indeed, 5-HT signaling in other brain regions has been associated with reversal 

learning and behavioral changes that are required for adaptation to new environmental 

conditions.  Specifically, both Dorsal Raphe activation and endogenous 5-HT are 

necessary for some forms of reversal learning, with disruptions in either resulting in 

perseverative errors (Clarke et al, 2004; Matias et al, 2017).  Moreover, dorsal raphe 

neurons respond to both positive and negative prediction errors, as well as aversive 

stimuli and changes in motosensory gain (Cohen et al, 2015; Kawashima et al, 2016; 

Matias et al, 2017), suggesting that 5-HT may serve as a broad signal for behavioral 

adaption. 5-HT has also been shown to regulate sensory processing, notably by both 
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suppressing auditory inputs and enhancing multisensory inputs in the cerebellar-like 

dorsal cochlear nucleus (Tang and Trussell, 2015; 2017). 

The cerebellum receives its serotonergic input from reticular and raphe nuclei 

(Bishop and Ho, 1985; Dieudonné, 2001), regions that also innervate several other 

regions of the brain.  Thus, 5-HT may be released in the granule cell layer during the 

same conditions and affect similar learning goals, as described elsewhere.  Given the 

extensive variety of sensory, motor, and cognitive contextual information converging on 

the granule cell layer, such adaptive 5-HT signals are poised to influence motor output 

in response to environmental changes.  Hence, by regulating granule cell layer 

excitability, the circuit mechanisms described here may allow 5-HT to regulate patterns 

of granule cell activity according to behavioral context to regulate motor learning and 

motor output. 

 

5.8 Methods 

5.8.1 Slices and recordings 

All procedures were approved by the Duke University Institutional Animal Care 

and Use Committee and are in accord with guidelines set by the National Institutes of 

Health. Acute sagittal slices (250 μm) were cut from the cerebellar vermis of postnatal 

day 20–27 male Sprague-Dawley rats.  Slices were prepared in an ice-cold solution of 130 

mM K-gluconate, 15 mM KCl, 0.05 mM EGTA, 20 mM HEPES, and 25 mM glucose (pH 
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7.4), with 2.5 μM R-CPP.  This solution has previously been found to enhance the 

survival and health of cerebellar Golgi cells (Kanichay & Silver, 2008; Hull & Regehr, 

2012).  Slices were then stored in artificial cerebrospinal fluid containing (in mM) 125 

NaCl, 26 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 1 MgCl2, 2 CaCl2, and 25 glucose and 

equilibrated with 95% O2 and 5% CO2.  This solution contains divalent cation 

concentrations (≤3 mM) that permit Golgi cell spontaneous pacemaking in acute rat 

cerebellar slices.  Slices were incubated at 34°C for 20 min after preparation, and then 

kept at room temperature for up to 6 h. 

Slices were viewed using Dodt Gradient Contrast optics (Scientifica) on an 

upright microscope (Olympus BX51WI), with a ×40 water-immersion objective and a 

CMOS camera (QImaging, Rolera Bolt).  Whole cell and cell-attached recordings were 

obtained with patch pipettes [Golgi cells: 3–5 MΩ, granule cells, whole cell: 6–9 MΩ, 

granule cells, cell-attached: 10–14 (MΩ) pulled from borosilicate capillary glass (World 

Precision Instruments) with a Sutter P-1000 micropipette puller].  Electrophysiological 

recordings were performed at 31–33°C. 

Spontaneous inhibitory postsynaptic currents (sIPSCs) were recorded at 0 mV. 

Evoked excitatory postsynaptic currents (eEPSCs) were recorded at −70 mV.  The 

reversal potential for evoked inhibitory postsynaptic currents (eIPSCs) in granule cells 

was determined empirically in each experiment by adjusting the membrane potential 

(Vm) until no eEPSC was observed.  eIPSCs were recorded at a mean holding potential 
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of 3.8 ± 3.3 mV.  Voltage-clamp recordings were performed using an internal pipette 

solution containing (in mM) 140 Cs-gluconate, 15 HEPES, 0.5 EGTA, 2 TEA-Cl, 2 

MgATP, 0.3 NaGTP, 10 phosphocreatine-tris2, and 2 QX 314-Cl. pH was adjusted to 7.2 

with CsOH. Vm values were not corrected for liquid-junction potential. 

Current-clamp recordings were performed with an internal solution containing 

(in mM): 150 K-gluconate, 3 KCl, 10 HEPES, 0.5 EGTA, 3 MgATP, 0.5 GTP, 5 

phosphocreatine-tris2, and 5 phosphocreatine-Na2. pH was adjusted to 7.2 with KOH. 

As described previously (Hull et al, 2013), membrane hyperpolarization was avoided 

before and immediately after break-in to whole cell mode to prevent immediate firing 

rate potentiation during Golgi cell recordings.  Golgi cells were identified according to 

their size, shape, location and spontaneous pacemaking, which was verified in cell-

attached mode before break-in to whole cell mode (Hull, 2012 #136).  Golgi cell 

recordings in which action potential height did not change across the recording were 

used for afterhyperpolarization (AHP) analysis. 

Current-clamp experiments were performed in synaptic blockers of AMPA 

receptors (2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide 

disodium salt, NBQX, 5 μM), NMDA receptors {3-[(R)-2-carboxypiperazin-4-yl]-propyl-

1-phosphonic acid, R-CPP, 5 μM}, and GABA receptors [6-imino-3-(4-methoxyphenyl)-

1(6H)-pyridazinebutanoic acid hydrobromide, SR95531, 5 μM], unless otherwise noted. 

For experiments blocking voltage-activated sodium channels, tetrodotoxin citrate 
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{octahydro-12-(hydroxymethyl)-2-imino-5,9:7,10a-dimethano-10aH-[1,3]dioxocino[6,5-

d]pyrimidine-4,7,10,11,12-pentol citrate, TTX, 1 μM} was applied to the bath more than 2 

min before recording.  For all experiments using 5-HT [3-(2-aminoethyl)-1H-indol-5-ol 

hydrochloride, 10 μM], slices were discarded and replaced following each bath 

application. The 5-HT2A receptor antagonist MDL 100907 {(R)-(+)-α-(2,3-

dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-piperinemethanol, 500 nM was added 

to the bath more than 2 min before or during recordings.  No holding current was 

injected for current clamp experiments.  Notably, we find that even when holding 

current remains stable and negligible in voltage-clamp, granule cells become more 

excitable in current-clamp in response to injected current within minutes of break-in. 

Thus, to measure evoked granule cell spiking, we only considered responses to injected 

current within 2 min after break-in.  To accommodate this approach, evoked spiking was 

measured in separate cells for control and 5-HT experiments. For 5-HT evoked granule 

cell spiking, all measurements were made within 7 min of 5-HT application to the bath. 

All drugs were purchased from Tocris or Abcam. 

Electrophysiological data were acquired using a Multiclamp 700B amplifier 

(Molecular Devices), digitized at 20 kHz with a Digidata 1440A digitizer (Molecular 

Devices) and low pass filtered at 10 kHz.  Acquisition was controlled using Axon 

Clampex 10.3 software.  Series resistance was monitored in voltage-clamp recordings 

with a 5-mV hyperpolarizing pulse, and only recordings that remained stable during 
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data collection were used for analysis.  An ISO-flex stimulus isolation unit (A.M.P.I.) and 

glass pipettes (0.25–1 MΩ) filled with artificial cerebrospinal fluid and placed in the 

white matter tract were used to activate mossy fiber inputs.  Stimulating electrodes were 

placed a minimum distance of ~40 μm from recorded cells.  Stimulus intensity was 

adjusted to achieve success rates of ~50% for whole cell recordings of eIPSCs.  

Disynaptic eIPSCs were identified according to latency (Hull & Regehr, 2012) and 

sensitivity to NBQX.  For cell attached recordings, stimulus intensity was set to achieve 

success rates of ~50% to the second stimulus. 

 

5.8.2 Analysis and statistics 

Mean action potential waveforms were generated by averaging 2 s of spikes per 

condition in each experiment, then averaging these mean waveforms across 

experiments.  Changes in action potential waveforms were calculated by subtracting the 

average waveforms for each individual cell per condition and then averaging subtracted 

waveforms across cells. eEPSC and eIPSC latencies were calculated from the time of 

stimulus onset to the time at 20% of the peak evoked current amplitude.  Quantification 

of average 5-HT-evoked changes in Vm, spontaneous inhibition, and evoked currents 

was performed using the time period of maximal 5-HT effect, as defined by the window 

where Golgi cell spike rates were maximally elevated (within a 3-min window, 

beginning 1 min after 5-HT application).  Synaptic potency, defined as the amplitude of 
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success-only trials, was calculated using trials where currents exceeded a threshold of 5 

pA below baseline (for EPSCs).  Data are presented as means ± SE.  Data distributions 

were tested for normality using the Shapiro-Wilk test.  For datasets that were 

nonnormally distributed, nonparametric statistical tests were used, with the specific test 

indicated in the results for each dataset.  For normally distributed data, sample means 

were compared using paired or unpaired, two-tailed Student’s t-tests.  Statistics were 

calculated using Prism 6.0 (Graphpad).  Mean values were considered significantly 

different at P < 0.05.  Significant differences are noted by asterisks, with single asterisks 

representing P < 0.05, two asterisks representing P < 0.01, and three asterisks 

representing P < 0.001.
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6. Conclusions 

For my thesis work, I sought to determine how the cerebellum makes distinct 

associations for motor learning by harnessing tools that allow me to isolate neural 

representations of discrete sensory stimuli in the presence and absence of synaptic 

inhibition.  Using calcium indicators that emit fluorescence during neural activity in 

awake, behaving mice, while controlling for both whisker and whole-body movements 

with video and vibration-based behavioral monitoring, I have measured stimulus-

evoked granule cell activity simultaneously in single and large populations of granule 

cells.  In combination with a granule cell-specific pharmacological block of inhibitory 

transmission, I have tested if sparsening and gain control of granule cells by local 

synaptic inhibition shapes granule cell ensembles encoding sensory inputs, as predicted 

by classical theorists (Marr, 1969; Albus, 1971).  My imaging experiments demonstrate 

that inhibition does sparsen representations of discrete stimulus features and can control 

the gain granule cell responses to fluctuating inputs (Chapter 2).  Using the same 

methods, I have also tested whether inhibition generates diversity in granule cell 

ensembles encoding sensory inputs (Chapter 3).  My data show that local synaptic 

inhibition does diversify granule cell sensory representations by shaping stimulus 

feature preferences.  Furthermore, my imaging experiments that inhibition does so via 

selective suppression, a mechanism that was not predicted by classical theorists and 
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provides an important extension to our thinking about how pattern separation in the 

granule cell layer has been thought to occur for more than half a century. 

Additionally, I have used granule cell-specific pharmacological block of 

inhibitory transmission in a region of the cerebellum necessary for eye-blink 

conditioning to test if filtering of sensorimotor inputs by inhibition is an inherent feature 

of cerebellar learning, as predicted by theoretical models (Chapter 4).  Blocking synaptic 

inhibition to granule cells in the eye-blink region of conditioned mice prevents 

expression of a learned sensorimotor association without impacting responses to an 

unlearned stimulus.  My experiments suggest that sparsening of granule cell activity by 

local synaptic inhibition can indeed shape granule cell codes used for associative 

learning.   

Finally, I have tested whether neuromodulation influences inhibition to granule 

cells in a manner consistent with regulating sensorimotor associations and found that 

serotonin can reduce granule cell spike probability without significantly altering spike 

timing, suggesting that serotonin can reduce the strength of a sensorimotor 

representation without changing its identity (Chapter 5).  Through this mechanism, 

serotonin may be able to decrease associative learning for sensorimotor inputs that 

should not be learned, depending on changes in environmental or internal states, or 

promote reversal learning for an association that has already been made.     
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Appendix A 

 

 

Figure 69: Piezo reports cumulative motion 

To decide how to interpret changes in the piezo trace and use it to segregate imaging 

trials with movement, I collected sensor data and video for tracking body motion with 4 

mice both with and without delivery of stimuli used during imaging.  Videos without 

stimulus delivery could not be distinguished by eye from videos with any stimulus 

presented when sorted randomly (observational – not shown).  Image from one 

experiment with tracked motion for all frames and all features overlaid.  Different colors 

label different features (left).  Sample displacement of tracked XY coordinates (pixels) for 

all labeled features overlaid on aligned, transformed change in piezo reading over time.  

Changes in tracked motion (60 Hz) and piezo (90 Hz) summed to correspond to 

equivalent imaging (30 Hz) frame number (top).  Selection from top plot enlarged to 

demonstrate timing of limb movements relative to piezo peaks (right). 
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Figure 70: Limb movements binned according to nearest piezo peak 

To decide how many imaging frames to use as a “buffer zone” relative to changes in 

piezo sensor readings, I binned limb movements (left forelimb shown here) according to 

their nearest piezo peak.  X-axis is time in imaging frames (30 Hz); y-axis is number of 

limb movements.  Piezo “peaks” were defined according to changes greater than 1 

standard deviation from baseline (top) or 2 standard deviations from baseline (bottom).  

As noted in Chapter 2, I use a >1 std threshold to segregate movement trials in my 

imaging data.  Any movement frames that occur between the second before stimulus 

onset, or 30 frames, and the 300 ms, or 10 frames, after stimulus offset cause a trial to be 

a segregated as a “motion trial.”  Most limb movements occur within 5 frames using 

either threshold, but most limb movements coincide/nearly coincide with piezo peaks 

using a >1 std threshold. 
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Figure 71: Tdtomato “signal” used to estimate Z-motion 

Granule cells are very small, so even a little movement could contaminate my imaging 

data.  All videos were rigorously corrected for X and Y-motion and manually checked 

for adequate motion correction.  Experiments lacking stability after attempted motion 

correction or exhibiting frequent Z-motion were excluded from my analysis.  I collected 

72 5000-frame blocks of both green (Gcamp6f) and red (tdTomato) channels while 

delivering all combinations of stimuli used for imaging experiments (n = 2 mice) to 

estimate how frequently uncorrected, Z-motion occurs during trials.  Representative 

FOV shown in the green channel (top) and red channel (bottom) separately (top left).  

Time courses of Gcamp6f signal for all segmented neurons from a representative 5000-

frame block (bottom left).  Time courses of 48 regions of interest (“ROI”) segmented 

from tdTomato video using same parameters as for Gcamp6f video.  There was no 

visible X and Y-motion during this video, so changes in tdTomato signal indicate 

instances of Z-motion (top right).  Changes in piezo measurements (orange) for the same 

video.  Pale gray lines indicate piezo peaks >1 std from baseline and, thus, categorized as 

“motion frames.”  Black arrows indicate frames where tdTomato peaks (Z-motion) occur 

during motion frames (middle right).  Beginning and end of all 27 trials during the same 

block indicated with solid black lines.  X’s indicate trials that were segregated as 

“motion trials” based on piezo trace.  All but one trial with Z-motion would have been 

incidentally excluded from this block based on piezo measurement. 
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Appendix B 

 

Figure 72: Controlling for whisker movement 

Image from one experiment with tracked features labeled in different colors once (left) 

and for only one whisker but all frames (right) (top left).  Representative XY-

displacement (pixels) of a whisker tracked during part of an experiment (orange).  Black, 

dotted lines indicate thresholds used to segregate whisks by relative size (top right).   

Whisker trace aligned to “movement frames” identified from piezo measurements (pale 

gray) and stimulus trials (brown) (middle left).  Selection (red) from left enlarged to 

demonstrate a whisk isolated from whole-body movement and trials.  Black, dotted lines 

indicate beginning and end of whisking window used for analysis (middle right).  Mean 

± SE for all small and large whisks during experiment (bottom left).  Mean ± SE 

responses for all granule cells modulated by small or large whisks.  All cells modulated 

by whisks of either size were modulated by whisks of both sizes in this experiment 

(bottom right). 
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Figure 73: Differentiating puff and whisker responses 

Mean ± SE of granule cells significantly responsive to vibrissal air puffs.  Responses to 

an air puff (% dF/F) during a representative experiment including (left) and excluding 

(right) cells that were also modulated during isolated whisks.  Arrows designate timing 

of air puff delivery (top).  Mean ± SE of granule cells significantly modulated during 

isolated whisks.  Activity during whisks in the absence of air puffs (left) and during 

trials with air puff delivery (right).  Arrows designate peak timing of displacement 

during whisk (bottom).  Due to the difference in magnitude of stimulus-aligned calcium 

transients and the contribution of whisking-related modulation, whisking-modulated 

granule cells have not been excluded from my analysis. 
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