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Abstract

It is well established that the cerebellar cortex is the locus for several types of associative
learning. Inputs from the two main afferent pathways, climbing fibers (CF) and mossy fibers
(MF), get integrated in individual Purkinje cells (PCs). CFs convey instructive signals for
learning and plasticity by elevating dendritic calcium, while MFs relay sensorimotor information.
Paradoxically, CFs also activate molecular layer interneurons type 1 (MLI1s) that produce strong
inhibition of PCs that could prevent plasticity. On the other hand, molecular layer interneurons
type 2 (MLI2s) inhibit MLI1s and in consequence disinhibits PCs. The extent and how CFs drive
each MLI subtype is unknown.

To address how can CFs drive MLIs without disrupting calcium influx necessary for PCs
plasticity, I investigated the functional interactions between CFs and specific MLI subtypes in
vivo. First, large scale electrophysiological recordings of the mouse cerebellar cortex allowed me
to characterize the spontaneous interactions of MLI1s, MLI2s, PCs and PC complex spikes
(PCcs), a widely used and established proxy for CF firing. I found that MLI2s were strongly
activated by spontaneous PCcs, MLI1s were strongly inhibited following PCcs onset and PCs
were disinhibited. Next, I explored the effect of evoked PCcs on the activity of MLIs. PCcs were
evoked by corneal airpuffs, a learning relevant stimulus widely used in eyeblink conditioning.
This time, the responses of MLI1s were diverse. Some MLI1s were excited and some suppressed,
however; MLI2s were only excited. This apparent contradictory effect was explained by the
airpuff evoked activity of the MF sensory pathway that provide direct excitation to MLIs. Despite
this, MLI1s that received synchronous PCcs inputs were strongly inhibited. Finally, two-photon
imaging of PCs dendrites activated synchronously in response to an airpuff revealed higher
calcium signals necessary for plasticity. Thus, my experiments revealed a novel disinhibitory
circuitry in the cerebellar cortex that facilitates calcium signaling required for associative
learning.
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1. Introduction

Minor revisions were made with the assistance of Chat GPTS.2 to improve the overall flow of the
text. All content and ideas are my own.

1.1 The role of the cerebellum in motor learning
1.1.1 Overview of cerebellar function

The cerebellum is a highly conserved brain structure that plays a central role in the
coordination, timing, and learning of motor behavior. Despite occupying only about 10% of the
total brain volume, the cerebellum contains more than half of the neurons in the central nervous
system (Eccles et al., 1967; Voogd & Glickstein, 1998). This high neuronal yield is thought to
support the cerebellum’s ability to integrate diverse sensory and motor signals and to transform
them into precisely timed outputs that regulate movement.

Historically, the cerebellum has been associated primarily with motor coordination. Early
clinical observations revealed that damage to the cerebellum does not produce paralysis or
sensory loss, but instead leads to impairments in movement accuracy, timing, and stability (Apps
& Hawkes, 2009). Patients with cerebellar lesions often present symptoms such as dysmetria,
ataxia, and intention tremor, which reflect a disruption in the fine control of motor actions (Apps
& Hawkes, 2009; Buckner, 2013). These observations led to the classical view that the
cerebellum functions as a regulator of motor output, ensuring that movements are executed
smoothly and accurately.

Subsequent experimental studies expanded this view by demonstrating that the
cerebellum is not only involved in coordinating ongoing movements but also plays a crucial role
in adapting motor behavior through experience. A defining feature of cerebellar function is its
ability to compare intended and actual movement outcomes and to use this information to refine
future motor commands (Ito, 2006; Schmahmann, 2019). Through this process, the cerebellum
contributes to the calibration of motor systems, allowing organisms to maintain accurate

movements despite changes in the body or the environment.
1



At the circuit level, the cerebellum is organized around a remarkably stereotyped
architecture that is repeated across its entire surface. The cerebellar cortex has three distinct
layers: the molecular layer, Purkinje cell layer, and granule cell layer. Each layer contains
specific neuronal populations that participate in a well-defined microcircuit (Apps & Garwicz,
2005; Eccles et al., 1967). Information enters the cerebellar cortex primarily through two major
input pathways: mossy fibers and climbing fibers. Mossy fibers originate from a wide range of
brainstem and spinal cord nuclei and convey diverse sensory and motor-related signals to granule
cells. These granule cells give rise to parallel fibers that distribute information broadly across the
molecular layer, contacting the dendrites of Purkinje cells and interneurons (Apps & Garwicz,
2005; Eccles et al., 1967).

In contrast, climbing fibers arise exclusively from neurons in the inferior olive and form
powerful synaptic connections with Purkinje cells. Each Purkinje cell receives input from a single
climbing fiber, which produces a distinctive electrical event known as a complex spike
(Burroughs et al., 2017; Kitazawa et al., 1998; Palmer et al., 2010). Climbing fiber activation
generates large dendritic calcium signals in Purkinje cells and has long been proposed to provide
instructive signals that guide synaptic plasticity within cerebellar circuits (Daniel et al., 1998;
Silva, Ramirez-Buritica, et al., 2024). Through the interaction of these two input pathways, the
cerebellum integrates contextual information about the sensory environment with signals related
to motor errors or unexpected outcomes.

The output of the cerebellar cortex is conveyed by Purkinje cells, which constitute the
sole output neurons of the cerebellar cortex and provide inhibitory projections to neurons in the
deep cerebellar nuclei (Eccles et al., 1967). Because Purkinje cells receive and integrate inputs
from both mossy fiber—parallel fiber pathways and climbing fibers, their activity reflects the
combined influence of distributed sensorimotor information and instructive or error signals. The

ability of Purkinje cells to modulate the activity of downstream cerebellar nuclei allows the



cerebellum to adjust motor commands in real time and to implement adaptive changes in motor
behavior.

Although the cerebellum was historically viewed as a structure dedicated exclusively to
motor control, growing evidence suggests that its computational principles may extend beyond
movement to other types of behavior. Functional imaging and behavioral studies have implicated
the cerebellum in cognitive processes such as timing, prediction, and associative learning (Hull,
2020; Ivry & Keele, 1989; Najafi & Medina, 2020). These findings suggest that the cerebellum
may implement general computational strategies to solve a wide range of problems. Nevertheless,
the most thoroughly understood role of the cerebellum remains its contribution to the control and
learning of motor actions.

Understanding how cerebellar circuits support motor learning requires identifying the
specific neural mechanisms that link sensorimotor input and instructive or error signals to
synaptic plasticity. In particular, considerable attention has focused on how climbing fiber signals
interact with the intrinsic circuitry of the cerebellar cortex to regulate Purkinje cell activity and
induce changes in synaptic strength. These interactions are thought to be central to the ability of

the cerebellum to refine motor commands and to acquire new motor skills through experience.

1.1.2 Adaptability and motor learning

Motor learning refers to the process by which the nervous system modifies motor
commands to improve the accuracy, efficiency, or adaptability of movements. This form of
learning enables organisms to adjust their behavior in response to changes in their bodies or their
environments. The cerebellum has long been recognized as a critical neural substrate for motor
learning, and damage to cerebellar circuits severely impairs the ability to acquire or maintain
adaptive motor behaviors (Gowen & Miall, 2007; Schmahmann, 2019).

A key feature of motor learning is the use of sensory feedback to detect discrepancies
between intended and executed movements. When a movement produces an unexpected outcome,

3



the nervous system must identify the source of the error and modify future motor commands
accordingly. The cerebellum is thought to play an essential role in this process by encoding
information about performance errors and using it to guide synaptic plasticity (Medina, 2011;
Schmahmann, 2019). Through repeated cycles of error detection and correction, motor commands
can be gradually refined to achieve the desired behavioral outcome.

Experimental studies across multiple species have demonstrated that cerebellar circuits
are particularly important for forms of learning that require precise timing and coordination. One
well-studied example is the adaptation of the vestibulo-ocular reflex (VOR), a reflex that
stabilizes visual images on the retina during head movements. When visual feedback is
experimentally altered, animals can adjust the strength of the VOR to restore stable vision, and
this adaptation depends on intact cerebellar circuits (Blazquez et al., 2003, 2006). Similarly,
cerebellar mechanisms contribute to the calibration of reaching movements, locomotion, and
other motor behaviors that require accurate coordination of multiple muscle groups.

Another powerful paradigm for studying cerebellar motor learning is classical
conditioning of eyelid responses. In this task, a neutral stimulus, such as a tone, is repeatedly
paired with an unconditioned stimulus, such as an airpuff delivered to the eye. Over repeated
trials, animals learn to produce a predictive eyelid closure in response to the newly conditioned
stimulus alone. This learned response depends critically on cerebellar circuits, and lesions of the
cerebellum abolish both the acquisition and expression of conditioned eyelid responses (Fanselow
& Poulos, 2005; Garcia et al., 1999). Because the neural pathways underlying this form of
learning are well characterized, eyelid conditioning has become a central model system for
investigating the cellular and circuit mechanisms of cerebellar learning.

At the cellular level, motor learning in the cerebellum is thought to depend on activity-
dependent changes in synaptic strength. One of the most extensively studied forms of plasticity

occurs at synapses between parallel fibers and Purkinje cells, where coincident activation of



parallel fibers and climbing fibers can induce long-term depression (LTD) of synaptic
transmission (Ito, 2001; Schonewille et al., 2011). This plasticity mechanism is strongly believed
to play a key role in modifying Purkinje cell responses during learning. Because Purkinje cells
provide the primary output of the cerebellar cortex, changes in their activity can influence the
activity of downstream motor pathways and ultimately alter behavior.

Theoretical frameworks developed in the late twentieth century proposed that the
cerebellum operates as a learning machine that uses climbing fiber signals to instruct plasticity
within the parallel fiber—Purkinje cell synapses. According to these models, climbing fibers
convey error-related signals that identify when a movement has produced an incorrect outcome,
while parallel fibers provide contextual information about the sensory and motor conditions under
which the movement occurred (Carey & Regehr, 2009; Raymond et al., 1996). By modifying the
strength of parallel fiber inputs onto Purkinje cells, the cerebellum can learn to generate
appropriate responses to specific patterns of sensory input.

This conceptual framework has strongly influenced modern research on cerebellar
learning and has motivated numerous studies aimed at understanding how climbing fiber activity
interacts with local cerebellar circuits. However, the cerebellar cortex contains not only excitatory
pathways but also a rich network of inhibitory interneurons that modulate Purkinje cell activity.
These inhibitory circuits have the potential to shape the impact of climbing fiber signals on
Purkinje cells and may therefore play a critical role in determining when and where plasticity
occurs.

A central challenge in understanding cerebellar learning is therefore to determine how
climbing fiber signals interact with inhibitory circuits within the cerebellar cortex. In particular, it
remains unclear how climbing fibers can reliably drive the dendritic calcium signals in Purkinje
cells that are required for plasticity while simultaneously activating interneuron circuits that can

suppress these signals. Resolving this apparent paradox requires a detailed understanding of the



interactions between climbing fibers, Purkinje cells, and molecular layer interneurons within the

cerebellar cortex.

1.2 Associative learning in the cerebellum

1.2.1 Classical conditioning of eyelid responses

Associative learning allows organisms to link sensory events with appropriate behavioral
responses. One of the most widely studied forms of associative learning is classical conditioning,
in which a previously neutral stimulus becomes capable of eliciting a behavioral response after
repeated pairing with a biologically relevant stimulus (Pierce & Cheney, 2013). The cerebellum
plays a central role in certain forms of classical conditioning that require precise timing and
coordination of motor responses.

A well-established paradigm for studying cerebellar associative learning is classical
conditioning of eyelid responses. In this task, a conditioned stimulus (CS), such as a tone or light,
is paired with an unconditioned stimulus (US), typically an airpuff directed toward the cornea.
The airpuff naturally evokes a reflexive eyelid closure known as the unconditioned response
(UR). After repeated pairings of the CS and US, animals learn to produce a predictive eyelid
closure in response to the CS alone. This learned movement is referred to as the conditioned
response (CR) (Pierce & Cheney, 2013).

The neural circuitry underlying eyelid conditioning has been extensively characterized
and provides a powerful system for linking behavioral learning with cellular and circuit-level
mechanisms. Early lesion studies demonstrated that damage to the cerebellum abolishes both the
acquisition and expression of conditioned eyelid responses, indicating that cerebellar circuits are
essential for this form of learning (Garcia et al., 1999). Subsequent work identified specific
regions of the cerebellum and associated brainstem pathways that are required for generating the

conditioned response.



A key feature that makes eyelid conditioning particularly valuable for studying cerebellar
learning is the well-defined relationship between sensory inputs and behavioral outputs. The
conditioned stimulus is conveyed to the cerebellum primarily through the mossy fiber pathway,
while the unconditioned stimulus activates climbing fibers originating from the inferior olive
(Bracha et al., 2009; Ohyama et al., 2003; Pugh & Raman, 2008). Because these two input
pathways converge onto cerebellar cortical circuits, eyelid conditioning provides a framework for
investigating how sensory signals interact within the cerebellum to produce learned motor
responses.

Importantly, eyelid conditioning also reveals the precise timing requirements of
cerebellar learning. For conditioning to occur, the CS must precede the US by a specific interval,
typically on the order of hundreds of milliseconds. This temporal relationship allows the
cerebellum to associate patterns of mossy fiber activity representing the conditioned stimulus
with climbing fiber signals that reflect the occurrence of the unconditioned stimulus. Through
repeated pairing of these signals, cerebellar circuits gradually acquire the ability to generate
appropriately timed eyelid closures in anticipation of the airpuff.

The precise timing of conditioned eyelid responses reflects the ability of cerebellar
circuits to encode temporal relationships between sensory events. Recordings from Purkinje cells
during eyelid conditioning reveal changes in simple spike firing that develop during learning and
occur at specific times relative to the conditioned stimulus (Attwell et al., 2001). These activity
changes are thought to reflect synaptic plasticity within cerebellar circuits that enables the
generation of the learned motor response.

Because the neural pathways underlying eyelid conditioning are relatively well
understood, this paradigm provides an ideal experimental system for studying the mechanisms of

cerebellar learning. In particular, eyelid conditioning allows investigators to examine how



climbing fiber activity interacts with local cerebellar circuits to guide synaptic plasticity and

shape motor behavior.
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Figure 1: Schematic of the eye-blink conditioning paradigm
Rabbits are presented with a paired tone CS and air-puff US. Dotted lines represent CS and

US onset and the curves represent the magnitude of eyelid closure.
Adapted from (Bracha et al., 2009)

1.2.2 Regions involved in eyelid conditioning

Within the cerebellum, eyelid conditioning depends on activity in specific regions of the
cerebellar cortex and deep cerebellar nuclei. Experiments in multiple species have identified the
intermediate cerebellar cortex and the interposed nucleus as key structures involved in the
acquisition and expression of conditioned eyelid responses (Apps & Hawkes, 2009; Yeo et al.,
1986). Lesions or inactivation of these regions disrupt learned eyelid movements, demonstrating
that these circuits are necessary for generating conditioned responses (Steinmetz & Freeman,

2014).



Primary Lpbule
fissure simplex

Figure 2: Cerebellar regions involved in eyelid conditioning
Coronal section of the mouse’s cerebellum. Reproduced from (Allen Reference Atlases ::
Atlas Viewer, n.d.)

Within the cerebellar cortex, eyelid conditioning has been strongly associated with
activity in lobule simplex and regions near the primary fissure. These areas are thought to receive
climbing fiber inputs from periocular sensory stimulation and participate in the generation of
eyelid responses (Najafi & Medina, 2020). Recordings from Purkinje cells in these regions have
revealed complex spike responses to periocular airpuff stimulation, indicating that climbing fiber
signals convey information about the unconditioned stimulus to these parts of the cerebellar
cortex.

The spatial specificity of the Purkinje cell activity during eyelid conditioning might be a
consequence of the well-known modular architecture of the cerebellar cortex. Climbing fibers
arising from the inferior olive project to Purkinje cells in parasagittal bands, and within these,

functional microzones process related sensory and motor signals (Apps & Garwicz, 2005;



Mostofi et al., 2010). Within these microzones, Purkinje cells exhibit coordinated patterns of
activity that reflect both sensory inputs and motor outputs associated with the learned behavior.

This modular organization is thought to support the precise timing and coordination
required for eyelid conditioning. By organizing neurons into functional microzones, the
cerebellum can integrate specific patterns of sensory input with motor commands that generate
the conditioned response. As a result, the cerebellar cortex can implement localized forms of
plasticity that modify motor outputs in response to experience.

Importantly, the cerebellar regions involved in eyelid conditioning also receive dense
inputs from both mossy fibers and climbing fibers. Mossy fibers convey sensory and contextual
information related to the conditioned stimulus, while climbing fibers carry signals associated
with the unconditioned stimulus. The convergence of these pathways within the cerebellar cortex
creates the conditions necessary for associative learning.

Understanding how these inputs interact within cerebellar circuits requires examining the
activity of individual neuronal populations within the cerebellar cortex. In particular, the
interaction between climbing fiber signals and local inhibitory circuits may play a critical role in

determining how sensory information is transformed into learned motor responses.

1.2.3 Neural signals driving learning

At the circuit level, associative learning in the cerebellum depends on the interaction of
two major input pathways: mossy fibers and climbing fibers. Mossy fibers originate from diverse
brainstem and spinal cord nuclei and provide a distributed representation of sensory and motor-
related information to the cerebellar cortex (Apps & Garwicz, 2005; Eccles et al., 1967). Through
granule cells and parallel fibers, mossy fiber signals are transmitted to large populations of
Purkinje cells and interneurons, allowing contextual information about sensory stimuli and motor

states to be broadly represented within cerebellar circuits.
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In contrast, climbing fibers arise exclusively from neurons in the inferior olive and
convey highly specific signals to Purkinje cells. Each Purkinje cell receives input from a single
climbing fiber, and activation of this input produces a distinctive complex spike accompanied by
large dendritic calcium transients (Burroughs et al., 2017; Kitazawa et al., 1998; Palmer et al.,
2010). Because of their powerful synaptic influence on Purkinje cells, climbing fibers have long
been proposed to provide instructive signals that guide synaptic plasticity during learning.

In the context of eyelid conditioning, the conditioned stimulus primarily activates the
mossy fiber pathway, while the unconditioned stimulus drives activity in climbing fibers
originating from the inferior olive (Medina, Nores, et al., 2000; Pugh & Raman, 2008). The
convergence of these signals within the cerebellar cortex allows the cerebellum to associate
patterns of mossy fiber activity with the occurrence of climbing fiber events. Repeated pairing of
these signals is thought to induce plastic changes within cerebellar circuits that enable the
generation of conditioned eyelid responses.

Climbing fiber activity is particularly important because it can signal the occurrence of
unexpected sensory events or motor errors. When a movement produces an unexpected outcome,
climbing fiber activation generates complex spikes in Purkinje cells that trigger large dendritic
calcium signals. These signals are believed to initiate synaptic plasticity mechanisms that modify
the strength of parallel fiber inputs onto Purkinje cells (Hansel et al., 2001; Ito, 2001). Through
this process, climbing fibers can instruct changes in cerebellar circuits that improve the accuracy
of future movements.

However, climbing fibers do not act in isolation within the cerebellar cortex. Their
activity interacts with a network of inhibitory interneurons located in the molecular layer that
modulate Purkinje cell activity. These interneurons receive excitatory input from parallel fibers

and can influence Purkinje cell firing through inhibitory synapses. As a result, inhibitory circuits
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have the potential to shape how climbing fiber signals affect Purkinje cell activity and, therefore,
the induction of plasticity.

Understanding how climbing fiber signals interact with inhibitory circuits is therefore
essential for explaining how cerebellar learning occurs at the circuit level. In particular,
interactions between climbing fibers and molecular layer interneurons may determine when
climbing fiber signals are able to drive the dendritic calcium signals required for plasticity. These
circuit mechanisms are likely to play a critical role in regulating learning-related activity within

the cerebellar cortex.

1.3 Structure and circuit organization of the cerebellar cortex
1.3.1 Gross anatomy of the cerebellum

In most species, the cerebellum is located in the posterior part of the brain, dorsal to the
brainstem and posterior to the neocortex. Although relatively small in volume compared with the
neocortex, it contains an exceptionally dense neuronal population and exhibits a highly regular
anatomical organization (Eccles et al., 1967; Voogd & Glickstein, 1998). The cerebellum is
divided into two hemispheres separated by a midline structure known as the vermis. These
regions are further subdivided into lobules that are defined by deep fissures that run across the

surface of the cerebellar cortex (Apps & Garwicz, 2005).
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Hemispheres

Figure 3: Posterior view of the mouse's cerebellar cortex

Reproduced from (3d Viewer :: Allen Brain Atlas: Mouse Connectivity, n.d.)

This gross anatomical organization reflects an underlying functional architecture that is
repeated across the cerebellar surface. Despite regional differences in connectivity and function,
the fundamental circuitry of the cerebellar cortex is remarkably uniform. This repeating
architecture has led to the proposal that the cerebellum operates as a common computational
device that can process different types of sensorimotor information using a conserved circuit
design (Ito, 2006; Schmahmann, 2019).

One prominent feature of cerebellar organization is the presence of parasagittal bands that
extend along the anterior-posterior axis of the cerebellum. Within these bands, functional
microzones exist that receive climbing fiber input from specific regions of the inferior olive and
project to defined regions of the deep cerebellar nuclei (Apps & Hawkes, 2009; Ebner et al.,
2012). Within each microzone, groups of Purkinje cells exhibit coordinated patterns of activity

and are thought to process related sensory and motor signals. This modular organization allows
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the cerebellum to process multiple streams of information in parallel while maintaining precise

spatial organization of inputs and outputs.

crus

Figure 4: Cerebellar cortex's parasagittal stripes

From (Apps & Hawkes, 2009)

The modular structure of the cerebellum is particularly important for behaviors that
require precise timing and coordination. Because climbing fibers project to Purkinje cells in
narrow parasagittal bands, activity within the inferior olive can synchronize populations of
Purkinje cells that belong to the same area (Chaumont et al., 2013). This spatial organization is
thought to contribute to the coordinated processing of sensorimotor signals that underlies
cerebellar learning and motor control.

Understanding the gross anatomical organization of the cerebellum provides an important
framework for interpreting the activity of individual neurons and circuits within the cerebellar
cortex. Within each lobule and microzone, neurons are arranged in a highly ordered laminar

structure that supports the processing of input signals and the generation of cerebellar output.
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1.3.2 The three-layer structure of the cerebellar cortex

The cerebellar cortex is organized into three distinct layers that extend across the entire
surface of the cerebellum. These layers are the molecular layer, the Purkinje cell layer, and the
granule cell layer. Each layer contains specific neuronal populations that contribute to the

processing of information within cerebellar circuits (Apps & Garwicz, 2005; Eccles et al., 1967).
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Figure 5: Layers of the cerebellar cortex
ML: Molecular layer, PCL: Purkinje cell layer, GCL: Granule cell layer. Adapted from
(Eccles et al., 1967)

The molecular layer forms the outermost layer of the cerebellar cortex and contains the
dendritic arbors of Purkinje cells as well as the axons of granule cells, which are known as
parallel fibers. This layer also contains inhibitory interneurons that modulate the activity of
Purkinje cells. Because parallel fibers run along the length of the molecular layer and contact
many Purkinje cells, this layer serves as a major site of synaptic integration within the cerebellar

cortex (Apps & Garwicz, 2005; Hull & Regehr, 2022).
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Beneath the molecular layer lies the Purkinje cell layer, which contains the cell bodies of
Purkinje cells arranged in a single planar sheet. Purkinje cells are among the most distinctive
neurons in the brain and possess large dendritic trees that extend into the molecular layer. These
dendrites receive synaptic input from both parallel fibers and climbing fibers, allowing Purkinje
cells to integrate signals from multiple sources (Eccles et al., 1967).

The deepest layer of the cerebellar cortex is the granule cell layer. This layer contains
large numbers of granule cells, which are the most abundant neurons in the brain. Granule cells
receive excitatory input from mossy fibers and transmit this information to the molecular layer
through their parallel fiber axons. In addition to granule cells, the granule cell layer contains
Golgi cells, which provide inhibitory feedback that regulates granule cell activity (Apps &
Garwicz, 2005; Hull & Regehr, 2022).

The laminar organization of the cerebellar cortex supports a defined flow of information
through the circuit. Mossy fiber inputs activate granule cells, which distribute information
through parallel fibers to Purkinje cells and interneurons in the molecular layer. Climbing fibers
provide a second input pathway that directly excites Purkinje cells. The integration of these
signals within the layered architecture of the cerebellar cortex allows the cerebellum to perform

complex computations that contribute to motor control and learning.

1.3.3 General cell types in the cerebellar cortex

Several distinct neuronal populations contribute to the processing of information within
the cerebellar cortex. Among these, Purkinje cells play a central role because they constitute the
sole output of the cerebellar cortex. Purkinje cells send inhibitory projections to neurons in the
deep cerebellar nuclei, which in turn transmit cerebellar signals to other brain regions involved in
motor control (Eccles et al., 1967).

Purkinje cells exhibit two characteristic firing patterns known as simple spikes and
complex spikes. Simple spikes occur at high frequencies and are primarily driven by parallel fiber
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input. In contrast, complex spikes are generated by climbing fiber activation and consist of a large
initial spike followed by a burst of smaller spikelets. Complex spikes are associated with large
calcium signals in Purkinje cell dendrites and are thought to play an important role in cerebellar
learning (Daniel et al., 1998; Ito, 2001; Kitazawa et al., 1998).

Granule cells represent another major neuronal population within the cerebellar cortex.
Each of these cells receives excitatory input from four mossy fibers and transmits information to
the molecular layer through their parallel fiber axon. Parallel fibers run along the molecular layer
and form synaptic contacts with the dendrites of many Purkinje cells. This arrangement allows
mossy fiber signals to be distributed broadly across populations of Purkinje cells and interneurons
(Apps & Garwicz, 2005; Hoxha et al., 2016; Hull & Regehr, 2022).

In addition to Purkinje cells and granule cells, the cerebellar cortex contains several
classes of inhibitory interneurons. These interneurons are located primarily in the molecular layer
and play a critical role in shaping the activity of Purkinje cells. Molecular layer interneurons
receive excitatory input from parallel fibers and provide inhibitory synaptic input onto Purkinje
cells and other interneurons. Through these connections, interneurons can regulate the timing and
pattern of Purkinje cell firing.

Recent studies have identified functionally distinct subtypes of molecular layer
interneurons that differ in their connectivity and physiological properties (Kozareva et al., 2021;
Lackey et al., 2024). These subtypes include interneurons that directly inhibit Purkinje cells and
others that inhibit neighboring interneurons, creating disinhibitory circuit motifs within the
cerebellar cortex. Such circuits have the potential to dynamically regulate the balance between
excitation and inhibition within cerebellar networks and may play an important role in shaping
learning related activity patterns.

The diversity of neuronal populations within the cerebellar cortex enables complex

interactions between excitatory and inhibitory pathways. These interactions allow cerebellar
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circuits to integrate sensory signals, regulate neuronal activity, and implement plastic changes

that support adaptive behavior.
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Figure 6: Cell types of the cerebellar cortex

From (Hull & Regehr, 2022)

1.3.4 Microcircuits in the cerebellar cortex

The cerebellar cortex contains a highly organized microcircuit that integrates information
from mossy fibers, climbing fibers, and local interneurons. This microcircuit forms the
fundamental computational unit of the cerebellum and is repeated across the entire cerebellar
cortex (Eccles et al., 1967; Hull & Regehr, 2022).

Within this circuit, mossy fibers provide a distributed representation of sensory and
motor related signals. Mossy fibers synapse onto granule cells within the granule cell layer.
Activated granule cells transmit this information to the molecular layer through parallel fibers,

which form excitatory synapses with Purkinje cells and molecular layer interneurons. Because
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each parallel fiber can contact many Purkinje cells, mossy fiber signals are widely distributed
across cerebellar circuits (Apps & Garwicz, 2005; Hoxha et al., 2016).

Climbing fibers provide a second major input pathway to the cerebellar cortex. In
contrast to the distributed connectivity of parallel fibers, each Purkinje cell receives input from a
single climbing fiber. This connection is exceptionally powerful and can strongly influence
Purkinje cell activity. Activation of a climbing fiber produces a complex spike in the target
Purkinje cell and triggers a large calcium transient within its dendrites (Burroughs et al., 2017;
Kitazawa et al., 1998; Palmer et al., 2010).

The interaction between parallel fiber and climbing fiber inputs forms the basis for many
models of cerebellar learning. Parallel fibers convey contextual information about sensory inputs
and motor commands, while climbing fibers provide signals related to unexpected events or
performance errors. When these two pathways are co activated, synaptic plasticity can occur at
parallel fiber synapses onto Purkinje cells. This plasticity allows cerebellar circuits to modify
their responses based on experience (Daniel et al., 1998; Hansel et al., 2001).

Local inhibitory circuits also play an essential role in shaping cerebellar activity.
Molecular layer interneurons receive excitatory input from parallel fibers and provide inhibitory
synapses onto Purkinje cells. Through these connections, interneurons regulate the timing and
magnitude of Purkinje cell firing. In addition, inhibitory interactions between interneurons can
create disinhibitory circuits that dynamically modulate Purkinje cell activity.

The interplay between excitatory inputs, inhibitory circuits, and synaptic plasticity allows
the cerebellar cortex to transform sensory signals into adaptive motor outputs. Understanding
how these circuit components interact is therefore essential for explaining how the cerebellum
supports motor learning and behavioral adaptation. In particular, the interaction between climbing

fibers and inhibitory interneurons represents an important mechanism that can regulate the impact
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of climbing fiber signals on Purkinje cell activity. These interactions form the basis for the circuit

mechanisms examined in the following sections.

1.4 Input pathways to the cerebellar cortex
1.4.1 Mossy fibers

Information enters the cerebellar cortex through two major afferent pathways known as
mossy fibers and climbing fibers. These pathways originate from distinct brainstem nuclei and
convey different types of information to cerebellar circuits. Together they form the principal
inputs through which sensory signals, motor commands, and learning related information are
transmitted to the cerebellum (Apps & Garwicz, 2005; Eccles et al., 1967).

Mossy fibers arise from a variety of sources including pontine nuclei, vestibular nuclei,
spinal cord pathways, and other brainstem regions. These inputs convey diverse forms of sensory
and motor related information that reflect the current state of the body and the external
environment. Because mossy fibers originate from many different sources, they provide a rich
representation of contextual signals that can be used by the cerebellum to guide motor behavior
(Apps & Garwicz, 2005).

Within the cerebellar cortex, mossy fibers terminate in the granule cell layer where they
form specialized synaptic structures known as glomeruli. Each glomerulus consists of a mossy
fiber terminal surrounded by the dendrites of multiple granule cells as well as inhibitory Golgi
cell processes. This arrangement allows a single mossy fiber to influence the activity of many
granule cells while also receiving inhibitory feedback from Golgi cells that regulate granule cell

excitability (Castejon, 2003; Apps & Garwicz, 2005).
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Figure 7: Mossy fibers in the granule cell layer
Fluorescent mossy fibers in green can be seen arriving at the granule cell layer where they
make synapses with granule cells. Adapted from (Rylkova et al., 2015)

Granule cells transmit mossy fiber information to the molecular layer through their
axons, which ascend vertically before bifurcating to form parallel fibers. Parallel fibers extend
across the molecular layer in the mediolateral direction and form excitatory synapses with the
dendrites of Purkinje cells as well as molecular layer interneurons. Because each granule cell
gives rise to a parallel fiber that contacts many Purkinje cells, mossy fiber signals are widely
distributed across cerebellar circuits (Apps & Garwicz, 2005; Eccles et al., 1967; Nguyen et al.,
2023).

This organization allows the mossy fiber pathway to generate a sparse and distributed
representation of sensory information within the cerebellar cortex. Individual granule cells
receive input from only a small number of mossy fibers, which enables them to encode specific

combinations of inputs. The resulting parallel fiber activity therefore represents a high
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dimensional representation of sensory and motor related signals that can be integrated by Purkinje
cells and interneurons in the molecular layer (Nguyen et al., 2023).

Parallel fibers also form synapses onto molecular layer interneurons, allowing mossy
fiber signals to recruit inhibitory circuits within the cerebellar cortex. Through these connections,
mossy fiber inputs can influence Purkinje cell activity both directly through excitatory synapses
and indirectly through interneuron mediated inhibition. This dual influence enables mossy fiber
activity to shape the balance between excitation and inhibition within cerebellar circuits.

In the context of associative learning, mossy fibers are generally thought to convey
information related to the conditioned stimulus. During eyelid conditioning, sensory signals
associated with the conditioned stimulus are transmitted through mossy fiber pathways that
activate granule cells and parallel fibers within the cerebellar cortex. These signals provide the
contextual input that can be associated with climbing fiber activity arising from the unconditioned
stimulus (Medina, Nores, et al., 2000; Pugh & Raman, 2008).

Because parallel fibers synapse onto Purkinje cells at large numbers of sites, the strength
of these synapses plays a major role in determining the output of cerebellar circuits. Changes in
synaptic efficacy at parallel fiber—Purkinje cell synapses can therefore modify the response of
Purkinje cells to specific patterns of mossy fiber activity. Such changes are believed to represent

an important mechanism through which the cerebellum stores learned associations.

1.4.2 Climbing fibers

The second major input pathway to the cerebellar cortex arises from the inferior olive and
consists of climbing fibers. In contrast to the distributed connectivity of the mossy fiber pathway,
climbing fibers form highly specific and powerful synaptic connections with Purkinje cells. Each
Purkinje cell receives input from only a single climbing fiber, which wraps around the dendritic
tree of the Purkinje cell and forms hundreds of synaptic contacts (Burroughs et al., 2017;
Kitazawa et al., 1998; Palmer et al., 2010).
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Figure 8: Climbing fibers in the molecular layer

Climbing fibers in light blue can be seen arriving at the molecular cell layer where they
make synapses with Purkinje cell dendrites. From (Silbaugh et al., 2025)

Activation of a climbing fiber produces a characteristic response in Purkinje cells known
as a complex spike. This event consists of a large initial spike followed by a burst of smaller
spikelets and is associated with a prolonged depolarization of the Purkinje cell membrane. This
leads to a phenomenon called post-complex spike pause, in which Purkinje cells cannot fire
simple spikes for 10-20 ms after a complex spike. Complex spikes are accompanied by large
calcium signals within Purkinje cell dendrites that propagate throughout the dendritic tree
(Sillitoe & Joyner, 2007).

The unique physiology of climbing fiber synapses has long suggested that they play a
special role in cerebellar computation. Because climbing fibers produce strong and reliable
activation of Purkinje cells, they are well suited to transmit signals that indicate important sensory
events or performance errors. These signals can be used to guide adaptive changes in cerebellar
circuits during learning.

Neurons of the inferior olive exhibit distinctive electrical properties that promote
synchronous firing across populations of climbing fibers. Olivary neurons are electrically coupled

through gap junctions, which allows activity in one neuron to influence the firing of neighboring
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neurons. As a result, climbing fibers often fire in coordinated patterns that activate groups of
Purkinje cells within the same parasagittal microzone (Lang et al., 2017; Mostofi et al., 2010).

This synchrony is believed to play an important role in shaping the spatial organization of
activity within the cerebellar cortex. When multiple climbing fibers fire together, they can
generate coordinated complex spikes across populations of Purkinje cells. Such coordinated
activity may enhance the impact of climbing fiber signals on cerebellar circuits and influence the
induction of synaptic plasticity.

Climbing fibers also influence other neuronal populations within the cerebellar cortex. In
addition to directly exciting Purkinje cells, climbing fibers can indirectly affect interneurons
located in the molecular layer (Coddington et al., 2013; Szapiro & Barbour, 2007). These
interactions can modify the inhibitory control that interneurons exert over Purkinje cells, thereby
altering the overall balance of excitation and inhibition within the circuit.

Understanding the full range of climbing fiber interactions within cerebellar circuits
remains an active area of investigation. While the direct effects of climbing fibers on Purkinje
cells have been studied extensively, their influence on local inhibitory networks has only recently
begun to be explored. These interactions may play an important role in determining how climbing

fiber signals regulate Purkinje cell activity during learning.

1.4.3 Convergence of mossy fiber and climbing fiber signals

A defining feature of cerebellar circuitry is the convergence of mossy fiber and climbing
fiber signals onto Purkinje cells and local interneurons. Mossy fibers provide a broad
representation of sensory and contextual information through the parallel fiber system, while
climbing fibers convey highly specific signals related to unexpected sensory events or
performance errors. The integration of these pathways within the cerebellar cortex allows the
cerebellum to associate patterns of sensory input with instructive signals that guide learning
(Carey & Regehr, 2009; Eccles et al., 1967; Pugh & Raman, 2008; Raymond et al., 1996).
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At the cellular level, Purkinje cells receive excitatory synaptic input from thousands of
parallel fibers as well as a single climbing fiber. This convergence creates the conditions
necessary for associative synaptic plasticity. When parallel fiber activity coincides with climbing
fiber activation, biochemical signaling pathways within Purkinje cell dendrites can modify the
strength of parallel fiber synapses (Daniel et al., 1998; Hirai, 2018; Ito, 2001).

One well studied form of synaptic plasticity that occurs under these conditions is long-
term depression at parallel fiber—Purkinje cell synapses. During this process, simultaneous
activation of parallel fibers and climbing fibers leads to a long lasting reduction in the efficacy of
parallel fiber synapses. This form of plasticity has been proposed as a key cellular mechanism
underlying cerebellar learning (Ito, 2001).

The induction of long-term depression at parallel fiber Purkinje cell synapses depends
critically on large dendritic calcium signals generated by climbing fiber activation. When a
climbing fiber fires, it produces a complex spike in the Purkinje cell and a widespread increase in
dendritic calcium through activation of voltage gated calcium channels. At the same time, parallel
fiber activity releases glutamate onto Purkinje cell dendritic spines, activating both AMPA
receptors and metabotropic glutamate receptor 1 (mGIuR1). Activation of mGluR1 stimulates
intracellular signaling pathways that lead to the production of inositol trisphosphate and the
release of calcium from intracellular stores. The coincidence of calcium entry triggered by
climbing fiber activity and glutamatergic signaling from parallel fibers produces a large and
spatially localized calcium elevation within dendritic spines that initiates the molecular cascade
underlying long-term depression (Hirai, 2018; Ito, 2001; Linden & Connor, 1995; Regehr et al.,
2009).

This calcium signal activates a number of intracellular signaling pathways that ultimately
modify synaptic receptor composition. One of the key steps in this process is activation of protein

kinase C, which promotes the phosphorylation and internalization of AMPA receptors located at
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parallel fiber synapses. As AMPA receptors are removed from the postsynaptic membrane, the
efficacy of parallel fiber transmission onto Purkinje cells is reduced. Through this receptor
trafficking mechanism, coincident activity of parallel fibers and climbing fibers leads to a long
lasting decrease in synaptic strength at parallel fiber inputs (Hirai, 2018; Ito, 2001; Linden &
Connor, 1995).

Because the induction of this form of synaptic plasticity depends on the magnitude and
spatial distribution of dendritic calcium signals, factors that regulate Purkinje cell dendritic
excitability can strongly influence whether long-term depression is induced. Inhibitory input from
molecular layer interneurons, for example, can suppress dendritic depolarization and reduce
calcium entry during climbing fiber activation. Such inhibitory control has the potential to limit
the conditions under which parallel fiber synapses undergo plastic changes. Understanding how
local circuit mechanisms regulate climbing fiber driven calcium signals is therefore essential for

explaining how synaptic plasticity and learning are controlled within the cerebellar cortex.

1.5 Computational models of cerebellar learning

1.5.1 The Marr-Albus model

One of the most influential conceptual frameworks for understanding cerebellar learning
was proposed independently by David Marr and James Albus in the late 1960s and early 1970s.
These models sought to explain how the distinctive anatomical organization of the cerebellar
cortex could support adaptive motor learning. Marr first proposed that the cerebellar cortex
operates as an associative learning machine capable of modifying its output based on experience
(Marr, 1969). Shortly thereafter, Albus developed a related computational model that formalized
how synaptic changes within the cerebellar cortex could implement learning rules that improve
motor performance (Albus, 1971).

A central insight of the Marr model was that the vast number of granule cells and parallel

fibers could provide a high dimensional representation of sensory and motor information. Granule
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cells receive convergent input from mossy fibers and transmit this information through their
parallel fibers to Purkinje cells. Because each Purkinje cell receives input from an extremely large
number of parallel fibers, the activity of these inputs can represent many combinations of sensory
and contextual signals. Marr proposed that this architecture allows the cerebellum to encode a
rich set of input patterns that can be selectively modified during learning.

In the Marr framework, learning occurs when synaptic connections between parallel
fibers and Purkinje cells are modified in response to instructive signals delivered by climbing
fibers. According to this model, climbing fibers signal that a movement has produced an error or
an unexpected outcome. Parallel fiber synapses that are active at the time of this instructive signal
are weakened, thereby reducing the likelihood that the same pattern of activity will produce the
same error in the future. Through repeated experience, this process allows the cerebellum to
adjust motor commands in order to minimize errors and improve behavioral performance.

Albus expanded upon Marr’s proposal by developing a more explicit computational
model of cerebellar learning. In the Albus model, Purkinje cells function as pattern classifiers that
receive input from many parallel fibers and generate inhibitory output that influences downstream
motor pathways. Synaptic weights at parallel fiber synapses are adjusted according to a learning
rule guided by climbing fiber activity. When a climbing fiber fires, parallel fiber synapses that
were active at that time undergo a decrease in synaptic efficacy. This modification alters the
output of the Purkinje cell and gradually reshapes cerebellar responses to sensory inputs (Daniel
et al., 1998; Raymond et al., 1996).

Together, the Marr and Albus models provided a powerful conceptual framework linking
the anatomical structure of the cerebellar cortex to its potential computational function. These
models predicted that cerebellar learning should depend on synaptic plasticity at parallel fiber

synapses and that climbing fibers should act as instructive signals that guide these changes.
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Subsequent experimental work has provided strong support for many aspects of these ideas and

has helped clarify the cellular and molecular mechanisms that implement this form of learning.

1.5.2 Supervised learning in the cerebellum

The theoretical proposals of Marr and Albus are now commonly interpreted within the
framework of supervised learning. In supervised learning systems, changes in synaptic strength
are guided by instructive signals that indicate whether the output of a circuit is correct or
incorrect. Within the cerebellum, climbing fibers have long been proposed to provide this
instructive signal, allowing the cerebellar cortex to modify its responses based on sensory
feedback (De Zeeuw & Yeo, 2005; Medina, Garcia, et al., 2000; Pugh & Raman, 2008; Raymond
et al., 1996; Silva, Ramirez-Buritica, et al., 2024).

In this framework, mossy fibers convey contextual information about sensory inputs,
motor commands, and internal states of the organism. Through granule cells and parallel fibers,
this information is distributed across large populations of Purkinje cells and interneurons within
the cerebellar cortex. The resulting pattern of parallel fiber activity represents the current sensory
and motor context in which a movement occurs.

Climbing fibers, by contrast, convey signals that reflect unexpected sensory events or
motor errors. When a movement produces an undesired outcome, activity in the inferior olive
generates climbing fiber input to Purkinje cells, producing complex spikes and large dendritic
calcium signals. These events act as teaching signals that instruct synaptic changes within the
cerebellar cortex.

Associative learning paradigms such as eyelid conditioning provide a clear example of
this supervised learning process. During eyelid conditioning, sensory signals related to the
conditioned stimulus are transmitted to the cerebellum through mossy fiber pathways. The
unconditioned stimulus activates climbing fibers that generate complex spikes in Purkinje cells.
When parallel fiber activity representing the conditioned stimulus coincides with climbing fiber
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activity representing the unconditioned stimulus, synaptic plasticity can occur. Over repeated
trials, these synaptic changes allow the cerebellum to generate a predictive motor response to the
conditioned stimulus (Mauk & Donegan, 1997; Medina, Nores, et al., 2000; Mostofi et al., 2010;
Ohyama et al., 2003).

This learning process depends critically on the precise timing of activity within cerebellar
circuits. The effectiveness of climbing fiber instructive signals depends on their temporal
relationship with parallel fiber inputs. Only parallel fiber synapses that are active within a specific
time window surrounding climbing fiber activation undergo plastic changes. This timing
requirement allows the cerebellum to associate particular patterns of sensory input with specific
behavioral outcomes.

The concept of supervised learning therefore provides a powerful framework for
understanding how cerebellar circuits modify motor behavior. Within this framework, climbing
fibers provide instructive signals that guide synaptic plasticity, while mossy fibers provide
contextual information about ongoing sensory and motor events. The interaction between these

pathways allows the cerebellum to learn predictive relationships between stimuli and movements.

1.5.3 Mechanisms of learning and plasticity

A major prediction of the Marr—Albus model is that synaptic plasticity at parallel fiber
synapses onto Purkinje cells should serve as the cellular substrate for cerebellar learning.
Experimental studies beginning in the 1980s provided strong evidence supporting this prediction
through the discovery of long-term depression at parallel fiber—Purkinje cell synapses (Raymond
et al., 1996).

Long-term depression at these synapses occurs when parallel fiber activity precedes
climbing fiber activation. Under these conditions, the synaptic efficacy of parallel fiber inputs

onto Purkinje cells is persistently reduced. This form of plasticity has been extensively studied
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and is widely considered one of the principal cellular mechanisms through which cerebellar
circuits implement adaptive learning.

At the molecular level, the induction of long-term depression depends on the interaction
of signaling pathways activated by parallel fiber and climbing fiber inputs. Glutamate released
from parallel fibers activates AMPA receptors as well as metabotropic glutamate receptor 1
located on Purkinje cell dendritic spines. Activation of mGluR1 stimulates intracellular signaling
pathways that generate inositol trisphosphate and trigger the release of calcium from intracellular
stores. At the same time, climbing fiber activation produces a complex spike that opens voltage
gated calcium channels and generates a large dendritic calcium influx throughout the Purkinje
cell arbor.

The coincidence of these calcium signals produces a large local increase in intracellular
calcium within dendritic spines that initiates the signaling cascade underlying long-term
depression. One key step in this process is the activation of protein kinase C, which promotes
phosphorylation of AMPA receptor associated proteins and leads to the removal of AMPA
receptors from the postsynaptic membrane. As AMPA receptors are internalized, the efficacy of
parallel fiber synapses is reduced, producing a lasting decrease in synaptic strength (Daniel et al.,

1998; Hirai, 2018).
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Figure 9: Expression of cerebellar long-term depression
Molecular pathways for long-term depression at the Parallel fiber — Purkinje cell synapse.
Glutamate binds to AMPA and mGluR1 receptors. Inositol triphosphate triggers calcium
release that in addition to calcium influx from voltage gated channels activated by climbing
fibers, activates protein kinase C and subsequent phosphorylation and internalization of
AMPA receptors. This, ultimately, leads to long-term depression of this synapse. Adapted
from (Hirai, 2018)

In contrast, parallel fiber synapses onto Purkinje cells are also capable of undergoing
long-term potentiation (Rowan et al., 2018). This form of plasticity is typically induced when
parallel fibers are activated in the absence of climbing fiber input or under conditions in which
postsynaptic calcium elevations remain relatively small (Belmeguenai et al., 2010; Wang et al.,
2014). Rather than weakening synaptic transmission, long-term potentiation persistently increases

the efficacy of parallel fiber inputs and is thought to provide bidirectional control of cerebellar

output.
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At the molecular level, parallel fiber long-term potentiation depends on signaling
pathways that differ from those engaged during long-term depression. Parallel fiber stimulation
activates AMPA receptors and produces modest depolarization of Purkinje cell dendritic spines,
while lower amplitude calcium signals can arise through voltage gated calcium channels and
intracellular stores. Under these conditions, phosphatase dependent pathways, including protein
phosphatase 1, protein phosphatase 2B, and related signaling cascades, are favored over protein
kinase C activation. These pathways promote insertion or stabilization of AMPA receptors at the
postsynaptic membrane, increasing synaptic efficacy and strengthening parallel fiber transmission
(Coesmans et al., 2004; Lev-Ram et al., 2002, 2003).

Together, long-term depression and long-term potentiation provide a bidirectional
mechanism through which Purkinje cells can adjust their responses to mossy fiber—granule cell
input. High amplitude calcium signals associated with coincident climbing fiber activation tend to
favor long-term depression, whereas lower calcium elevations in the absence of strong climbing
fiber signals tend to favor long-term potentiation. In this way, dendritic calcium can function as a
key instructive variable that determines the direction of synaptic change.

Because the induction of these forms of plasticity depends critically on dendritic calcium
signals, the magnitude and spatial distribution of calcium within Purkinje cell dendrites plays a
central role in determining whether synaptic modification occurs. Factors that influence dendritic
excitability, such as inhibitory input from molecular layer interneurons, can therefore strongly
affect the probability that parallel fiber synapses undergo long-term depression or long-term
potentiation. These circuit mechanisms may regulate when climbing fiber signals are able to
trigger plasticity and thereby control how cerebellar learning unfolds at the level of neural
circuits.

Although plasticity at parallel fiber—Purkinje cell synapses has received the greatest

attention, additional sites of learning likely contribute to cerebellar memory formation. In
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particular, mossy fiber synapses onto neurons of the deep cerebellar nuclei can also undergo long-
term plasticity. Because deep cerebellar nuclei neurons integrate direct mossy fiber excitation
with inhibitory Purkinje cell input, plasticity at these synapses may help consolidate learned
responses and support the expression of conditioned motor outputs. Thus, cerebellar learning is
likely distributed across multiple synaptic sites, with cortical and nuclear plasticity making

complementary contributions to behavior.

1.6 Inhibitory circuits of the molecular layer

1.6.1 Molecular layer interneurons

Inhibitory interneurons in the molecular layer of the cerebellar cortex play a fundamental
role in regulating the activity of Purkinje cells, the sole output neurons of the cerebellar cortex.
These neurons, known as molecular layer interneurons, form a dense inhibitory network that
shapes how excitatory inputs from parallel fibers and climbing fibers influence Purkinje cell
firing (Apps & Garwicz, 2005; Eccles et al., 1967; Hull & Regehr, 2022; Jorntell & Ekerot,
2002a; Rowan et al., 2018).

Molecular layer interneurons receive their primary excitatory input from parallel fibers,
the axons of granule cells that ascend into the molecular layer and bifurcate to form long
transverse fibers. Parallel fibers make glutamatergic synapses onto both Purkinje cell dendrites
and molecular layer interneurons. Consequently, activation of granule cells simultaneously
excites Purkinje cells and recruits inhibitory interneurons that suppress Purkinje cell activity. This
arrangement creates a powerful form of feedforward inhibition that regulates the timing and
magnitude of Purkinje cell responses to excitatory input (Jorntell & Ekerot, 2002a; Rowan et al.,
2018).

Historically, molecular layer interneurons have been divided into two morphological
classes based on their position within the molecular layer and the structure of their axonal

projections. Interneurons located in the outer molecular layer were described as stellate cells,
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whereas interneurons located deeper in the molecular layer were described as basket cells (Apps
& Garwicz, 2005; Hull & Regehr, 2022). Although these two classes share many physiological

properties, they differ in the subcellular compartments of Purkinje cells that they target.
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Figure 10: Morphological classes of molecular layer interneurons

From (Kim & Augustine, 2021a)

Stellate cells primarily form axodendritic synapses onto the dendritic arbor of Purkinje
cells. Through these synapses, they provide inhibitory input directly onto Purkinje cell dendrites,
where excitatory inputs from parallel fibers and climbing fibers converge. Because dendritic
depolarization plays a key role in the generation of climbing fiber evoked calcium signals,
inhibition at these dendritic sites can strongly influence dendritic excitability and synaptic
integration.

Basket cells, in contrast, extend axonal branches that descend toward the Purkinje cell
layer and form synapses onto Purkinje cell somata. In addition, basket cell axons form specialized
structures known as pinceau terminals that surround the axon initial segment of Purkinje cells.
These terminals generate powerful inhibition near the site of spike initiation and can strongly

regulate the probability that Purkinje cells generate action potentials (Blot & Barbour, 2014).
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Through these distinct synaptic arrangements, molecular layer interneurons regulate
Purkinje cell activity at multiple subcellular locations. Dendritic inhibition can influence the
integration of excitatory synaptic inputs and the magnitude of dendritic calcium signals, whereas
somatic and axon initial segment inhibition can regulate spike generation and firing patterns. As a
result, inhibitory circuits within the molecular layer exert powerful control over both the electrical
output of Purkinje cells and the intracellular signals that drive synaptic plasticity.

Although the stellate and basket cell classification captures important morphological
differences, more recent work has revealed that molecular layer interneurons are also
heterogeneous at the molecular and circuit levels. In particular, advances in molecular profiling
and circuit analysis have identified distinct functional subclasses of molecular layer interneurons
that are defined by their connectivity and network interactions rather than by their morphology

alone.

1.6.2 Functional subtypes of molecular layer interneurons

Although molecular layer interneurons were historically classified as stellate and basket
cells based on their morphology and synaptic targets, recent work has revealed a different
organizational principle based on molecular identity and circuit connectivity. Using single
nucleus RNA sequencing combined with electrophysiology and anatomical reconstructions,
recent studies have identified two genetically and functionally distinct subtypes of molecular

layer interneurons referred to as MLI1 and MLI2 (Kozareva et al., 2021; Lackey et al., 2024).
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Figure 11: Low dimensional visualization of nuclei transcripts of hundreds of MLIs
Each dot represents a collection of transcripts obtained from the nucleus of one molecular
layer interneuron. The separation of the clusters depicts the genetic difference across these

interneuron subtypes. Adapted from (Kozareva et al., 2021)

Importantly, this molecular classification does not correspond directly to the classical
distinction between stellate and basket cells. Both MLI1 and MLI2 neurons can display
morphological characteristics associated with either stellate or basket cells depending on their
position within the molecular layer. Thus, the MLI1 and MLI2 classification represents an
orthogonal framework that reflects differences in connectivity and functional roles within
cerebellar circuits rather than simple anatomical morphology (Lackey et al., 2024).

The two interneuron subtypes differ substantially in their synaptic targets and patterns of
connectivity. MLI1 neurons form inhibitory synapses directly onto Purkinje cells and therefore
provide direct inhibitory control of cerebellar cortical output. In contrast, MLI2 neurons primarily
inhibit MLI1s. Through this connectivity, MLI2 neurons regulate Purkinje cell activity indirectly
by modulating the activity of the interneurons that inhibit them.

MLII neurons also exhibit extensive electrical coupling through gap junctions, which
promotes synchronous firing among neighboring interneurons. This electrical coupling allows
populations of MLI1 neurons to coordinate inhibitory signals delivered to Purkinje cells across

local regions of the cerebellar cortex. In contrast, MLI2 neurons exhibit much weaker electrical
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coupling and instead influence network activity primarily through chemical synapses onto other
interneurons (Lackey et al., 2024).

These differences in connectivity and intrinsic properties suggest that the two interneuron
subtypes play distinct roles in cerebellar computation. MLI1 neurons regulate Purkinje cell firing
directly, whereas MLI2 neurons modulate Purkinje cell activity indirectly through their influence
on other interneurons. This hierarchical organization creates the possibility that inhibitory
networks within the molecular layer can produce disinhibitory effects that dynamically regulate
Purkinje cell output.

The discovery of MLI1 and MLI2 subtypes therefore represents an important advance in
our understanding of cerebellar circuit organization. By revealing that molecular layer
interneurons form specialized inhibitory networks rather than a homogeneous population, this
work provides a framework for understanding how inhibitory circuits shape the integration of

excitatory inputs within the cerebellar cortex.

1.6.3 Disinhibitory circuit motifs

The distinct connectivity of MLI1 and MLI2 neurons gives rise to a disinhibitory circuit
motif within the molecular layer of the cerebellar cortex. In this arrangement, MLI1 neurons
inhibit Purkinje cells directly, whereas MLI2 neurons inhibit MLI1 neurons. Activation of MLI2
neurons can therefore suppress the activity of MLI1 neurons and reduce the inhibitory input that

Purkinje cells receive.
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Figure 12: Circuitry form by molecular layer interneurons

Adapted from (Lackey et al., 2024)

Disinhibitory circuits are a common motif in neural systems and provide a powerful
mechanism for dynamically regulating the flow of information through neural circuits (Jackson et
al., 2016). In the cerebellar cortex, the presence of such circuits suggests that inhibitory
interneurons do not simply suppress neuronal activity but instead participate in flexible control of
excitatory signaling.

These disinhibitory interactions are particularly relevant for processes that depend on
dendritic depolarization and calcium signaling in Purkinje cells. As discussed in previous
sections, climbing fiber activation produces strong dendritic depolarization and large calcium
transients that are essential for the induction of synaptic plasticity at parallel fiber synapses.
However, inhibitory input from molecular layer interneurons can reduce dendritic excitability and
limit the magnitude of these calcium signals.

Disinhibitory pathways involving MLI2 neurons, therefore, provide a potential
mechanism for regulating when climbing fiber signals are able to generate large dendritic calcium
transients. By suppressing MLI1 mediated inhibition, activation of MLI2 neurons may allow

Purkinje cell dendrites to depolarize more strongly in response to climbing fiber input. In this way
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inhibitory circuits in the molecular layer may influence whether climbing fiber activity
successfully triggers synaptic plasticity within cerebellar circuits.

Understanding how these inhibitory networks interact with climbing fiber activity,
therefore, represents an important step toward explaining how cellular and circuit mechanisms

combine to regulate cerebellar learning.

1.6.4 Synaptic plasticity of molecular layer interneurons

Plasticity in the cerebellar cortex is not limited to excitatory synapses onto Purkinje cells.
Synapses involving molecular layer interneurons are also plastic, indicating that cerebellar
learning may depend not only on changes in excitatory drive to Purkinje cells but also on long-
lasting reconfiguration of local inhibitory circuits (Dorgans et al., 2019; Lennon et al., 2015).
This idea is particularly important because molecular layer interneurons regulate the timing, gain,
and spatial distribution of Purkinje cell activity, including the dendritic excitability that
determines whether climbing fiber signals trigger large calcium elevations and induce plasticity
(Mapelli et al., 2015). Thus, plasticity in molecular layer interneuron circuits has the potential to
shape cerebellar learning indirectly by controlling the inhibitory context in which Purkinje cells
integrate parallel fiber and climbing fiber inputs (Kim & Augustine, 2021b; Rowan et al., 2018).

One major site of inhibitory circuit plasticity is the parallel fiber to molecular layer
interneuron synapse. Studies in cerebellar slices have shown that these synapses can express
multiple forms of long-term plasticity, including both potentiation and depression. It has been
shown that synapses between parallel fibers and stellate cells can undergo bidirectional long-term
changes in efficacy depending on the induction protocol, with potentiation linked to nitric oxide
signaling and depression linked to metabotropic glutamate receptor activation (Rancillac &
Crépel, 2004). Later, it was demonstrated a synapse-specific form of long-term depression at
parallel fiber synapses onto stellate cells that requires Ca2+-permeable AMPA receptors,
mGluR1 signaling, and CB1 receptor activation, and that is restricted to activated inputs (Soler-
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Llavina & Sabatini, 2006). In addition, it was also identified a presynaptically expressed long-
term potentiation at parallel fiber—interneuron synapses, indicating that the efficacy of excitatory
drive onto molecular layer interneurons can be persistently increased through changes in
transmitter release. Together, these studies show that the excitatory recruitment of molecular
layer interneurons is itself highly plastic (Bender et al., 2009).

Importantly, plasticity at parallel fiber inputs to interneurons has also been observed in
vivo. Combined activation of parallel fiber and climbing fiber receptive fields can induce long-
lasting changes in the receptive field organization of cerebellar interneurons, consistent with
potentiation of parallel fiber inputs to these cells (Jorntell & Ekerot, 2002b). Subsequent work
further demonstrated that sensory stimulation can profoundly remodel parallel fiber receptive
fields in interneurons, supporting the idea that inhibitory neurons participate directly in learning-
related circuit plasticity rather than merely relaying fixed feedforward inhibition (Jorntell &
Ekerot, 2003). These in vivo observations are especially significant because they suggest that
plasticity at interneuron synapses may contribute to the reorganization of sensory representations
during learning (Jorntell et al., 2010).

A second major site of plasticity in the molecular layer is the inhibitory synapse from
interneurons onto Purkinje cells. At these synapses, climbing fiber-driven depolarization of
Purkinje cells can induce a long-lasting increase in inhibitory strength, a phenomenon known as
rebound potentiation. Rebound potentiation is triggered by postsynaptic depolarization and
intracellular Ca2+ elevation in Purkinje cells and results in a persistent enhancement of
GABAergic synaptic transmission (Kano et al., 1992). Subsequent work showed that this process
involves postsynaptic regulation of GABAA receptor function and trafficking, including
molecular interactions involving GABARAP and receptor-associated signaling complexes
(Hirano & Kawaguchi, 2014). More recent studies have demonstrated that inhibitory plasticity at

interneuron—Purkinje cell synapses is input specific and depends on GABAA receptor subtype

40



composition, indicating that inhibitory control of Purkinje cells can itself be selectively modified
in a synapse-dependent manner (He et al., 2015; Kawaguchi & Hirano, 2007).

These forms of inhibitory circuit plasticity are conceptually important because they can
interact with plasticity at parallel fiber—Purkinje cell synapses in either synergistic or antagonistic
ways. In a synergistic scenario, weakening of parallel fiber excitation onto Purkinje cells could be
accompanied by strengthening of parallel fiber recruitment of interneurons or strengthening of
inhibitory synapses onto Purkinje cells, together producing a larger net suppression of Purkinje
cell output. Conversely, if excitatory drive onto interneurons is weakened or inhibitory synapses
onto Purkinje cells are depressed, the net effect could oppose or limit changes occurring at
parallel fiber—Purkinje cell synapses. Plasticity in molecular layer interneuron circuits therefore
provides an additional degree of freedom through which the cerebellum may regulate the sign,
magnitude, and temporal precision of learned changes in Purkinje cell activity.

MLI plasticity is very relevant to the circuit mechanisms investigated in the present
thesis. The findings described above show that molecular layer inhibitory circuits are not static,
but instead are capable of long-lasting, experience-dependent modification. At the same time,
most studies of molecular layer interneuron plasticity were performed before the recently
established distinction between MLI1 and MLI2 interneurons (Lackey et al., 2024). As a result, it
remains unknown whether the plasticity rules reported at parallel fiber—interneuron synapses or
interneuron—Purkinje cell synapses apply equally to both functional subtypes, or whether they are
specialized according to the distinct circuit roles of MLI1s and MLI2s. Given that MLI1s
primarily inhibit Purkinje cells whereas MLI2s preferentially inhibit other interneurons, subtype-
specific plasticity could have very different consequences for dendritic inhibition, disinhibition,
and learning. Clarifying how plasticity is distributed across these newly defined interneuron
classes therefore represents an important next step for understanding how inhibitory circuits

contribute to cerebellar computation and memory.
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1.7 Climbing fiber signaling and inferior olive synchrony

1.7.1 Synchrony in the inferior olive

The inferior olive provides the sole source of climbing fiber input to the cerebellar cortex
and plays a central role in cerebellar learning. Each olivary neuron sends a climbing fiber axon
that forms an exceptionally powerful synapse onto a single Purkinje cell. Activation of this
synapse produces a complex spike characterized by a large dendritic depolarization and a burst of
spikelets in the soma. Because each Purkinje cell receives input from only one climbing fiber,
complex spikes provide a reliable indicator of climbing fiber activity (Burroughs et al., 2017,
Dean et al., 2010; Ito, 2006; Palmer et al., 2010; Voogd & Glickstein, 1998).

Inferior olivary neurons possess unique intrinsic properties that support synchronized
activity across populations of cells. These neurons are electrically coupled through gap junctions
located on their dendrites, allowing membrane potential fluctuations to spread between
neighboring neurons (Bal & McCormick, 1997; Devor & Yarom, 2000; Llinas, 2014; Person &
Raman, 2012). Electrical coupling promotes coordinated oscillations in olivary networks and can
synchronize the timing of action potentials among groups of neurons. As a result, clusters of
climbing fibers can fire nearly simultaneously and activate neighboring Purkinje cells within a
narrow temporal window (A & Y, 2002; Best & Regehr, 2009; Mathy et al., 2014; Turecek et al.,
2014).

Olivary neurons and their axons mostly preserve their spatial arrangement in the
cerebellar cortex. Climbing fibers that arise from neighboring olivary neurons tend to project to
Purkinje cells in the same parasagittal zones of the cerebellar cortex (Ebner et al., 2012; Lang et
al., 2017; Mostofi et al., 2010). Within these zones, Purkinje cells often display correlated
complex spike activity, reflecting synchronous activation of their climbing fiber inputs (De

Zeeuw et al., 1998). This patterned activity has been observed during both spontaneous
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conditions and sensory stimulation, suggesting that inferior olivary networks can coordinate
climbing fiber signals across local populations of Purkinje cells.

Synchronous climbing fiber activity has important implications for cerebellar function.
Because complex spikes produce large dendritic calcium signals in Purkinje cells, coordinated
activation of multiple climbing fibers can influence the magnitude and spatial distribution of
calcium influx across Purkinje cell dendrites. Previous work has suggested that synchrony among
climbing fibers may amplify the instructive signals that drive synaptic plasticity at parallel fiber
synapses (De Zeeuw et al., 1998; Medina, Garcia, et al., 2000; Medina, Nores, et al., 2000).
Sensory stimuli, including those used in cerebellar learning paradigms such as eyelid
conditioning, could increase the probability that neighboring climbing fibers fire within a short
time window.

The ability of inferior olivary neurons to generate synchronous activity, therefore,
provides a mechanism by which evoked events could recruit and amplify complex spike
responses across populations of Purkinje cells. On a different note, climbing fiber activation does
not act exclusively on Purkinje cells. Evidence from slice-physiology experiments indicates that
climbing fiber activity can also influence interneurons in the molecular layer. Understanding how
these interneurons are recruited by climbing fibers is essential for determining how synchronous

climbing fiber signals shape cerebellar processing and plasticity.

1.7.2 The paradox of climbing fiber signaling

Climbing fibers are widely regarded as the instructive signals that guide synaptic
plasticity in the cerebellum. Activation of a climbing fiber produces a large dendritic
depolarization in the Purkinje cell that triggers a substantial influx of calcium through voltage
gated calcium channels. When parallel fiber synapses are active near the same time, the resulting
calcium dependent signaling cascades lead to long-term depression at parallel fiber synapses (Ito,
2001; Raymond et al., 1996). Through this mechanism, climbing fibers can selectively weaken
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the synaptic inputs that were active during an error signal or unconditioned stimulus, thereby
supporting associative learning.

Despite this well-established role, climbing fiber signaling presents an apparent paradox.
In addition to strongly exciting Purkinje cells, climbing fibers have also been shown to activate
molecular layer interneurons. Early physiological experiments in cerebellar slices demonstrated
that stimulation of climbing fibers could evoke excitation in molecular layer interneurons with
short latency (Szapiro & Barbour, 2007). These responses were initially puzzling because

climbing fibers do not form conventional synapses onto molecular layer interneurons.

¥
_IN pC
(I L’”
2 ms e e

Figure 13: Climbing fibers activate molecular layer interneurons ex vivo
Excitatory postsynaptic currents of molecular layer interneurons (IN) and Purkinje cells
(PC) in response to climbing fiber stimulation (arrow is stimulation onset). Note the slower
response of IN, non-typical of a conventional synapse. Adapted from (Szapiro & Barbour,
2007)

Subsequent work suggested that climbing fibers may activate interneurons through
glutamate spillover. When climbing fibers release glutamate onto Purkinje cell dendrites, some of
the transmitter can diffuse beyond the synaptic cleft and activate nearby receptors on interneurons
within the molecular layer (Coddington et al., 2013; Szapiro & Barbour, 2007). This mechanism
allows climbing fiber activity to influence interneuron firing even in the absence of direct
synaptic contacts. Electrophysiological recordings in slices showed that climbing fiber

stimulation can produce excitatory responses in interneurons that are consistent with such

spillover mediated transmission.
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The functional implications of this pathway have remained unclear. Molecular layer
interneurons provide inhibitory input to Purkinje cells and therefore regulate dendritic excitability
and synaptic integration within the cerebellar cortex. If climbing fibers activate these
interneurons, the resulting inhibition could potentially suppress Purkinje cell activity or reduce
dendritic calcium signals. Such inhibition would appear to oppose the role of climbing fibers as
drivers of synaptic plasticity.

This apparent contradiction has raised important questions about how climbing fiber
signals interact with local inhibitory circuits. One possibility is that interneuron activation limits
the spread of climbing fiber evoked calcium signals and thereby shapes the spatial specificity of
plasticity within Purkinje cell dendrites. Another possibility is that climbing fiber driven
inhibition acts as a form of feedback control that regulates excitability within the cerebellar
cortex. However, recent work has revealed that molecular layer interneurons comprise at least
two functional subclasses with distinct connectivity patterns. MLI1 neurons primarily inhibit
Purkinje cells, whereas MLI2 neurons preferentially inhibit MLI1 interneurons and thereby form
a disinhibitory circuit motif within the molecular layer (Lackey et al., 2024).

This subdivision raises the possibility that climbing fiber activation may engage these
interneuron subtypes in different ways. If climbing fibers preferentially recruit MLI2 neurons, the
resulting inhibition of MLI1 cells could reduce inhibitory input onto Purkinje cell dendrites. Such
disinhibition would be expected to enhance dendritic excitability and increase the amplitude of
climbing fiber evoked calcium signals. In this scenario, activation of interneuron circuits would
not oppose climbing fiber driven plasticity but could instead facilitate it by regulating the
inhibitory tone that shapes Purkinje cell dendritic calcium signals.

However, previous studies have largely examined climbing fiber activation of
interneurons in slice preparations, leaving open the question of how these circuits operate in the

intact brain. In vivo conditions introduce additional factors, including ongoing sensory input,
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network activity, and synchronous climbing fiber firing across neighboring Purkinje cells.
Determining whether climbing fibers preferentially recruit specific interneuron subtypes and how
this recruitment influences Purkinje cell activity is therefore essential for understanding how

instructive signals are transformed into synaptic plasticity within cerebellar circuits.

1.8 Overview

The studies described above highlight a central question in cerebellar physiology.
Climbing fibers provide powerful instructive signals that trigger dendritic calcium influx in
Purkinje cells and guide synaptic plasticity at parallel fiber synapses. At the same time,
physiological experiments indicate that climbing fibers can also activate molecular layer
interneurons, which inhibit Purkinje cells and regulate dendritic excitability. This raises an
apparent contradiction: if climbing fibers recruit inhibitory interneurons, how can they reliably
generate the large dendritic calcium signals required for learning (Daniel et al., 1998; Silva,
Ramirez-Buritica, et al., 2024).

Recent work showing that molecular layer interneurons comprise distinct functional
subtypes suggests a potential resolution to this problem. In particular, MLI1 neurons primarily
inhibit Purkinje cells, whereas MLI2 neurons preferentially inhibit MLI1 interneurons and
thereby form a disinhibitory circuit motif within the molecular layer (Lackey et al., 2024). This
organization raises the possibility that climbing fiber activity may engage interneuron subtypes in
a selective manner. If climbing fibers preferentially activate MLI2 neurons, the resulting
inhibition of MLI1 cells could relieve dendritic inhibition of Purkinje cells and enhance climbing
fiber evoked calcium signals.

The goal of this thesis is to test this hypothesis and determine how climbing fiber activity
interacts with molecular layer interneuron circuits in the intact cerebellar cortex. To address this

question, I combined large scale electrophysiological recordings, sensory stimulation,
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computational modeling, and two-photon calcium imaging to investigate how climbing fiber
signals influence interneuron activity and Purkinje cell responses during behavior.

Chapter 1 examines how spontaneous climbing fiber activity influences molecular layer
interneurons and Purkinje cells in vivo. Using Neuropixels recordings in behaving mice, I test
whether climbing fibers preferentially recruit specific interneuron subtypes and determine how
these interactions influence Purkinje cell firing. These experiments reveal that climbing fiber
activation strongly excites MLI2 neurons, suppresses MLI1 activity, and disinhibits Purkinje cell
simple spike firing.

Chapter 2 investigates how evoked climbing fiber activity interacts with mossy fiber
inputs during behavior. Using periocular airpuff stimulation together with electrophysiological
recordings and circuit simulations constrained by anatomical reconstructions, I examine how the
climbing fiber and mossy fiber pathways jointly shape interneuron activity in favorable and
unfavorable contexts for learning. These results demonstrate that the balance between climbing
fiber driven disinhibition and mossy fiber driven inhibition determines how interneurons regulate
Purkinje cell activity during sensory processing.

Chapter 3 tests whether these circuit mechanisms influence dendritic calcium signaling in
Purkinje cells. Using two-photon imaging of Purkinje cell dendrites in vivo, I measure climbing
fiber evoked calcium transients under conditions of synchronous and isolated climbing fiber
activation. These experiments show that synchronous climbing fiber activity enhances dendritic
calcium signals, consistent with recruitment of a disinhibitory circuit involving MLI2 and MLI1
interneurons.

Together, the results presented in this thesis demonstrate that climbing fibers can engage
a disinhibitory circuit in the cerebellar cortex that enhances Purkinje cell dendritic calcium
signals. These findings provide a mechanistic explanation for how climbing fiber synchrony and

interneuron circuitry interact to regulate synaptic plasticity and cerebellar learning.
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2. Investigating functional interactions between CFs and MLIs
in vivo

This chapter is adapted from a manuscript (of the same title) accepted for publication in Nature
in 2026. The authors are Fernando Santos-Valencia, Elizabeth P. Lackey, Aliya Norton, Asem
Wardak, Cole S. Gaynor, Sean Ediger, Marie E. Hemelt, Tri M. Nguyen, Wei-Chung Allen Lee,
Nicolas Brunel, Court A. Hull & Wade G. Regehr. For the section adapted in this chapter, F.S.V.,
C.A.H. and W.G.R. wrote the section, conceptualized and designed the experiments. F.S.V.
conducted and analyzed the experiments. Minor revisions were made with the assistance of Chat
GPT5.2 to improve the overall flow of the text.

2.1 Introduction

Climbing fibers (CFs) arise from the inferior olive in the medulla and climb up to the
cerebellar cortex (Apps & Garwicz, 2005). The axons wrap around the massive Purkinje cell (PC)
dendrites, forming one of the strongest excitatory synapses in the brain, which produces a high
calcium influx needed for plasticity. When a CF fires, it always produces a postsynaptic PC
dendritic spike called complex spike (PCcs) (Palmer et al., 2010). While presynaptic CF spiking
is invisible to conventional extracellular electrophysiological recording techniques, postsynaptic
PCecs produce a massive a longer lasting change in the membrane potential of PCs at their
dendrites and somas that is easily seen with these tools. The electrophysiological features of PCcs
are a single spike followed by several wavelets, hence the name “complex” (Palmer et al., 2010).
The previously described one-to-one relationship between pre- and postsynaptic spiking in this
pathway makes PCcs suitable as a proxy for CF spiking. Molecular layer interneurons (MLIs) are
divided into two. MLI1s provide direct inhibition to PCs, and MLI2s provide inhibition to MLI1s
(Lackey et al., 2024). Both subtypes receive excitatory input from Granule cell (GC) parallel
fibers (PFs), which in turn receive excitatory input from Mossy fibers (MFs).

On the other hand, MLIs also receive input from climbing fibers, although how they
receive it, how they are activated, and how they integrate it remain unclear. In recent
collaborative work, using electron microscopy reconstructions, we showed that climbing fibers
preferentially form unconventional synaptic contacts with MLI2s (Fig. 14 a,e). These are physical
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contact sites that lack a pool of docked vesicles at the presynaptic terminal and lack a
postsynaptic density (Fig. 14b). However, near these physical contacts, true synaptic contacts
between PFs and MLIs can be found (Fig.14 c,d). We found that the number of true synaptic
contacts near the unconventional synapses was higher for MLI2s than for MLI1s (Fig. 14f). Using
slice electrophysiology, we showed that these unconventional synaptic contacts activate MLI2s
via glutamate spillover (Fig.14 g,h). These findings suggest that MLI1 inhibition of PCs might
not be strongly triggered by this pathway and thus would not interfere with PC dendritic calcium
influx. With these discoveries in mind, I set out to perform in vivo experiments to investigate
whether these structural findings translate into a functional interaction between CFs and MLIs,

and, if so, whether the CFs preferentially drive MLI2s.
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Figure 14: Climbing fibers preferentially contact MLI2s via unconvential spillover synapses
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a) Image of a reconstructed CF (blue), the corresponding PC (grey) and an MLI1 (purple)
and MLI2 (green) that are contacted by the CF. Arrows indicate two points of contact. b)
(Top) an EM section and its reconstruction showing the point of contact between a CF and
an MLI2. (Bottom) same as top but for an MLI1. c¢) (Top) expanded view of CF to MLI2
contact. (Bottom) GC to MLI2 synapse. d) (Top) an EM reconstruction of a CF (blue) to
MLI2 (green) contact, granule cell parallel fibers (grey), and granule cell-MLI2 PSDs (red).
(Bottom) same as top but for an MLI1. e) Summary of the numbers of MLIs and contact
sites for each CF. f) (Top) Summary of CF-MLI contact areas. (Bottom) Summary of the
number of GC PSDs within one micrometer of the center of a CF-MLI contact site. g)
Evoked CF-MLI EPSCs. h) The effect of blocking glutamate uptake (S0 pM TBOA, black)
on a CF-MLI2 EPSC. PSD: Postsynaptic density. EPSC: Excitatory postsynaptic current.
Adapted from (Santos-Valencia et al., 2025)

To address this question, I built a setup for large-scale extracellular electrophysiological
recordings in behaving mice. Mice were placed on a motorized circular treadmill, while the
spiking activity of the cerebellar cortex was recorded using Neuropixels probes. These high-
density linear probes were highly advantageous for recording across different cortical layers, each
containing distinct cell types. Using a previously established analytical pipeline in our lab and
others (Beau et al., 2025; Lackey et al., 2024), I classified the recorded cells into MFs, PC simple
spikes (PCss), PCcs, and MLIs. Using cross-correlations in the time domain, I found that
spontaneous complex spikes strongly excite MLI2s with a very short latency. In addition, MLI1s
are strongly inhibited following PCcs and MLI2 activation. Furthermore, I found that PCss are
disinhibited after MLI1 inhibition. In fact, when I looked at connected pairs of MLI1s providing
inhibition to PCss. I found an inverse correlation: the stronger the inhibition of the MLI1s, the
stronger the disinhibition of the PCss when both are driven by the same PCcs. Together, my
results demonstrate that CFs preferentially drive MLI2s in vivo, favoring a disinhibitory pathway

for PCs. This opens the possibility for disinhibition and high calcium influx in PCs in response to

stimuli relevant for learning.

2.2 Results

Building on the anatomical and slice-physiology observations summarized in the
previous section, | examined whether CF activation produces corresponding effects on MLI s,
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MLI2s, and PCs in vivo. Reconstructions and slice recordings predict that CF activation leads to a
substantial increase in MLI2 firing, a transient increase followed by a pronounced decrease in
MLI1 firing, and disinhibition of Purkinje cells (PCs). These predictions were tested using high-

density silicon probe recordings (Neuropixels) in behaving mice.

2.2.1 Characterization of cell types in the cerebellar cortex

Mice were placed on a motorized circular treadmill, and a Neuroixels probe was inserted
in the lobule simplex of the cerebellum (Fig. 16a). Spontaneous activity was recorded, and
individual units were sorted using a well-established algorithm (Pachitariu et al., 2024), followed
by manual curation. Sorted units were then classified by a deep learning algorithm developed
specifically for cerebellar spiking data (Beau et al., 2025). This allowed me to separate units into
MFs, PCss, PCcs, and MLIs. For MLI subclassification, I used a strategy previously developed in
our lab (Lackey et al., 2024). Baseline firing rates of each cell type were plotted (Fig. 15a). The
mean firing rate for each cell type was as follows. MF rate was 12 Hz, PCss was 89 Hz, PCcs was
1 Hz, MLI2 was 31 Hz, and MLI1 was 34 Hz. Example waveforms and autocorrelograms of all
cell types were also plotted (Fig. 15b). These features confirm accurate classification of cell types

based on previous work (Beau et al., 2025; Lackey et al., 2024).
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Figure 15: Firing rates and waveforms of cerebellar cortex neurons

a) Baseline firing rates of all recorded cell types. (MF, n =256; PCss, n = 125; PCcs, n =
244; MLI2, n = 18; MLI1, n = 112). b) Representative waveforms for all recorded cell types
in (a) (left) and autocorrelograms of all units of each cell type (right). Adapted from
(Santos-Valencia et al., 2025)
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2.2.2 Climbing fibers drive responses in MLIs and PCs

Spontaneous CF activation reliably induces PCcs, which serve as a proxy for CF activity.
PCcs-MLI2 cross-correlograms (CCGs) demonstrate a marked increase in MLI2 firing
immediately following PCcs onset (Fig. 16b, e), consistent with spillover excitation of MLI2s. In
contrast, PCcs-MLI1 CCGs reveal a brief, minor decrease in MLI1 firing, followed by an
increase and then a subsequent decrease (Fig. 16c, ). The initial CF-MLI1 inhibition occurs
nearly synchronously with the PCcs, is small and short-lived, and exhibits properties consistent
with rapid ephaptic inhibition similar to CS-mediated inhibition of neighboring PCs31 (Fig. 16d).
The subsequent CF-MLI1 excitation aligns with CF spillover synapses, while the late inhibitory
phase is consistent with CF-MLI2-MLI1 inhibition. Among PCcs-MLI2 CCGs, 77% (43/56)
exhibit a short-latency increase in firing (Z-score > 4 for 1-2 ms after the PCcs). For PCcs-MLI1
CCGs, 25% (47/190) display a short-latency increase in firing (Z-score > 4 for 1-2 ms after the
PCecs), and 39% (74/190) show a longer-latency decrease in firing (Z-score < -4 for 3-6 ms after
the PCcs). The pronounced differences between PCcs-MLI1 and PCes-MLI2 CCGs are further
illustrated by quantifying the cumulative change in spikes associated with the PCcs for each
PCcs-MLI pair: a PCcs is associated with a net increase in spiking (Z-score > 4) in 14% of MLI1s
and 78% of MLI2s, and a decrease in spiking (Z-score < -4) in 63% of MLI1s and 4% of MLI2s
(Fig. 16f). Assessing the effect of CF activation of MLIs on the PC targeted by the CF is
challenging because a PCcs is followed by a pause in PCss, which is produced at least in part by
intrinsic conductances32. Therefore, the interaction between PCcss and PCsss in neighboring PCs

was evaluated, revealing rapid decreases in spiking followed by slower increases (Fig. 16d, e).
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Figure 16: Cerebellar cortex neurons are driven by spontanous CF spikes
a) Schematic showing the experimental setup for the in vivo recordings. Complex spikes
(CSs) are used as a proxy for CF activation. b) Average CS-MLI2, ¢) CS-MLI1 and d) CS-
PC CCGs for spontaneous CSs. ¢) Summary of the changes in firing for CS-MLI2s, CS-

MLI1, and CS-PC CCGs for the indicated time intervals after the occurrence of a CS. f)
Cumulative distributions depicting the polarity of MLI responses.

2.2.3 Latencies of MLI and PC activation suggest a polysynaptic disinhibitory
circuit

The timing of PCcs effects on the firing of nearby cells is depicted by aligned average
CCGs for different cell types, with dashed vertical lines indicating the evaluated components
(Fig. 17a). A summary of the timing for individual CCGs with large Z-scores is provided (Fig.
17b), and the sequence is further illustrated in a schematic (Extended Data Fig. 6). PCcs-MLI2
CCGs indicate that the latency of MLI2 activation from PCcs onset is approximately 0.50 ms.
The average of all PCcs-MLI1 CCGs demonstrates an initial increase in firing followed by a
decrease (Fig. 3g, Fig. 31, dark purple). A subset of PCcs-MLI1 CCGs exhibits prominent short-
latency increases in firing (~0.83 ms), while another subset shows longer-latency suppression
(~2.4 ms) (Fig. 31, light purple traces). For PCcs-PCss CCGs, a rapid decrease in firing (0.23 ms

latency) is followed by a much longer-latency (4.1 ms) increase in firing (Fig. 31, blue). The rapid
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decrease in PCss rate after a PCcs results from ephaptic coupling, in which CFs generate an
extracellular signal that rapidly inhibits neighboring PCs31 (Fig. 3m). Subsequently, PCcs rapidly
excites MLI2s and a small fraction of MLI1s; approximately 1.9 ms later, MLI2s inhibit MLIs,

and after an additional 1.7 ms, there is an increase in PCss firing consistent with disinhibition

mediated by the CF-MLI2-MLI1-PC pathway.
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Figure 17: Temporal dynamics of cerebellar cortex neurons in response to spontaneuons CF
spikes

a) Depiction of the timing of various components of the CCGs relative to the detection of a

CS. Vertical lines indicate average latencies. b) Summary plot showing the latencies for the
components highlighted in f. Adapted from (Santos-Valencia et al., 2025)

2.2.4 MLI1 suppression is inversely correlated with PCss disinhibition
If the increase in PCss firing results from disinhibition involving MLI1s, PCss spiking
should be inversely correlated with suppression of nearby MLI1s. This hypothesis was tested by

plotting z-scores of the firing rate of connected MLI1s to PCss in response to the same PCcs,
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revealing that large decreases in MLI1 firing are correlated with large increases in PCss firing

(Fig. 18).
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Figure 18: MLI1 supression is inversely correlated with PCss disinhibition
The magnitude of MLI1 suppression is plotted against the magnitude of PCss disinhibition

in response do the same PCcs. Each dot represents a connected MLI1-PCss pair. Adapted
from (Santos-Valencia et al., 2025)

2.3 Discussion

In this chapter, I have successfully shown that PCcs, a proxy for CF activity, drives MLIs
in a subtype-specific manner. PCcs preferentially activate MLI2s and inhibit MLI1s. The results
described here closely resemble what we previously found ex vivo, both structurally (electron
microscopy reconstructions) and functionally (slice electrophysiology). These findings strongly
suggest that CFs use glutamate spillover to drive a disinhibitory circuit in the cerebellar cortex.
By combining cell-type identification with high-density Neuropixels recordings in behaving
mice, I directly assessed the temporal relationships among spontaneous PCcs, MLI firing, and
PCss. The results reveal a clear and consistent sequence of events: CF activation rapidly excites
MLI2s, transiently suppresses MLI1s, and ultimately disinhibits PCs by reducing MLI1-mediated
inhibition.

A central objective of this chapter was to determine whether the circuit organization

discovered using electron microscopy and slice recordings carries over into functional divergence
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between MLI subtypes in a behaving animal. The results strongly support this idea. The short
latency and high amplitude responses, with low temporal variability, of MLI2s following PCc
onset are consistent with spillover-mediated direct input. In contrast, MLI1 dynamics following
PCcs onset are far more heterogeneous. Some MLI1s show very fast and weak ephaptic inhibition
right at PCcs onset, others show brief and low-amplitude excitation, and the majority show a
characteristic late inhibitory trough that aligns with MLI2 activation. These activation patterns,
among MLIs, are precisely what would be expected if MLI1s are disynaptically driven rather than
directly excited by CFs. The timing of these effects, along with the large fraction of MLI2s
showing short-latency excitation, underscores the dominant role of MLI2s in mediating MLI1
inhibition.

An important feature of the CF signal is its effect on PCs. Because PCcs are followed by
an intrinsic pause in simple spiking, it is challenging to isolate how CF-driven activity of MLIs
influences PC output. By focusing on PCs adjacent to the one experiencing a PCcs, I was able to
circumvent that confound. The results reveal an early, ephaptic decrease in PCss firing followed
by a delayed enhancement that is tightly correlated with MLI1 suppression. This sequence is
consistent with a disinhibitory mechanism in which CF activation spreads beyond the directly
innervated PC and transiently reduces inhibitory tone on neighboring PCs via the CF-MLI2-MLI1
pathway. This interpretation is supported by the observation that connected MLI1-PCss pairs
exhibit an inverse relationship: the stronger the suppression of an MLI1 following a PCcs, the
larger the increase in PCss rate following the same PCcs.

These findings have several implications. First, they provide a mechanistic explanation
for how CF activation could increase PC dendritic calcium signals in vivo despite the excitation
of MLI1s. Because MLI1s inhibit PCs and reduce dendritic calcium influx, the recruitment of
MLI2s provides a solution: CFs preferentially activate the interneuron subtype that disinhibits

PCs rather than the one that suppresses them. This would allow CF activity to elevate dendritic
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calcium in the appropriate time window for plasticity at the PF-PCs synapse. Second, the results
highlight the functional importance of the recently identified MLI subtypes. The cerebellar cortex
has long been viewed as containing a homogeneous type of MLIs that uniformly inhibit PCs; the
demonstration that CFs preferentially drive MLI2s challenges this oversimplification and
emphasizes the need to consider distinct inhibitory microcircuits in models of cerebellar
computation.

It should be noted that there are some limitations regarding the experiments described in
this chapter. The spiking activity recorded in these experiments was spontaneous; mice were
constantly running on a motorized treadmill. So, these results do not characterize the effects of
the learning instructive PCcs that should be produced by the unconditioned stimulus in a
Pavlovian task. Spontaneous CF activity, however, is known to be diverse across behavioral
states and can reflect ongoing inferior olivary synchrony. In the next chapter, I address this
limitation directly. Furthermore, the area recorded here was limited to the lobule simplex, a
lobule that is part of the cerebellar hemispheres. It is unlikely but still possible that in the vermis
or in different lobules, the interaction between CF and MLIs occurs differently.

Overall, the results presented in this chapter strongly support the existence of a CF-driven
disinhibitory microcircuit involving MLI2s and MLI1s. CFs rapidly activate MLI2s, which in
turn inhibit MLI1s, allowing for transient disinhibition of PCs. This mechanism provides a
powerful means for CFs to enhance PC dendritic calcium influx in addition to their known role as
a teaching signal. By demonstrating that these interactions occur robustly in vivo, this chapter
provides a critical link between the anatomical organization of CF—-MLI connectivity and the

functional connectivity motifs that can support cerebellar learning.
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2.4 Methods

2.4.1 In vivo electrophysiology

Mice for in vivo electrophysiology recordings (wild type C57BL/6J) were used in
accordance with approval from the Duke University Animal Care and Use Committee. Animals
were housed on a normal light—dark cycle, and animals of either sex were randomly selected for
experiments. No power analysis or other statistical methods were used to pre-determine sample
sizes.

Mice were anesthetized and placed on a stereotaxic apparatus. Isoflurane was delivered at
5% for induction and at 1.5% for maintenance throughout surgery. A titanium headpost (HE
Palmer) was secured to the skull with metabond (Parkell). Body temperature was maintained with
a heating pad (TC-111 CWE). Bupranex (0.05 mg/kg, subq) was administered for 24 h after
surgery and animals were monitored for 4 days.
For in vivo electrophysiology experiments, after 2+ weeks of recovery, mice were anesthetized
with 2% isoflurane and a small craniotomy (1 mm) was drilled over the primary fissure of lobule
simplex. The craniotomy was covered with Qwik-Cast (WPI) and a thin layer of metabond
between recording days. 1-week post-surgery, mice were head fixed and placed on a motorized
circular treadmill for 45 minutes over 4 days. The rotation speed was initially set at 0.06 m/s and
was increased in steps of 0.02 m/s per day until reaching a final speed of 0.12 m/s. After this
initial phase, 2 more days were added in which the motor was turned off and on in alternating ~10
second epochs while mice were on the treadmill. Following habituation, the craniotomy was
opened and a Neuropixels 1.0 probe coated with dye (Dil or DiD) was lowered at a rate of 3
pum/sec into the right primary fissure of the cerebellum (AP: -5.82 mm, ML: 2.0 mm from
bregma) reaching a final placement of ~2000 um below the cortical surface. The probe was
allowed to settle for 45 minutes before data collection. A blunted 23-gauge needle
(PrecisionGlide) was placed 3 mm from the right eye of the mouse to deliver corneal airpuffs (25
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psi). Air flow was controlled with a solenoid (The Lee Company) and an air pressure regulator
(SNS). 100 airpuffs were delivered each session. Mice were recorded for 2 or 3 days (1 session
each day. n=3 mice, 5 recording sessions). All Neuropixel recordings were performed with the
motorized treadmill set to 0.12 m/s. After the last day of recording, mice were euthanized and
perfused for histology. 50 pm brain sections were collected to visualize and confirm the probe

location. Electrophysiology data were collected with SpikeGLX.

2.4.2 Cell type classification

For in vivo Neuropixels recordings, units were sorted using Kilosort 2.0 and manually
curated with Phy as described previously (Lackey et al., 2024). After unit curation, layer and cell
type was identified using a deep-learning classifier48. Units were separated into PC simple spikes
(PCSS) (mouse 1 session 1 (ml1sl), n=19; m1s2, n=26; m2s1, n=58; m2s2, n=8; m3sl, n=15), PC
complex spikes (PCCS) (m1sl, n=13; m1s2, n=37; m2s1, n=48; m2s2, n=76; m3s1, n=70),
mossy fibers (mlsl, n=80; m1s2, n=110; m2s1, n=48; m2s2, n=13; m3s1, n=9), molecular layer
interneurons (MLIs) and unclassified units. To obtain the initial population of putative MLIs, we
pooled together units in the molecular layer that the classifier label as MLIs or unclassified units.
After this initial step, manual MLI1 (m1s1, n=4; m1s2, n=26; m2s1, n=32; m2s2, n=15; m3s1,
n=35) and MLI2 (mlsl, n=0; m1s2, n=3; m2s1, n=1; m2s2, n=4; m3s1, n=10) classification was

performed as previously described in detail (Lackey et al., 2024).

2.4.3 Time based cross-correlations

For spontaneous PCs cross-correlations, the peak changes in spike rates following the
complex spike were measured as the averages of t1=1-2 ms and t2=3-6 ms for MLIs, and t1=0-1
ms and t2=4-7 ms for PCs. The cumulative changes in spike rates were measured as the average
of 20-30 ms following the complex spike of the integrals of the cross-correlations. All responses

were measured relative to baseline averaged 30 ms prior to the complex spike. Pairs were
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determined to be connected if the response z-score was >4 or <-4. Latencies were measured as the

half-max times for t1 and t2 for connected pairs with response z-scores >10 or <-10.
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3. MLI integration of mossy fiber and climbing fiber inputs

This chapter is adapted from a manuscript (of the same title) accepted for publication in Nature
in 2026. The authors are Fernando Santos-Valencia, Elizabeth P. Lackey, Aliya Norton, Asem
Wardak, Cole S. Gaynor, Sean Ediger, Marie E. Hemelt, Tri M. Nguyen, Wei-Chung Allen Lee,
Nicolas Brunel, Court A. Hull & Wade G. Regehr. For the section adapted in this chapter, F.S.V.,
C.A.H. and W.G.R. wrote the section, conceptualized and designed the experiments. F.S.V.
conducted and analyzed the experiments. A.W. performed the modelling studies based on data
collected by F.S.V., A.N., C.S.G., S.E., E.P.L. Minor revisions were made with the assistance of
Chat GPT5.2 to improve the overall flow of the text.

3.1 Introduction

In chapter 1, I established that spontaneous CF activity in vivo preferentially drives
MLI2s, suppresses MLI1s, and disinhibits PCss. These findings show that CFs gate a
disinhibitory circuit that shapes PCss excitability even in the absence of overt external input.
However, for cerebellar learning and plasticity to occur, an evoked instructive or error signal
needs to be conveyed through the CFs (Silva, Ramirez-Buritica, et al., 2024). Evoked CF spikes
can have different features from spontaneous ones, including their timing and synchrony. On a
different note, the role of MLIs in gating plasticity might be challenged by the well-known fact
that these cells receive direct input from GC PFs, which, in turn, integrate sensorimotor signals
from MFs that are commonly active in a learning context. How these two pathways (CFs and
MFs) influence the recruitment of MLI subtypes and the downstream effects on PCs remains
poorly understood.

Classical theories of cerebellar learning assume that CFs convey a teaching signal while
MFs provide sensorimotor information (Albus, 1971; Marr, 1969), but the interplay between
these pathways at the level of MLI subtypes has not been systematically studied. The
convergence of CF and MF inputs onto MLIs raises the possibility that more complex circuit
dynamics may arise than those described previously. In particular, it is unclear whether the strong

CF-driven excitation of MLI2s observed during spontaneous activity is maintained during evoked
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CF inputs, and how MF-mediated excitation of MLIs might compete with or complement this
pathway.

To address these questions, I investigated how a learning-relevant sensory stimulus, a
brief periocular airpuff commonly used as the unconditioned stimulus in eyelid conditioning,
recruits MLI subtypes in vivo. Previous work has shown that learning curves in eyelid
conditioning are steeper when mice are locomoting (Albergaria et al., 2018a). For these
experiments, mice were constantly running on a motorized wheel. Airpuffs in both conditions
reliably increase PCcs, confirming robust activation of the CF pathway, yet their effects on MLIs
appear heterogeneous. MLI2s showed strong, reliable excitation, whereas MLI1 firing exhibited a
wide range of outcomes, from modest increases to clear suppression. This variability raises the
possibility that MFs, which are also strongly driven by the airpuff, interact with CF-driven signals
at the level of MLIs. Indeed, MF excitation of MLI1s may counteract the disinhibitory influence
of CF-driven MLI2 activity, resulting in stimulus-dependent competition between these
pathways.

Interpreting these interactions at the population level in vivo is challenging, so we
complemented electrophysiological recordings with simulations based on large-scale electron
microscopy reconstructions of the molecular layer. These simulations allow examination of how
CF and MF pathways converge onto MLI1s and MLI2s, constrained by anatomical findings from
electron microscopy reconstructions and by the firing properties of cells recorded in vivo and ex
vivo. They further provide a means to explore how the spatial organization of CF—MLI contacts,
the electrical coupling between MLI1s, and the strength of glutamate spillover influence the
recruitment of each MLI subtype during sensory stimulation.

An additional factor likely to shape the influence of sensory-driven CF inputs is their
level of synchrony. Previous work has shown that CFs often fire synchronously across narrow

parasagittal bands (Ebner et al., 2012; Lang et al., 2017) and that such synchrony is particularly
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prominent during stimulus-evoked events. Synchronous CF activation is known to be highly
effective at inducing learning (De Zeeuw et al., 1998; Person & Raman, 2012) yet its impact on
MLI recruitment and the resulting balance between inhibition and disinhibition remains poorly
understood. If disinhibition depends on MLI2 excitation followed by MLI1 inhibition, then CF-
synchronous input to MLI2s could amplify these effects and greatly increase PC excitability.

In this chapter, I investigate how learning relevant stimulation engages the CF—-MLI2—
MLI1-PC pathway during movement, how concurrent MF input shapes MLI responses, and how
CF synchrony modulates the balance between inhibition and disinhibition. By combining in vivo
recordings, circuit simulations, and systematic analysis of MLI subtype responses, this work aims
to clarify the conditions under which CF signals promote or suppress PC excitability during
learning relevant stimulation. These results provide a functional framework for understanding
how CFs and MF pathways interact to regulate plasticity-related signals in the cerebellar cortex

during behavior.

3.2 Results

I have shown that spontaneous CF inputs preferentially drive MLI2s to inhibit MIL1s and
disinhibit PCs, but cerebellar learning relies on sensory-driven CF inputs, which can differ from
spontaneous CF inputs33,34. To determine how MLIs are recruited by learning-related inputs, a
periocular airpuff stimulus was delivered, a stimulus type typically used as the unconditioned
stimulus in cerebellar-dependent eyelid conditioning, which is thought to be carried to the
cerebellar cortex via the CF pathway as an instructive signal. I then evaluated how this stimulus
influences the firing of circuit elements in the cerebellar cortex. Experiments were performed in
running mice because it has been shown that evoked PCcs are more effective at inducing learning
during locomotion than when mice are stationary (Albergaria et al., 2018a). Furthermore, to
better understand the interplay between MF and CF contributions to MLI and PC activity,
computer simulations were performed.
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3.2.1 Periocular airpuffs have heterogeneous effects on MLIs

As expected, airpuffs reliably increase PCcs firing (50/244) (Fig.19c). Surprisingly, while
airpuffs also strongly excite a subset of MLI2s (7/18, Fig. 19d), they had only a minor influence
on average MLI1 firing (Fig. 19¢) and PCSS firing (Fig. 19b). To determine why MLI2s may be
less effective at suppressing MLI1s during sensory-evoked activity, I measured airpuff-evoked
responses arising from the mossy fibers (MFs), the input pathway classically thought to carry the
conditioning stimulus information. I find that airpuffs also elevate MF firing (44/260, Fig. 19a),
suggesting that this secondary input may be competing with the disinhibitory effects of the CF-

MLI2-MLI1 pathway.
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3.2.2 Simulations separate the contributions of CFs and MFs to evoked
activity in MLIs and PCs

To gain insight into how the CF and MF pathways interact at the level of MLIs,
simulations based on large-scale EM reconstructions of the molecular layer of the cerebellum
were performed (Lackey et al., 2024; Nguyen et al., 2023) (Fig. 20a). The focus was on
processing in the molecular layer and included MLI2s, electrically-coupled MLI1s, PCs and CFs,
but the simulation did not include other cell types, such as Golgi cells. The firing properties of
individual cells, the synaptic properties, the electrical coupling between MLI1s and CF activation
of MLIs were constrained by a combination of slice electrophysiology experiments, in vivo
electrophysiology studies and EM reconstructions (Kozareva et al., 2021; Lackey et al., 2024;
Nguyen et al., 2023). Spontaneous CF activation increased the firing of MLI2s and inhibited
MLI1s (Fig. 20b) as observed experimentally. Simulations also allowed us to assess the spatial
pattern of MLI2 excitation and MLI1 inhibition. The color-coded responses of MLI2s and MLI1s
shows that a CF strongly excites several MLI2s in a parasagittal plane, and somewhat more
broadly inhibits MLI1s (Fig. 20c), and this is also apparent in a plot of the average MLI1 and
MLI2 firing frequency as a function of distance from the plane containing the activated CF (Fig.
20d). These simulations recapitulate how CFs influence MLI activity within a restricted
parasagittal plane to regulate local circuitry within the molecular layer.

Next, airpuff-induced responses were simulated by activating CFs and granule cells with
time courses guided by our in vivo recordings. Airpuffs evoke strong MLI2 excitation, and weak
average changes in MLI1 and PC firing rates (Fig. 20e, left) that are similar to the firing rate
changes observed in vivo (Fig. 19b,d,e, left). Examination of the roles of MFs and CFs in these
responses revealed that CF activation alone strongly excites MLI2s, inhibits MLI1s and
disinhibits PCs (Fig. 20e, middle), and that MFs excite both MLI2s and MLI1s, and inhibit PCs

(Fig. 20e, right).
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The distribution of responses of individual cells shows that CFs alone inhibit most
MLI1s, MFs alone excite most MLI1s, and coactivation of MFs and CFs, as with an airpuff,
excites about half of the MLI1s and inhibits the others (Fig. 20f). For simulated responses of
MLI1s evoked by airpuffs (CF + MF), a comparison of the MLI1 responses for the cells with the
top and bottom 10% firing rate changes shows the wide range of MLI1 responses (Fig. 20g, top).
Qualitatively similar results were observed for airpuff-evoked responses in vivo (Fig. 20g,
bottom). Thus, airpuffs increase the firing rates of some MLI1s primarily as a result of MF-Grc-
MLI1 excitation, and decrease the rates of other MLI1s primarily as a result of CF-MLI2-MLI1
inhibition. Because GABAergic inhibition locally regulates the amplitudes of CF-evoked calcium
signals in PC dendritic branches (Kitamura & Héusser, 2011), this spatial gating suggests that if
the CF-MLI2-MLI1-PC pathway dominates for a given dendritic region it will promote plasticity
of local GrC-PC synapses, but if the MF-MLI1-PC pathway dominates then plasticity of GrC-PC

synapses will be suppressed.

68



s MLI2 (0 = 315)
PC (n = 170)

I
Mt
MLH (m = 840) ;l\ 10
H | -1

1 CFonly 50 ms vV _ Top 10%
: — Bottom 10%

ASpk s (25-60 ms)

Figure 20: Modelling evoked responses of cerebellar cortex neurons

a) Schematic of model used for simulations. b) Average responses of MLI1s and MLI2s
evoked by spontaneous CF activation. c¢) Spatial maps of individual MLI1s and MLI2s
evoked by spontaneous firing of a CF. Dotted lines represent the CF location. d) Average
CF-evoked MLI2 and MLI1 firing rates as a function of distance from the activated CF. e)
Average MLI2, MLI1 and PCss responses evoked by (left) airpuff-evoked activation of CFs
and MFs, (middle) activation of CF alone, and (right) activation of MF alone. f) Summary
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of firing-rate changes of individual MLIs. g) Airpuff evoked MLI1 responses that showed
the largest increases and decreases in firing for simulations (top) and in vivo (bottom).
Adapted from (Santos-Valencia et al., 2025)

3.2.3 Synchrony of CF inputs biases towards the disinhibitory pathway
Previous studies have shown that synchronous CF activation occurs in vivo in
parasagittal bands under a variety of experimental conditions and is increased for sensory-evoked
responses (Heffley et al., 2018; Schultz et al., 2009; Tsutsumi et al., 2015). Synchronous
optogenetic activation of CFs is highly effective at inducing cerebellar dependent learning (Silva,
Ramirez-Buritica, et al., 2024). Therefore, it was explored how synchronous CF activation of
nearby PCs influences MLI1 firing. On occasion, airpuffs elicit synchronous PCcs (within 5 ms)
that led to a stronger suppression of nearby MLI1s than when a PCcs happened in isolation (Fig.
21a), and simulations replicated the stronger suppression of MLI1 firing for synchronous CF
activation (within 5 ms) (Fig. 21b). It was challenging to record from neighboring PCs that
received airpuff input for extended periods, so simulations were used to assess the influence of
CF synchrony on airpuff-evoked responses. Simultions revealed that synchronous CF activation
of nearby PCs leads to much stronger suppression of MLI1 firing, and the extent of the
suppression increases as the number of synchronously firing PCs increases (Fig. 21c). Similarly,
the fraction of MLI1s strongly suppressed also increases with the number of synchronously firing
PCs (Fig. 21d). Simulations illustrated the importance of CF-MLI2 spillover synapses (Fig. 21¢).
Five synchronous CF inputs strongly excited MLI2s, inhibited MLI1s and disinhibited PCs, but
elimination of CF-MLI2 spillover synapse prevented MLI2 excitation, revealed a small CF-MLI1
excitation, and PCs were inhibited (Fig. 21e, right). When MF activation was included, PCs were
also inhibited rather than disinhibited when CF-MLI2 spillover synapses were eliminated (Fig.

21e, right).

70



Synchronous CFs
Airpuff
A M

Figure 21: Synchronous evoked CF input disinhibits PCs

a) MLI1 responses aligned to CSs evoked by a single CF and by pairs of nearby CFs within
5 ms of each other in vivo and in b) simulations. ¢) Simulations of airpuff-evoked responses
of MLI1s evoked by a single CF, and by 2, 5, and 10 nearby CFs. d) As in (c) but for
individual MLI1s. e) Simulations of airpuff-evoked responses of MLI1s, MLI2s and PCs
evoked by five CFs either with intact circuitry (thick traces), or with CF-MLI2s contacts
eliminated (thin traces). Adapted from (Santos-Valencia et al., 2025)
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3.3 Discussion

The experiments described in this chapter extend the findings of Chapter 1 by examining
how MLI subtypes are recruited during evoked CF activity. While spontaneous CF inputs
preferentially excite MLI2s and suppress MLI1s, thereby disinhibiting PCs, the results presented
here demonstrate that sensory stimulation engages a more complex interaction between the CF
and MF pathways. Specifically, evoked CF activity continues to excite MLI2s, but its ability to
suppress MLI1s is partially counterbalanced by MF-mediated excitation of these cells. As a
result, MLI1 responses to airpuff stimulation are heterogeneous. Some cells show increased
firing, while others exhibit suppression when mice run on a motorized wheel. These findings
reveal that the balance between inhibition and disinhibition in the cerebellar cortex is dynamically
regulated by the convergence of multiple input pathways.

A central goal of this chapter was to determine whether the disinhibitory circuit identified
during spontaneous CF activity controls MLI output during learning-related events. The results
suggest that this pathway remains functional but is no longer the sole determinant of MLI
activity. Airpuff stimulation reliably increased PCcs, confirming strong activation of the CF
pathway, and many MLI2s were robustly excited following these events. However, the average
activity of MLI1s showed only modest changes when mice were placed in a learning favoring
context. This indicates that CF-driven inhibition of MLI1s is not always dominant during sensory
input. Measurements of MF responses revealed that airpuffs also strongly activate the MF
pathway, which provides excitatory input to both MLI subtypes via PFs. MF-driven excitation
therefore introduces a competing influence that can counteract the suppressive effect of the CF—
MLI2-MLI1 disinhibitory pathway. This convergence of pathways likely explains the broad
distribution of MLI1 responses observed during airpuff stimulation.

Because the molecular layer's structure imposes complex connectivity constraints that are

difficult to fully capture experimentally, computational simulations were used to explore how CF
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and MF pathways interact within the reconstructed circuitry. These simulations reproduced the
key features observed experimentally, including strong MLI2 excitation and heterogeneous MLI1
responses during airpuff stimulation. Importantly, the model revealed that the spatial organization
of CF inputs strongly shapes the distribution of interneuron responses. Individual CFs excite
clusters of MLI2s within restricted parasagittal regions, while the resulting inhibition of MLI1s
spreads more broadly through local circuitry. These findings suggest that the influence of CF
activation on MLIs is spatially structured and likely confined to narrow functional domains
within the cerebellar cortex.

The simulations also provide insight into how the balance between MF-driven excitation
and CF-driven disinhibition determines the net effect on PC activity. When CF input dominates,
MLI2 activation suppresses MLI1 firing and disinhibits PCs. In contrast, when MF input
dominates, excitation of MLI1s increases inhibition onto PCs. The coexistence of these two
pathways suggests that the cerebellar cortex has a mechanism for locally gating plasticity signals.
Regions where CF-driven disinhibition prevails may experience enhanced dendritic calcium
signals and increased likelihood of synaptic plasticity, whereas regions dominated by MF-driven
inhibition may suppress such changes. This spatially selective regulation could allow the
cerebellum to refine synaptic modifications with high anatomical precision.

Another key finding of this chapter is that the synchrony of CF inputs plays a major role
in determining which pathway dominates. Previous work has shown that CFs can fire
synchronously across parasagittal bands of PCs (Ebner et al., 2012; Lang et al., 2017; Mostofi et
al., 2010) and that such synchrony is particularly prominent during evoked events. The results
presented here indicate that synchronous CF activation strongly amplifies suppression of MLI1s,
thereby shifting the circuit toward the disinhibitory CF-MLI2-MLI1-PC pathway. Both in vivo
observations and simulations demonstrate that when multiple neighboring CFs are activated

within a short temporal window, MLI1 inhibition becomes stronger and more widespread. This
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effect grows as the number of synchronous PCcs increases, suggesting that CF synchrony
provides a mechanism for coordinating disinhibition across groups of PCs.

These findings have important implications for understanding how CF signals contribute
to cerebellar learning. The CF pathway is widely considered to carry instructive signals that drive
plasticity at GC-PC synapses. However, inhibitory circuits in the molecular layer can suppress
dendritic calcium signals and potentially limit plasticity. The results of this chapter suggest that
synchronous CF activation can overcome this inhibition by engaging a disinhibitory microcircuit
that suppresses MLI1 activity. In this way, CF synchrony may amplify the dendritic calcium
signals required for synaptic modification while simultaneously shaping the spatial distribution of
plasticity within cerebellar microzones.

Several limitations should be considered when interpreting these findings. Although the
simulations capture many known features of cerebellar circuitry, they necessarily simplify aspects
of the network, including contributions from additional cell types and neuromodulatory
influences. Despite these limitations, the strong agreement between experimental observations
and simulation results provides confidence that the main conclusions reflect genuine circuit-level
mechanisms.

In summary, the results presented in this chapter demonstrate that evoked CF activity
engages a dynamic balance between disinhibitory and inhibitory pathways in the cerebellar
cortex. CF activation preferentially excites MLI2s, but MF-driven excitation of MLI1s introduces
competing influences that diversify interneuron responses. Synchronous CF activity strongly
biases the circuit toward disinhibition by suppressing MLI1 firing. Together, these mechanisms
provide a flexible framework through which the cerebellar cortex can regulate PCss excitability
during behavior. This dynamic interplay between CF and MF pathways likely plays a central role

in determining when and where synaptic plasticity occurs during cerebellar learning.
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3.4 Methods

3.4.1 Peristimulus time histograms of airpuff aligned responses

Peristimulus time histograms were constructed by convolving the trial-averaged activity
of each unit with a 6-ms Gaussian kernel and then averaging across units. Traces were then
aligned to airpuff onset. Mossy fiber and PCss heatmaps were cross-validated by using half of the
trials to calculate the maximum airpuff response for each unit, and the remaining trials were then
used to sort the averaged z-scored responses. MLI1 and MLI2 response heatmaps were
constructed by averaging the z-scored activity of all MLIs connected to the units in the PCcs
heatmap. MLIs without a connected PCcs are blanked (white lines). Significantly airpuff driven
cells were obtained by comparing the activity 100ms before and after the airpuff using the

Wilcoxon signed rank test.

3.4.2 Simulations of the molecular layer of the cerebellar cortex

The model of the molecular layer of the cerebellar cortex consisted of 840 MLI1s, 315
MLI2s, and 170 PCs with their associated CF inputs. The model was constrained by EM
reconstructions, slice recordings, and in vivo recordings of firing properties. The distributions of
MLI1, MLI2 and PC baseline firing rates, capacitances and input resistances were based on slice
and in vivo studies (Kozareva et al., 2021; Lackey et al., 2024). Synaptic connections made by
MLI1s and MLI2s were based on slice recordings and EM reconstructions. MLI1s were
electrically coupled to each other with properties based on slice recordings. Model neurons were
placed in the volume, and dendritic and axonal arbors assigned as three-dimensional right
rectangular prisms centered at the somas, with dimensions based on EM reconstructions. Synaptic
and electrical connections were then made between MLIs and PCs with probabilities and
strengths based on the volume of arbor overlap (axodendritic for synaptic connections,
dendrodendritic for MLI1-MLI1 electrical connections), scaled by measurements of electrical

coupling in slice experiments. CF-MLI1 and CF-MLI2 synaptic connections were based on a
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combination of EM reconstructions and slice experiments. Inputs due to MF activity were
modeled as granule cell inputs to MLIs and PCs with spike times drawn as Poisson events and
their kinetics based on slice recordings.

MLIs were modeled as single-compartment exponential integrate-and-fire (EIF) neurons

v
with membrane potential ~dynamics obeying

i

av : : : Vrgst—V4+ATe BT -
Cm; = GcaaVi = V) + (Gaypa + gn) Vg — V) + =—T5 — 4 E}'g}gnp {I“} - V}

(D)

Cm Rom Ocaga Gampa
where and are the membrane capacitance and resistance, and are

Vi Ve gn
the inhibitory and excitatory conductances with reversal potentials and ,  is the

V;l'ssr Vl" A T
conductance noise, is the resting potential,  is the threshold, is the spike slope factor,

i .
Hgap ]
and is the gap junction conductance with an electrically coupled cell with membrane
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potential . Simulations used the Euler methods with 10 ps time steps. Synaptic currents were
modelled as a difference of exponentials with rise times, decay times and latencies determined
from experimental data. For MLI1s an electrical coupling term mediated by dendrodendritic gap
junctions was added that was proportional to the somatic voltage difference between electrically
coupled cells. An exponential spike-generating current was added (Fourcaud-Trocmé et al., 2003)
to reproduce quantitatively MLI1-MLI1 cross-correlations observed in slice experiments (Lackey
et al., 2024). This current described the initiation and rising phase of action potentials, using two

Vr Ar
parameters, a soft threshold  and a spike slope factor . When the membrane potential

Vg
reached its peak , the dynamics in the equation 1 were replaced with a linear downward ramp
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towards the reset potential lasting 1 ms. Following each action potential, there was a refractory

period drawn randomly from a uniform distribution, during which the membrane potential

evolved freely under the dynamics in equation 1 with the spike-generating current disabled.
Each PC was modelled using an existing two-compartment model whose single-neuron

properties were explored previously (Isope & Barbour, 2002). Its compartments were labelled
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where and are the membrane capacitances and conductances of the two
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compartments, is the junctional conductance between the compartments, and the remaining

parameters are defined analogously to the MLIs. A linear downward ramp was added as with the
MLIs but with duration 100 us. MLI-PC connections were distributed among the somatic and
dendritic compartments with the ratio chosen to approximate the distributions of somatic versus
dendritic MLI-PC synapses seen in EM reconstructions. This ratio depended linearly on the
distance of the MLI from the PC layer, from 50/50 for MLIs at the PC layer to 100% onto the
dendritic compartment for MLIs at the top of the molecular layer.

For each of the 10 reconstructed CFs in (Santos-Valencia et al., 2025), two sets of
aggregate data were compiled from the verified contact locations obtained from the serial EM
reconstructions. (1) The numbers of contacts onto each postsynaptic MLI were recorded along

with its cell type (MLI1 or MLI2). (2) The spatial bounding boxes of these contacts along the
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three directions were recorded for each CF (min and max coordinates along the three directions,
corrected to have the PCL at y=0). Using this aggregate data, model CFs were chosen randomly
from the 10 reconstructed CFs with replacement and placed at the location of each PC soma. To
determine its connections with MLI1s and MLI2s, the empirical list of contact numbers with cells
of that postsynaptic cell type were assigned in order of axodendritic overlap volume. To convert
from contact numbers to synaptic conductances we assumed that the conductance was
proportional to the number of contact sites. We estimate the conductance corresponding to an
individual contact by dividing the maximal observed conductance by the maximum number of
contacts observed in reconstructions. This yielded a spillover quantal size of 1.2 nS for MLI2s
and 0.375 nS for MLIs.

The network simulator along with its analysis was written in Python using the package
ANNarchy®' and run on a 16-core machine. Simulations were prepared and run in batches with
the same initial state and different run conditions. For example, during the stimulation of the 10
individual CFs, a batch of identical networks was prepared, while in each network a different CF
was stimulated along with other cases such as the co-activation of MFs. This allowed individual
neurons to be compared across different runs in the batch. Simulations consisted of a 60 s

baseline, followed by 5000 300 ms long airpuff trials, for a total of 1560 s simulated time.
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4. Probing dendritic calcium influx during synchronous
climbing fiber spiking

This chapter is adapted from a manuscript (of the same title) accepted for publication in Nature
in 2026. The authors are Fernando Santos-Valencia, Elizabeth P. Lackey, Aliya Norton, Asem
Wardak, Cole S. Gaynor, Sean Ediger, Marie E. Hemelt, Tri M. Nguyen, Wei-Chung Allen Lee,
Nicolas Brunel, Court A. Hull & Wade G. Regehr. For the section adapted in this chapter, F.S.V.,
C.A.H. and W.G.R. wrote the section. C.A.H conceptualized and design the experiments. F.S.V.
analyzed the experiments. Shuyang Jin performed the experiments.

4.1 Introduction

In the previous chapters, I demonstrated that CF activity engages a disinhibitory
microcircuit within the cerebellar cortex. Specifically, CFs preferentially activate MLI2s, which
inhibit MLI1s and thereby transiently reduce inhibitory input onto PCs. This CF-MLI2-MLI1-
PC pathway provides a mechanism through which CF activation can halt inhibition and enhance
PC excitability. Furthermore, stimulation was shown to recruit both CF and MF pathways,
producing a dynamic balance between inhibitory and disinhibitory influences on PC activity.
Computational simulations suggested that under certain conditions, in particular when multiple
CFs are activated synchronously, this disinhibitory pathway becomes strongly engaged, leading
to widespread suppression of MLI1 activity. These findings raise an important question: how do
these circuit interactions influence the calcium signals in PC dendrites that ultimately drive
synaptic plasticity?

A key feature of CF signaling is that CFs often fire synchronously across groups of
neighboring PCs. Such synchrony is especially prominent during sensory stimulation and has
been observed within parasagittal bands corresponding to functional microzones of the cerebellar
cortex. Previous studies have shown that synchronous CF activation can strongly influence
cerebellar output and can be particularly effective at inducing cerebellar learning (Garcia-Garcia
et al., 2024; Silva, Ramirez-Buritica, et al., 2024). However, the mechanisms through which CF
synchrony amplifies plasticity-related signals remain incompletely understood. One possibility is

that synchronous CF activation enhances dendritic calcium signals not only through direct
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excitation of PCs but also through engagement of local disinhibitory circuits that transiently
suppress inhibitory input.

If the CF-MLI2-MLI1 pathway indeed contributes to regulating dendritic calcium
signals, then synchronous CF activation should produce larger calcium transients in PC dendrites
than isolated CF events. This effect would arise because synchronous CF activity would recruit
stronger MLI2-mediated inhibition of MLI1s, thereby reducing the inhibitory tone that normally
limits dendritic calcium influx. Such a mechanism would provide a circuit-level explanation for
why synchronous CF inputs are particularly effective at promoting cerebellar plasticity.

To test this idea directly, I measured dendritic calcium signals in PCs using two-photon
imaging in vivo. This approach allowed direct comparison of calcium transients evoked by
isolated CF events and those occurring during synchronous activation of nearby CFs. By
combining calcium imaging with the sensory stimulation paradigms and circuit insights
developed in the previous chapters, these experiments aimed to determine how CF synchrony
influences dendritic calcium signaling and how local inhibitory circuits contribute to shaping
these signals. Understanding these mechanisms is critical for explaining how CF inputs generate

the large dendritic calcium signals required for synaptic plasticity and cerebellar learning.

4.2 Results

Previously, I showed that synchronous CF activation disinhibits nearby PCs and should
increase the amplitude of CF-evoked dendritic calcium signals. To explore this possibility, I used
two-photon imaging to directly measure CF-evoked calcium signals in PC dendrites (Fig. 22a)
and compared their amplitudes for responses evoked by an isolated CF or when nearby CFs were

synchronously activated.
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4.2.1 Evoked CF spikes produce higher calcium transients than spontaneous
CF spikes.

Spontaneous CF-evoked calcium increases were observed at 1-2 events/s (Fig. 22b, top).
Sensory stimulation fails to evoke calcium increases in 63% of trials, evokes single events in 29%
of trials, and evokes multiple events in 8% of trials (Fig. 22b, c, d), consistent with previous work
showing that sensory stimulation can result in multiple short-latency CF spikes, large dendritic
calcium signals and promote long-term synaptic depression at PF-PC synapses34. We next
compared CF-evoked calcium signals for spontaneous events, airpuff trials that evoked a single
event, and airpuff trials that evoked multiple events (Fig. 22c¢, e). To ensure that any differences
in response amplitude are not affected by fluorescence contamination from nearby dendrites, we
estimated the spread of fluorescence outside of segmented dendrites and eliminated pixels that
could be contaminated by signals from neighboring dendrites. For trials in which the airpuff
evoked multiple CF spikes, the calcium signal is prolonged and peak calcium signals are much
larger (Fig. 22c, e). Consistent with previous reports, average calcium signals are also larger for
airpuff trials that evoked a single CF spike than for spontaneous inputs (Gaffield et al., 2019;

Najafi et al., 2014).
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Figure 22: Effect of evoked CF spikes on calcium influx in PC dendrites

a) Schematic showing the experimental setup for the in vivo 2P calcium imaging of PC
dendrites (left) and representative field of view of the extracted Purkinje cell dendritic
regions of interest (right). Numbered dendrites correspond to the example data in (b) and
Fig. 23a. b) Airpuff evoked calcium transients for an example dendrite in trials with one
evoked deconvolved spike (PCCS) (top, middle) and two evoked deconvolved spikes
(bottom). Filled circles represent spike times c) Trial averaged calcium transients from
dendrites aligned to spontaneous spikes prior to an airpuff, single airpuff evoked spikes and
multiple airpuff evoked spikes. d) Probability distribution of the number of airpuff evoked
spikes per dendrite per trial. e) Distributions of the integrated calcium transients of the
conditions in (c) (spont. vs 1 spike, p = 3.38e-06; 1 spike vs >1 spike, p = 1.9e-51). Adapted
from (Santos-Valencia et al., 2025)
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4.2.2 Synchronous activation of CFs increase calcium influx in PC dendrites.
Airpuffs evoked responses in a large fraction of PC dendrites, which allowed us to assess
the effect of synchronous CF activation (at least one response in nearby dendrites within £ 33 ms)
on calcium signals (Fig. 23a). For airpuff-evoked responses comprised of a single event (Fig.
23b), synchronous activation of nearby CFs is associated with larger calcium transients compared
to those evoked by either well-isolated CF activation or spontaneous events (Fig. 23b). We also
observed a small elevation of calcium when only neighboring dendrites are active, consistent with
disinhibition of the primary PC dendrite (Fig. 23b). We did not, however, observe any response
when neighboring CFs are inactive (Fig. 23b), consistent with the observation that optogenetic
silencing of CFs abolishes calcium signals in PC dendrites (Gaffield et al., 2019) and the
conclusion that GrC input does not produce measurable PC dendritic calcium transients. Notably,
calcium signals evoked by well-isolated sensory CF activation and spontaneous CF activation are
virtually identical (Fig. 23b), suggesting that the synchrony of neighboring CFs is responsible for
the enhancement of average sensory-evoked responses. As predicted by our simulations of
disinhibition, the influence of CF synchrony is minimal at distances above approximately 60 mm
(Fig. 23c¢), and enhancement of CF-driven calcium transients is more pronounced when many
nearby CFs are activated (Fig. 23d). We also find that synchronous activation of nearby CFs
enhances calcium signals on trials where airpuffs evoke more than one event in the dendrite of
interest (Fig. 23e, f). These results indicate that synchronously active CFs can effectively recruit

disinhibition to significantly enhance PC dendritic calcium.
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Figure 23: Calcium influx in PC dendrites after evoked synchronous activation of CFs

a) Example trials of airpuff evoked calcium transients of a reference dendrite and 2
neighbor dendrites that fire synchronously (right) or show no synchrony (left). Dendrites
are highlighted in Fig. 22a b) Single spike trial-averaged calcium transients, from
contamination corrected dendrites, aligned to the spike of the reference dendrite when it
fires in conjunction with neighbor dendrites up to 80 pm away, alone (no sync.), or when
only a neighboring dendrite is active. When no dendrites were active, the calcium transients
were aligned to airpuff onset. Dotted line represents the mean spontaneous spike from Fig.
22c¢. ¢) Integrated calcium transients of the reference dendrite for the conditions in (b),
plotted as a function of distance between the reference dendrite and the neighbors. d)
Integrated calcium transients of the reference dendrite as a function of the number of spikes
of neighbor dendrites in the 0-50 pm distance bin in (c). ) Same as (b) but for trials in
which the reference dendrite fires more than one spike in conjunction with neighbor
dendrites or alone. f) Distributions of the integrated calcium transients of the conditions in
(b) and (e). Adapted from (Santos-Valencia et al., 2025)
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4.3 Discussion

The results presented in this chapter demonstrate that synchronous activation of CFs
significantly enhances dendritic calcium signals in PCs. Using two-photon imaging, I directly
measured CF-evoked calcium transients in PC dendrites and compared responses arising from
isolated CF activation with those occurring when neighboring CFs were activated within a short
temporal window. These experiments revealed that synchronous CF activation produces
substantially larger dendritic calcium signals than isolated or non- synchronous CF events. This
enhancement occurs even when the primary PC receives only a single CF spike, indicating that
activity in neighboring PCs can influence the magnitude of dendritic calcium signals through
circuit-level interactions.

These findings provide strong functional support for the circuit mechanisms identified in
the previous chapters. Chapter 1 established that CF activation preferentially excites MLI2s and
suppresses MLI1s, producing transient disinhibition of PCs. Chapter 2 further showed that
synchronous CF activity strongly biases this circuit toward disinhibition by amplifying
suppression of MLI1s. The imaging results presented here demonstrate the physiological
consequence of this circuit interaction: enhanced calcium influx in PC dendrites. Because
inhibitory input from MLI1s can limit dendritic excitability and reduce calcium entry,
suppression of MLI1 firing is expected to relieve this constraint. The observed increase in
dendritic calcium signals during synchronous CF activation is therefore consistent with the
operation of the CF-MLI2-MLI1 disinhibitory pathway.

An important aspect of these findings is that the enhancement of calcium signals depends
on the synchrony of CF inputs rather than simply the occurrence of a CF spike in the recorded
PC. Calcium transients evoked by airpuff CF events were similar in magnitude to those produced
by spontaneous CF activity, suggesting that a single CF input alone does not account for the

larger calcium signals observed during stimulation. Instead, the enhancement arises when nearby
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PCs also receive CF input within a narrow temporal window. This observation highlights the
importance of population-level activity within the inferior olive and suggests that coordinated CF
firing across neighboring PCs can strongly influence the local microcircuit of the cerebellar
cortex.

The spatial organization of this effect also provides insight into how cerebellar
microcircuits regulate plasticity. The enhancement of calcium signals was strongest when CFs
were activated in nearby dendrites and diminished rapidly with increasing distance. This spatial
restriction is consistent with the anatomical organization of cerebellar circuitry, in which CFs and
MLIs are arranged in parasagittal microzones. Within these narrow regions, synchronous CF
activation can recruit disinhibitory circuitry that suppresses MLI1 activity and enhances PC
excitability. Outside of these zones, the influence of synchrony appears limited, suggesting that
CF-driven modulation of dendritic calcium signals is spatially constrained within local functional
domains of the cerebellar cortex.

Another key finding is that stimulation can increase dendritic calcium signals through
multiple mechanisms. Airpuff stimuli occasionally produced multiple CF spikes in the same PC,
which prolonged calcium signals and increased their amplitude. At the same time, synchrony
between CF inputs to neighboring PCs further amplified these signals. Together, these
observations suggest that a learning relevant input engages the inferior olive in several
complementary ways: by increasing the probability of CF firing, by generating bursts of CF
spikes, and by promoting synchronous activation across groups of PCs. Each of these
mechanisms contributes to increasing dendritic calcium influx, and their combined effects may
produce stronger signals capable of driving synaptic plasticity.

These results have important implications for understanding how CF inputs instruct
learning in the cerebellum. Long-term depression at GC-PC synapses requires large dendritic

calcium transients, yet inhibitory circuits in the molecular layer can suppress these signals. The
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data presented here suggest that synchronous CF activation can overcome this inhibition by
engaging disinhibitory circuitry that reduces MLI1 activity. In this way, CF synchrony may serve
as a powerful mechanism for ensuring that signals associated with behavioral errors generate
sufficiently large calcium signals to trigger plasticity. This circuit arrangement may explain why
synchronous CF activation is particularly effective at inducing cerebellar learning.

Several limitations should be considered when interpreting these findings. Although two-
photon imaging provides direct access to dendritic calcium signals, it does not allow direct
measurement of inhibitory synaptic inputs onto PCs. Consequently, the proposed role of
disinhibition is inferred from circuit-level evidence obtained in earlier chapters rather than
directly observed during imaging. Future experiments combining calcium imaging with targeted
manipulation of MLI subtypes will be necessary to establish the causal role of the CF-MLI2-
MLI1 pathway in shaping dendritic calcium signals. In particular, selective suppression of MLI2s
would provide a powerful test of whether the disinhibitory circuit identified here is required for
the enhancement of calcium signals during synchronous CF activity.

In summary, the experiments described in this chapter show that synchronous CF
activation strongly enhances dendritic calcium signals in PCs. These findings provide functional
evidence that CF synchrony can amplify plasticity-related signals through interactions with local
inhibitory circuitry. When combined with the results from previous chapters, they support a
model in which CF inputs regulate PC excitability through both direct excitation and circuit-
mediated disinhibition. By coordinating activity across neighboring PCs, synchronous CF firing
may create localized windows of elevated dendritic calcium that promote synaptic plasticity

within specific cerebellar microzones.
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4.4 Methods

4.4.1 Two-photon calcium imaging

Mice for calcium imaging (Tg(PCP2-Cre)3555Jdhu) were used in accordance with
approval from the Duke University Animal Care and Use Committee. Animals were housed on a
normal light—dark cycle, and animals of either sex were randomly selected for experiments. No
power analysis or other statistical methods were used to pre-determine sample sizes. Sample sizes
were similar to previous publications.

Mice were anesthetized and placed on a stereotaxic apparatus. Isoflurane was delivered at
5% for induction and at 1.5% for maintenance throughout surgery. A titanium headpost (HE
Palmer) was secured to the skull with metabond (Parkell). Body temperature was maintained with
a heating pad (TC-111 CWE). Bupranex (0.05 mg/kg, subq) was administered for 24 h after
surgery and animals were monitored for 4 days.

For imaging experiments, a craniotomy (3 mm) was drilled over lobule simplex of the
right cerebellar hemisphere. For GCaMP expression targeted at PC dendrites, a glass micropipette
was filled with virus AAV1.CAG.Flex.GCaMP6f. WPRE.SV40 (UPenn vector core, titer = 1.2 x
1013) or AAV1.CAG.Flex.GCaMP7f. WPRE.SV40 (Addgene 104496, titer = 1.5 x 1013) diluted
1:4 — 1:20 in ACSF (titer for injection: 7.5 x 1011). 150-200 nL of virus was injected at 2-4 sites
in the craniotomy. The injection rate was 30-50 nL/min.

Two-photon imaging was performed using a resonant scanning microscope
(Neurolabware) with a 16x water immersion objective (Nikon CFI75 LWD 16xW 0.80NA) (n=4
mice, 4 imaging sessions). To stabilize the immersion solution for imaging, a polymer
(MakingCosmetics, 0.4% Carbomer 940) was used. For GCaMP imaging, A 920 nm wavelength
Ti:Sapphire laser was raster scanned via a resonant galvanometer (8 kHz; Cambridge
Technology) onto the cerebellum at a frame rate of 30 Hz with a laser power of <40 mW and a

field of view of 1030 um x 581 pum (796 x 264 pixels). Emitted photons were collected through a
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green filter (510 + 42 nm band filter (Semrock)) onto a GaAsP photomultiplier (H10770B-40,
Hamamatsu) and the microscope was controlled using Scanbox software (Neurolabware).
Calcium imaging experiments were conducted on a setup with a freely moving wheel. Mice were
engaged in locomotion, which was in the forward direction because the position of the animal on
the wheel strongly favored forward running (they are placed behind the center point of the wheel

so that gravity promotes forward locomotion). Speed was not monitored in these experiments.

4.4.2 Dendrite region of interest segmentation

For in vivo calcium imaging analysis, raw data was motion corrected on the X and Y
planes using sub-pixel image registration. PC dendrite isolation was performed with a post-hoc
processing pipeline consisting of principal component analysis (PCA) followed by individual
component analysis (ICA) (Mukamel et al. 2009). Final dendrite segmentation was achieved by
applying a Gaussian filter and thresholding pixels of individual components. A binary mask was
created by combining highly correlated pixels (correlation coefficient > 0.80) and removing
overlapping regions between segmented dendrites. Any PC somas present in the field of view
were avoided. Raw calcium traces were filtered (high pass Butterworth filter, 0.035 Hz, order 3)
and the MATLAB OASIS package (Friedrich et al., 2017) was used to identify events
corresponding to complex spikes. The ‘FOOPSI” method was used to account for the shape of the
Ca2+ transients using GCaMP as a Ca2+ indicator. In addition, a threshold of 3 standard

deviations above baseline was used to identify transients.

4.4.3 Climbing fiber synchrony analysis

AF/F signals were measured on a trial-by-trial basis by using the mean of a 500 ms
window prior to each airpuff as FO. Spikes that occurred in a 500 ms window 2 seconds before
the airpuff were classified as spontaneous spikes. Spikes that occurred between 0 and 500 ms

after airpuff onset were classified as airpuff evoked spikes. In both conditions, when there was an
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additional spike within 500 ms of the first spike, the instance was classified as two (or more)
spikes. Active dendrites were defined as dendrites that fire at least one spike in the ‘spontaneous’
window or the airpuff window and their distributions were compared using the Mann-Whitney U
test. PSTHs were constructed by aligning AF/F traces to the first spike after airpuff onset and
averaging them across trials. For spontaneous spikes, AF/F traces were aligned to the first spike
in the equivalent 500 ms window 2 seconds prior to airpuff onset. Spiking heatmaps were
constructed using cross validated deconvolved spike PSTHs aligned to airpuff onset. Cross
validation was performed using half of the trials to calculate the latency to the max airpuff
response for each dendrite and then using that order to sort the averaged z-scored responses of the
remaining trials. For spike synchrony analysis, synchrony was defined as the co-firing of two or
more dendrites within a temporal window of 66 ms (one frame before or after the reference
spike). To assess the effect of distance between synchronous dendrites on calcium influx, a
sliding window of 50 um with 10 pm steps was used. Trials were classified as synchronous when
two or more dendrites co-fired in the time and distance windows, and they were classified as not
synchronous otherwise. Trials in which two or more dendrites closer than the target distance
window co-fired were removed from analysis. For assessing statistical significance, AF/F traces
in the 500 ms window were integrated for each condition and compared using the Kruskal-Wallis
with Dunn’s test post-hoc. Data are reported as mean + standard error and statistical significance

was defined as P<0.05. * is P<0.05. ** is P<0.01. *** is P<0.001.

4.4.4 Adjusting ROIs to avoid fluorescence contamination

To quantify calcium-dependent increases in PC dendrites, it is important to evaluate the
spatial extent of fluorescence changes associated with individual PCs. To do so, we constructed a
contamination kernel that describes how fluorescence decays outside each dendritic ROI in a way
that is independent of dendritic shape or size. This shape invariant approach was essential
because dendrites vary widely in geometry, and contamination primarily occurs at the edges
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where the imaging point spread function overlaps with adjacent structures. Measuring
contamination relative to the ROI perimeter therefore provides a robust, geometry neutral
estimate of signal spread.

To implement this approach, we began by evaluating spontaneous PCcs activity using
only imaging frames in which a single dendrite fired an isolated spike within a 100 pm spatial
and 100 ms temporal window (Fig. 24 a,b). This ensured that the final contamination profile
reflected fluorescence spread directly attributable to the activity of individual ROIs. Next, for
each isolated event, we computed the change in raw fluorescence (AF) on a pixel-by-pixel basis
by subtracting the mean fluorescence of the 15 frames preceding a PCcs. To compare AF changes
across dendrites, we rotated each ROI to align them in their longest vertical axis (Fig.24 ¢,d).
Then, to construct a shape-invariant contamination kernel, we first associated each pixel outside
an ROI with both its closest distance to the ROI and its angle from the center of the ROI. These
measurements established a shape-invariant pixel map of the space outside of each ROI that could
be combined across dendrites.

To combine these maps into a contamination kernel, we needed to normalize AF changes
across events of different amplitudes. We therefore established a contamination ratio as the AF of
each pixel outside the ROI divided by the mean AF inside the ROI on the same frame. This ratio
expresses contamination as a fraction of the signal magnitude within the active dendrite, allowing
comparison across ROIs and events. The final contamination kernel was then constructed by
pooling contamination ratios across ROIs and frames into 1 um radial bins and 20° angular bins.
The median ratio within each bin defined a two-dimensional, shape invariant contamination
kernel representing the average fractional fluorescence spread as a function of distance and angle
from an ROI (Fig. 24e). This approach captures asymmetric contamination patterns that would be

averaged out in a one-dimensional radial analysis. Indeed, we found that contamination is not
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isotropic around ROIs (gaussian fits), with greater spread along the vertical axis. This finding
could be due to dendrite local geometry, or motion related artifacts in our experiments.

By fitting each angular profile with an exponential decay, we defined the zone of
contamination as the entire region where the exponential decay remained above 0. This produced
a binary contamination mask, meaning that any pixel whose fitted contamination exceeded zero
was considered contaminated. This deliberately conservative cutoff ensured that even minimal
optical overlap was excluded from subsequent analyses.

To correct for cross contamination among neighboring dendrites, for each ROI we
calculated the distance and angle of every pixel relative to all other ROIs. Pixels falling within the
binary contamination mask of any neighboring ROI were excluded from further analysis (Fig24.
f-h). All spike-triggered AF/F and event averaged measurements (Fig. 24i) were therefore
computed exclusively from pixels classified as uncontaminated, providing a conservative yet

reliable estimate of each dendrite’s intrinsic activity.
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Figure 24: Estimating and eliminating potential fluorescence contamination from adjacent
dendrites.

a) To estimate the spread of fluorescence in our imaging experiments, we used the
spontaneous PCcs events from all dendrites, isolating spikes that occurred when there was
no active neighbor within 100 pm and 100 ms. Averaging these events revealed a
fluorescence change (AF) profile that decayed to baseline within roughly 10 pm from the
center of each region of interest (ROI). This suggests that contamination should not be an
issue for more distant PCs, and that crosstalk between ROIs cannot explain the influence of
neighboring CFs that extends to approximately 60 pm (Fig. 23c), or the dependence of
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enhancement on the number of active dendrites (Fig. 23d). However, it suggests that some
closely spaced ROIs could exhibit contamination from nearby neighbors. b) To exemplify
this potential problem, we illustrate the mean AF profiles for two nearby ROIs. Note the
overlap in the tails of each distribution. ¢) The field of view (FOV) from Fig. 5b is shown
with the two ROIs used to exemplify AF decay in b highlighted (yellow). The dashed line
represents the plane orthogonal to the vertical axis of the ROIs with the closest distance
between the example ROIs. d) 4x magnification of the example ROIs from a and b, re-
oriented in the vertical axis of the ROIs. e) Shape invariant contamination map
representing the average fractional fluorescence spread as a function of distance and angle
from all ROIs. This approach captures asymmetric contamination patterns that would be
averaged out in a one-dimensional radial analysis. By fitting each angular profile with an
exponential decay, we defined the zone of contamination as the entire region where the
exponential decay remained above 0. This produced a binary contamination mask (white
outline), meaning that any pixel whose fitted contamination exceeded zero was considered
contaminated. This deliberately conservative cutoff ensured that even minimal optical
overlap was excluded from subsequent analyses. f) ROIs from b,d shown with their
individually modeled AF decay outside of their respective ROIs. g) Using the shape-
invariant model of AF decay warped around each individual ROI, we removed any pixels
that overlapped with the AF decay of all neighboring ROIs. The resulting example ROIs are
shown on the same scale as c. h. ROIs from b,d shown after trimming all pixels with
potential contamination from all neighboring PCs. i) Summary of PCcs events, comparing
responses for full ROIs and ROIs after trimming pixels with potential contamination. ROI
trimming did not significantly alter PCcs responses, suggesting that the contribution of
contaminated pixels was minimal. Adapted from (Santos-Valencia et al., 2025)
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5. Conclusions

Minor revisions were made with the assistance of Chat GPTS.2 to improve the overall flow of the
text. All content and ideas are my own.

5.1 Significance and limitations
5.1.1 Summary of the main findings

The experiments described in this thesis reveal a circuit mechanism through which
climbing fiber activity interacts with local inhibitory networks in the cerebellar cortex to regulate
Purkinje cell signaling. Together, the results demonstrate that climbing fibers do not simply act as
direct excitatory inputs to Purkinje cells. Instead, they engage a disinhibitory circuit involving
molecular layer interneurons that modulates Purkinje cell dendritic excitability and calcium
signaling.

The first set of experiments showed that spontaneous climbing fiber activity strongly
excites a specific subset of molecular layer interneurons, that is, MLI2 neurons. Activation of
these interneurons is followed by suppression of activity in another subset of interneurons, MLI1
neurons. Because MLI1 neurons provide inhibitory input to Purkinje cells, their suppression leads
to disinhibition of Purkinje cell simple spike activity. These results provide in vivo evidence that
climbing fiber signals preferentially recruit a disinhibitory interneuron circuit in the molecular
layer. The findings establish a functional pathway in which climbing fibers excite MLI2 neurons,
which in turn inhibit MLI1 neurons, thereby relieving inhibition of Purkinje cells.

The second set of experiments examined how this circuit operates during sensory
stimulation. Airpuff stimuli, which are commonly used as the unconditioned stimulus in
cerebellar-dependent eyelid conditioning, were used to evoke climbing fiber activity in behaving
mice. Sensory stimulation increased the firing of climbing fibers and produced robust excitation
of a subset of MLI2 neurons. However, the overall effect on MLI1 neurons and Purkinje cell
simple spikes was relatively modest. Analysis of mossy fiber responses revealed that sensory

stimulation also activates the mossy fiber pathway, which excites granule cells and parallel fibers.
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Because parallel fibers provide excitatory input to both MLI1 and MLI2 neurons, mossy fiber
activity can counteract the disinhibitory effects of the climbing fiber pathway. Computational
simulations constrained by anatomical reconstructions and physiological data showed that the
combined activation of climbing fiber and mossy fiber pathways produces a heterogeneous
pattern of responses across molecular layer interneurons. Some MLI1 neurons are inhibited
through the MLI2 mediated pathway, while others are excited through parallel fiber inputs. These
findings indicate that the balance between climbing fiber and mossy fiber activity determines how
interneuron circuits regulate Purkinje cell output during evoked events.

The final set of experiments addressed the consequences of these circuit interactions for
dendritic calcium signaling in Purkinje cells. Two-photon imaging revealed that synchronous
activation of nearby climbing fibers substantially enhances calcium transients in Purkinje cell
dendrites. Larger calcium signals were observed when climbing fibers in neighboring Purkinje
cells fired within a short temporal window compared to when climbing fiber events occurred in
isolation. The enhancement of calcium signals was spatially restricted, occurring primarily within
a limited distance from the synchronously activated fibers. These observations are consistent with
the predictions of the circuit model developed in the previous chapter. When multiple climbing
fibers are activated synchronously, excitation of MLI2 neurons becomes stronger and more
widespread, leading to more robust inhibition of MLI1 neurons. The resulting reduction in
dendritic inhibition allows climbing fiber inputs to generate larger calcium signals in Purkinje cell
dendrites. Because dendritic calcium elevation is a critical trigger for synaptic plasticity at
parallel fiber synapses, this mechanism provides a potential explanation for how synchronous
climbing fiber activity can promote learning related plasticity.

Taken together, the results of this thesis identify a circuit mechanism that links climbing
fiber activity, interneuron dynamics, and Purkinje cell calcium signaling. Climbing fibers

preferentially recruit MLI2 interneurons, which inhibit MLI1 cells and disinhibit Purkinje cells.
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The interaction between climbing fiber and mossy fiber pathways determines how this circuit
operates during evoked stimulation. Finally, synchronous activation of climbing fibers amplifies
dendritic calcium signals in Purkinje cells through this disinhibitory pathway. These findings
provide new insight into how climbing fiber signals are transformed within cerebellar circuits and

how these signals may regulate synaptic plasticity.

5.1.2 Implications for cerebellar learning

The circuit mechanisms identified in this thesis have important implications for theories
of cerebellar learning. According to the Marr—Albus framework, climbing fibers provide
instructive signals that guide synaptic plasticity at parallel fiber synapses onto Purkinje cells.
When parallel fiber inputs that convey sensory or motor related information are active just before
climbing fibers that represent error feedback, synaptic modifications occur that alter Purkinje cell
output. This process allows cerebellar circuits to adjust motor commands based on experience.

A key requirement for this form of learning is the generation of large calcium signals in
Purkinje cell dendrites following climbing fiber activation. These calcium transients activate
intracellular signaling pathways that ultimately lead to long-term depression at parallel fiber
synapses. The present findings suggest that interneuron circuits may play an important role in
regulating when such calcium signals occur.

By recruiting MLI2 neurons and suppressing MLI1 mediated inhibition, climbing fibers
can transiently increase dendritic excitability and amplify calcium influx in Purkinje cells. This
disinhibitory mechanism provides a way for climbing fiber activity to overcome ongoing
inhibition and generate the large calcium signals required for plasticity. The observation that
synchronous climbing fiber activation produces even larger calcium signals suggests that
coordinated activity within the inferior olive may further enhance their effectiveness.

These findings also highlight the importance of interactions between climbing fiber and
mossy fiber pathways. Because mossy fiber inputs excite both Purkinje cells and molecular layer
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interneurons through parallel fibers, they can influence the balance between inhibition and

disinhibition within the molecular layer. The relative timing and strength of these pathways may
therefore determine whether climbing fiber signals produce the conditions necessary for synaptic
plasticity. In this way, the cerebellar cortex may integrate error signals carried by climbing fibers

with contextual information carried by mossy fibers to regulate learning.

5.1.3 Experimental and conceptual limitations

Although the experiments described in this thesis provide new insight into the
organization of cerebellar circuits, several limitations should be considered when interpreting
these findings.

One limitation concerns the identification of molecular layer interneuron subtypes. The
distinction between MLI1 and MLI2 neurons was based on functional properties observed in
electrophysiological recordings rather than on genetic markers. While this classification allowed
the identification of distinct response patterns in vivo, it was not possible to selectively
manipulate these interneuron subtypes during the experiments. The development of genetic tools
that enable targeted labeling and manipulation of MLI1 and MLI2 neurons would provide a
powerful means to test the causal role of the disinhibitory circuit described here.

A second limitation relates to the computational simulations used to interpret the
experimental data. The models incorporated anatomical and physiological constraints derived
from previous studies and from the experiments presented in this thesis. However, the simulations
necessarily simplified the cerebellar circuit and excluded several components of the network,
including additional interneuron types, Granule cells, Golgi cells, and long-range interactions
across the cerebellar cortex. While the models capture the principal circuit motifs underlying the
observed responses, additional biological complexity may influence how these pathways operate

in vivo.
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Finally, the link between the circuit mechanisms described here and behavioral learning
remains indirect. The experiments demonstrate how climbing fiber activity interacts with
molecular layer interneurons to regulate Purkinje cell calcium signals, which are known to trigger
synaptic plasticity. However, the experiments did not directly test how these mechanisms
influence learning in a behavioral paradigm. Establishing a direct connection between the
disinhibitory circuit described in this thesis and cerebellar dependent learning will require
experiments that combine circuit level measurements with behavioral tasks such as eyelid
conditioning. Such experiments would allow to probe the role of this circuit in shaping learning

related plasticity.

5.2 Future directions

5.2.1 Direct Manipulation of MLI Subtypes

A central conclusion of this thesis is that climbing fibers recruit a disinhibitory circuit
involving two functional classes of molecular layer interneurons. Activation of MLI2 neurons
suppresses MLI1 neurons and reduces inhibitory input onto Purkinje cells, thereby enhancing
dendritic excitability and calcium signaling. Although the present experiments provide strong
correlational evidence for this circuit mechanism, a critical next step will be to test its causal role
through direct manipulation of molecular layer interneuron subtypes.

Recent work has begun to reveal molecular and physiological distinctions among
interneurons in the cerebellar molecular layer, raising the possibility that specific genetic markers
may allow selective targeting of different interneuron populations (Lackey et al., 2024). The
development of genetic strategies that distinguish MLI1 and MLI2 neurons would enable
experiments in which these subtypes are selectively activated or silenced in vivo. For example,
optogenetic or chemogenetic suppression of MLI2 neurons during climbing fiber activation could
determine whether MLI2 activity is necessary for the disinhibition of Purkinje cells observed in

this thesis. Conversely, direct activation of MLI2 neurons could be used to test whether
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suppression of MLI1 activity is sufficient to enhance Purkinje cell firing and dendritic calcium
signals.

Such experiments would provide an important test of the circuit model proposed here. If
MLI2 neurons are indeed responsible for mediating the disinhibitory pathway, then manipulating
their activity should directly alter the magnitude of Purkinje cell responses to climbing fiber
input. These approaches would also allow the spatial organization of this circuit to be examined
in greater detail, including whether specific subsets of interneurons regulate distinct dendritic

regions of Purkinje cells.

5.2.2 Independent Manipulation of Climbing Fiber and Mossy Fiber
Pathways

The experiments presented in Chapter 2 demonstrated that climbing fiber and mossy fiber
pathways interact to shape the activity of molecular layer interneurons. Climbing fiber activation
preferentially recruits the disinhibitory MLI2 to MLI1 pathway, whereas mossy fiber inputs
excite both interneurons through granule cell and parallel fiber activity. The balance between
these pathways determines whether molecular layer inhibition is strengthened or reduced
following stimulation.

Future studies could investigate this interaction more directly by independently
manipulating climbing fiber and mossy fiber inputs. Optogenetic stimulation of inferior olivary
neurons could be used to selectively activate climbing fibers, while parallel fiber activity could be
controlled through targeted stimulation of granule cells or mossy fibers. By systematically
varying the timing and strength of these inputs, it would be possible to determine how the two
pathways interact to regulate interneuron activity and Purkinje cell responses.

Such experiments would provide insight into how the cerebellar cortex integrates error
signals carried by climbing fibers with contextual information conveyed by mossy fibers. They

would also help clarify how this integration shapes the conditions under which synaptic plasticity
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occurs. Understanding these interactions will be essential for determining how cerebellar circuits
adapt during learning and how different input pathways cooperate to regulate Purkinje cell

activity.

5.2.4 Behavioral State Modulation of the MLI Disinhibitory Circuit

Behavioral state is known to strongly influence neural activity across many brain
systems. One implication is that learning rates can vary depending on the organism's state. For
example, a cerebellum-dependent task, such as eyelid conditioning, is acquired more effectively
during locomotion than during stationary periods (Albergaria et al., 2018b). Because the
disinhibitory circuit described in this thesis links climbing fiber activity to Purkinje cell dendritic
calcium signals, behavioral state may play an important role in determining how effectively this
circuit operates during learning. To explore this possibility, preliminary experiments were

performed to compare airpuff-evoked responses during locomotion and stationary periods.
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Figure 25: Airpuff evoked reponses of cerebellar cortex neurons during stationary periods
Airpuff-evoked responses across all recorded cell types were examined during stationary
periods (Fig. 25a-e). Although baseline firing rates were elevated during locomotion, the airpuff-

evoked, time-locked responses appeared larger during stationary periods across all recorded cell
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types. This pattern was observed for mossy fibers (Fig. 25a), Purkinje cell simple spikes (Fig.
25b), complex spikes (Fig. 25¢), MLI2 neurons (Fig. 25d), and MLI1 neurons (Fig. 25¢). These
observations suggest that behavioral state may influence not only the baseline excitability of the
cerebellar circuit but also the relative balance between the mossy fiber and climbing fiber
pathways during sensory processing.

One possible explanation for this pattern is that stationary conditions favor stronger
engagement of the mossy fiber pathway. Mossy fibers provide excitatory input to granule cells,
which in turn excite molecular layer interneurons and Purkinje cells through parallel fibers. If the
mossy fiber pathway becomes relatively dominant during stationary periods, this could lead to
simultaneous increases in the activity of MLI2 neurons, MLI1 neurons, and Purkinje cell simple
spikes. In this regime, the CF-MLI2-MLI1 disinhibitory microcircuit described in this thesis may
still be recruited, but its influence may be reduced relative to the stronger parallel fiber drive. As
a result, MLI1 neurons could remain strongly active despite the excitation of MLI2 neurons,
maintaining inhibition onto Purkinje cells and limiting the ability of climbing fiber signals to
produce the large dendritic calcium signals that promote plasticity.

The observation that mossy fiber responses appear somewhat stronger during stationary
conditions (Fig. 25a) supports this possibility, although the magnitude of this difference alone
may not fully account for the widespread increase in stimulus-locked responses observed across
the circuit. Because granule cells were not recorded in these experiments, it remains possible that
granule cell responses are selectively amplified during stationary periods, leading to stronger
parallel fiber excitation of molecular layer interneurons and Purkinje cells. Such amplification
could shift the operating regime of the circuit toward mossy fiber-dominated processing, reducing
the relative influence of climbing fiber-driven disinhibition.

At the same time, the increase in Purkinje cell simple spike responses observed during

stationary periods (Fig. 25b) does not necessarily imply that conditions are favorable for
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plasticity. Simple spikes represent the output of Purkinje cells measured at the soma, whereas the

induction of long-term depression depends on large climbing fiber-evoked calcium signals in the

dendrites. Thus, strong mossy fiber-parallel fiber excitation could elevate somatic simple spike

firing while MLI1-mediated inhibition continues to constrain dendritic excitability. In this

scenario, Purkinje cells would appear strongly driven in their output while remaining in a state

that is less permissive for climbing fiber-driven dendritic calcium signals and synaptic plasticity.
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Figure 26: Complex spikes are temporally bimodal during stationary periods

a) Airpuff running responses of PC complex spikes (PCcs) significantly driven during an
early time window (0 to 50 ms) in the running condition (17 of 244 units). b) Same as a but
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for PCecs significantly driven during a late time window (50 to 100 ms) in the stationary
condition (70 of 244 units). ¢) Airpuff stationary responses of PCcs significantly driven
during an early time window (0 to 50 ms) in the running condition (17 of 244 units). d) Same
as ¢ but for PCecs significantly driven during a late time window (50 to 100 ms) in the
stationary condition (70 of 244 units). e) responses of units from a plotted against c.

A second important observation concerns the temporal structure of climbing fiber
responses. During locomotion, airpuff-evoked complex spike responses typically occurred within
a narrow latency window and formed a single early peak (Fig. 26a). In contrast, during stationary
periods complex spike responses frequently displayed a bimodal temporal structure consisting of
early and late components (Fig. 26¢,d). Early responses occurred approximately within 0-50 ms
following the airpuff, whereas later responses occurred between roughly 50 and 100 ms.

This bimodal distribution raises the possibility that climbing fiber responses during
stationary conditions arise from multiple sensory pathways or from state-dependent gating of
inferior olive inputs. The early component may reflect direct trigeminal input to the inferior olive,
whereas the later component could arise through polysynaptic pathways involving additional
brainstem circuits. Complex spikes that fired early are the same across running and stationary
conditions (Fig. 26e) Alternatively, behavioral state may influence the synchrony of inferior olive
neurons, altering the temporal precision of climbing fiber activation. In this framework, it is
possible that only the early component reflects the synchronized climbing fiber activity that
effectively recruits the MLI2-mediated disinhibitory circuit. The later component may be more
temporally dispersed or spatially heterogeneous and therefore less effective at driving coordinated
activation of MLI2 neurons and suppressing MLI1-mediated inhibition of Purkinje cell dendrites.

These observations suggest a potential explanation for why cerebellar learning can be less
effective during stationary periods despite stronger sensory-evoked responses. If stationary
conditions shift the balance of the circuit toward mossy fiber-dominated processing while

simultaneously reducing the effectiveness of synchronized climbing fiber activity, the

disinhibitory pathway described in this thesis may be less capable of promoting the large
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dendritic calcium signals required for plasticity. Future experiments that directly measure granule
cell activity, manipulate mossy fiber and climbing fiber pathways independently, or examine how
locomotion influences synchrony within inferior olive networks will be necessary to determine
how behavioral state shapes the balance between these pathways and modulates the operation of

the MLI disinhibitory circuit.

5.2.4 Synchrony in Inferior Olive Networks

Another important question raised by this work concerns the origin of synchronous
climbing fiber activity. The imaging experiments described in Chapter 3 showed that
synchronous activation of nearby climbing fibers enhances dendritic calcium signals in Purkinje
cells. This effect is consistent with the disinhibitory circuit mechanism proposed in this thesis, in
which stronger recruitment of MLI2 neurons leads to greater suppression of MLI1 mediated
inhibition and therefore larger calcium transients in Purkinje cell dendrites.

Although synchronous climbing fiber activity has been observed in many experimental
conditions (Bal & McCormick, 1997; De Zeeuw et al., 1998), the mechanisms that generate this
synchrony are not fully understood. Neurons in the inferior olive are electrically coupled through
gap junctions, forming a network that can promote coordinated firing across groups of cells.
Oscillatory dynamics within this network may contribute to the generation of synchronous
climbing fiber signals. In addition, sensory inputs and feedback from other brain regions may
modulate the degree of synchrony within olivary populations.

Future experiments could investigate how these network mechanisms influence the
synchrony of climbing fiber activity during behavior. Simultaneous recordings from inferior olive
neurons and Purkinje cells could reveal how patterns of olivary activity translate into coordinated
climbing fiber signals across the cerebellar cortex. Manipulating electrical coupling within the
inferior olive or altering inputs to the olivary network may also provide insight into the factors
that regulate synchrony. Understanding how synchronous climbing fiber activity arises will be
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important for determining how the disinhibitory circuit described in this thesis is engaged during

natural behavior.

5.2.5 Consequences for learning

The circuit mechanisms described in this thesis suggest a direct link between climbing
fiber synchrony, interneuron dynamics, and the generation of dendritic calcium signals that
trigger synaptic plasticity. However, the experiments did not directly test how these mechanisms
influence learning in behavioral paradigms. Establishing this connection will be important for
future studies.

One promising approach would be to examine how manipulation of molecular layer
interneurons affects cerebellar dependent learning tasks. Eyelid conditioning provides a well
established model system for studying cerebellar learning and has been extensively used to
investigate the role of climbing fibers and Purkinje cells in associative plasticity. Combining
eyelid conditioning with circuit manipulations could test whether altering the balance between
MLII1 and MLI2 activity changes the rate or extent of learning.

For example, suppressing MLI2 activity during the presentation of the unconditioned
stimulus might reduce the disinhibitory effect on Purkinje cells and thereby diminish the calcium
signals required for long-term depression at parallel fiber synapses. Conversely, enhancing MLI2
activity could increase the effectiveness of climbing fiber signals and potentially accelerate
learning. Similarly, experiments that manipulate the synchrony of climbing fiber inputs may
reveal whether coordinated activity within the inferior olive enhances the induction of synaptic
plasticity during behavioral training.

By linking the circuit mechanisms identified in this thesis to changes in behavior, such
experiments would provide a critical test of the hypothesis that disinhibitory interneuron circuits

regulate the conditions under which climbing fiber signals induce plasticity. Understanding how
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these cellular and circuit mechanisms contribute to learning will ultimately help clarify the role of

the cerebellum in adaptive motor control.
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