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Cerebellar Coordination of Neuronal and Behavioral Rhythms

Abstract

Long known for its role in motor control, it is increasingly clear that the cerebellum is also involved in
numerous cognitive and affective behaviors. Though the neuronal mechanism for the role of the
cerebellum in cognition is still unclear, there is a consensus that it involves cerebellar interactions with the
cerebral cortex. Recent studies suggest that the cerebellum monitors, and possibly coordinates, the
precise phase alignment or coherence of neuronal oscillations in cerebral cortical areas. Here, we asked
how loss of cerebellar function affects respiratory rhythms and the interactions of local field potential
(LFP) oscillations between the lobulus simplex (LS) in the cerebellum, medial prefrontal cortex (mPFC),
and dorsal CA1 (dCA1) using multisite in vivo extracellular recordings in freely moving mice. We
compared a mouse model of cerebellar ataxia and their littermate controls. The ataxic mice were
designed to have a genetically induced loss of Purkinje cell neurotransmission, resulting in an expected
repertoire of cerebellar motor deficits. Here we asked whether these mice also have neurophysiological
defects that are indicative of cognitive circuit dysfunction. We quantified respiratory interval regularity and
rhythmicity, power spectra of LFP oscillations in each structure, the magnitudes of coherence of
oscillations and Granger causality between each pair of structures using a nonparametric spectral
method, and the phase amplitude coupling (PAC) of LFP oscillations within and between each structure.
Resting-state coherence of gamma oscillations between LS and mPFC was significantly increased in
ataxic mice relative to their controls. Ataxic animals also showed significantly larger Granger causality
from the mPFC to cerebellar LS in gamma frequencies compared to littermate controls. Significant PAC
within LS was observed at very high gamma frequencies. Our findings reveal that Purkinje cell
neurotransmission is required for normal functional interactions between the cerebellum and cerebral
cortex and between cerebral cortical areas involved in cognitive functions, suggesting an involvement of
the cerebellum in the modulation or coordination of functional communication between brain areas.
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Abstract

Brittany Correia Chapman

Cerebellar Coordination of Neuronal
and Behavioral Rhythms

Long known for its role in motor control, it is increasingly clear that the cerebellum
is also involved in numerous cognitive and affective behaviors. Though the neuronal
mechanism for the role of the cerebellum in cognition is still unclear, there is a consensus
that it involves cerebellar interactions with the cerebral cortex. Recent studies suggest
that the cerebellum monitors, and possibly coordinates, the precise phase alignment or
coherence of neuronal oscillations in cerebral cortical areas. Here, we asked how loss of
cerebellar function affects respiratory rhythms and the interactions of local field potential
(LFP) oscillations between the lobulus simplex (LS) in the cerebellum, medial prefrontal
cortex (mPFC), and dorsal CA1 (dCA1) using multisite in vivo extracellular recordings in
freely moving mice. We compared a mouse model of cerebellar ataxia and their littermate
controls. The ataxic mice were designed to have a genetically induced loss of Purkinje cell
neurotransmission, resulting in an expected repertoire of cerebellar motor deficits. Here
we asked whether these mice also have neurophysiological defects that are indicative of
cognitive circuit dysfunction. We quantified respiratory interval regularity and rhythmicity,
power spectra of LFP oscillations in each structure, the magnitudes of coherence of oscilla-
tions and Granger causality between each pair of structures using a nonparametric spectral
method, and the phase amplitude coupling (PAC) of LFP oscillations within and between
each structure. Resting-state coherence of gamma oscillations between LS and mPFC was
significantly increased in ataxic mice relative to their controls. Ataxic animals also showed
significantly larger Granger causality from the mPFC to cerebellar LS in gamma frequencies
compared to littermate controls. Significant PAC within LS was observed at very high
gamma frequencies. Our findings reveal that Purkinje cell neurotransmission is required
for normal functional interactions between the cerebellum and cerebral cortex and between
cerebral cortical areas involved in cognitive functions, suggesting an involvement of the
cerebellum in the modulation or coordination of functional communication between brain
areas.
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Chapter 1

Introduction

1.1 Oscillations in the Brain

An oscillation in the simplest terms can be defined as periodic upward and downward
deflections in a time series. Oscillatory activity is a ubiquitous feature in the nervous system.
Oscillations can occur on time scales ranging from milliseconds (e.g. 120+ Hz hippocampal
sharp wave ripples) to hours (e.g. circadian rhythms) and spatial scales ranging from single
neurons (e.g. membrane potential oscillations (Llinds, 1988)) to hundreds and thousands
of neurons (e.g. local field potentials (LFPs)). LFPs mostly reflect the sum of neuronal
activity in the form of synaptic currents from large populations of excitatory and inhibitory
synapses as measured by electrodes inserted into the brain. This population activity
reflected in the LFP includes fluctuations in the extracellular matrix due to individual
synaptic currents, voltage-dependent membrane oscillations, spike afterpotentials, and
calcium spikes (Buzsaki, 2002). The immediate functional relevance for local oscillations in
the brain is that they reflect changes in neuronal excitability and therefore the provide a
measure of the probability of an individual neuron being able to elicit an action potential,
or “spike”.

If an individual neuron receives an excitatory signal from another neuron while
in a high excitability state (relatively depolarized membrane potential), it is more likely
to be able to fire an action potential itself in response to that stimulus. If however that
same neuron received that excitatory signal when its membrane potential was in a rela-
tively hyperpolarized state (low excitability), then its own probability of firing an action
potential in response to the input is much lower. With this is mind, it is clear, and has
been confirmed experimentally, that oscillations can play a major role in modulating spike
activity (Benchenane, Tiesinga, and Battaglia, 2011). The next step is to therefore explore
mechanisms and structures that can in turn modulate neuronal oscillations as those would
directly influence spike activity and thus brain function.
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1.2 Coherence and Brain Activity

Technical advances in the field over the past decade now make it possible to collect high
density spike and LFP data from multiple areas of the brain at one time while an animal is
awake and able to behave naturalistically. One obvious benefit of this is that researchers can
now look more closely at the interactions between the spike activity of individual neurons
and LFP oscillations, and between LFP oscillations from multiple areas, over long periods
of time and while an animal is asked to perform various behaviors. One way to relate two
oscillatory signals to each other is to measure the coherence between them. Coherence
is a quantitative measure that ranges between 0 and 1 that reflects the phase stability of
two sinusoidal signals. For example, two oscillations at a certain frequency that are phase
locked would have a coherence value of 1, while two signals at a certain frequency that
were constantly varying their phase relationship would have a coherence value of 0. It is
important to note that high coherence values do not necessarily imply that two signals have
identical phases.

The idea that coherence could be a key mechanism for facilitating communication
between groups of neurons was first proposed by Pascal Fries in 2005, who dubbed it the
“communication through coherence” hypothesis (Fries, 2005). According to Fries, groups
of neurons, each which generate their own oscillations, can only effectively communicate
with each other if they have overlapping “windows for communication”. The substrate to
generate these windows are the neuronal oscillations themselves, with maximal commu-
nication between groups being achieved when the “sending” group of neurons transmits
information to the “receiving” group of neurons when the “receiving” group is at peak
excitability in its oscillatory cycle. Therefore, states of high coherence between neuronal
groups represent periods of effective neuronal communication. Fries formed his hypothesis
in the context of visual attention wherein groups of neurons representing an attended to
item show much higher coherence between each other than groups of neurons correspond-
ing to an unattended item. In this example, Fries hypothesized that neurons in the parietal
cortex may be driving the oscillatory modulation in this behavioral task, but that does not
preclude neuronal groups from other brain areas acting as modulatory drivers in other
behaviors and contexts (Fries, 2005).

1.3 Cerebellar Coordination of Cortical Rhythms

There is mounting evidence from the Heck lab and others that the cerebellum can act as a
modulator of oscillation phase alignments for the purpose of coordinating the coherence
between brain areas. The first piece of evidence to support this hypothesis came from
Popa and colleagues, who showed that chemogenic inactivation of the cerebellum disrupts
gamma-band coherence between the primary sensory and motor cortices during whisking
behavior (Popa, Spolidoro, Proville, Guyon, et al., 2013). More recently, additional work
has been done investigating sensorimotor gamma coherence, showing that optogenetic
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stimulation of Purkinje cells in Crus I/II of the cerebellum modulates gamma and theta
coherence during whisking behavior (Lindeman, Hong, Kros, Mejias, et al., 2021).

Our lab sought to build upon these findings within the context of mounting evidence
that the cerebellum also plays a functional role in non-motor tasks (see Buckner (2013) for a
review). Recording from head-fixed mice, we found that Purkinje cell spike activity in the
right lobulus simplex (LS) and Crus I stored information about the phases of LFP activity
across multiple frequency bands in the prelimbic area and dorsal hippocampus, as well as
the phase differences between these structures (McAfee, Y. Liu, Sillitoe, and D. H. Heck,
2019). LFP activity was monitored from these two structures because they are known to
oscillate coherently during a spatial working memory task (Bahner, Demanuele, Schweiger,
Gerchen, et al., 2015; Benchenane, Tiesinga, and Battaglia, 2011; Gordon, 2011; M. W. Jones
and Wilson, 2005; Spellman, Rigotti, Ahmari, Fusi, et al., 2015; Yamamoto, Suh, Takeuchi,
and Tonegawa, 2014), and cerebellar spike activity was recorded from in LS and Crus I due
to the involvement of both areas in working memory (Ashida, Cerminara, R. J. Edwards,
Apps, et al., 2019). An additional recent study from our group shows that optogenetic
stimulation of Purkinje cells in the LS leads to increased prefrontal-hippocampal broadband
coherence and altered spatial working memory performance (Y. Liu, McAfee, Van Der
Heijden, Dhamala, et al., 2022). For an extended discussion on this topic, see Chapter 3.

1.4 Project Overview

The focus of the remaining chapters will be on describing the various roles the cerebellum
can have on modulating oscillations at the neuronal and behavioral level. The next chapter
starts with a review of literature describing the role that respiration has on modulating
brain activity, followed by experimental evidence that the cerebellar cortex is required for
normal breathing rhythmicity. Chapter 3 expands on the recently published work that
the cerebellum modulates the coherence between the hippocampus and prelimbic area
during spatial working memory and evaluates the functional connectivity between these
structures while the animal is at rest. Chapter 4 further dissects this circuit and evaluates the
phase amplitude coupling, another mechanism for neuronal communication via oscillatory
activity, within and between these structures. Finally, I will draw conclusions from this
work in Chapter 5 and discuss various ways to build upon this work.



Chapter 2

The Cerebellum as a Coordinator of Respiratory
Rhythms!

The influence of respiration on perception, cognition, and affect is relatively well-documented.
For example, it is widely acknowledged that the conscious control of respiration affects
heart rate variability and blood pressure, which in turn leads to changes in brain activity
(Rau, Pauli, Brody, Elbert, et al., 1993), stress reduction, and the regulation of emotional
and cognitive processes (Arch and Craske, 2006; Grossman and Christensen, 2008; Paul,
Elam, and Verhulst, 2007). These findings suggest that the exchange of oxygen for carbon
dioxide, the key function of respiration, is one route of influence of respiration on brain
activity, cognition, and affect. However, recent studies in animals and humans have shown
that respiration influences rhythmic brain activity in multiple frequency bands and possibly
across all brain areas and - at the behavioral level - sensory, affective, and cognitive functions
via respiration-locked neuronal activity driven by two major sources. Evidence suggests
that this influence is primarily driven by respiration-related sensory inputs and inputs from
brain stem pattern generators to subcortical structures. The observable consequence of this
influence is a rhythmic modulation of brain activity at the frequency of the breath and a
modulation of power of higher frequency oscillations, including gamma band oscillations,
which are widely recognized for their association with cognitive processes (D. H. Heck,
McAfee, Y. Liu, Babajani-Feremi, et al., 2016; J. Ito, Roy, Y. Liu, Cao, et al., 2014).

Neuronal oscillations occur in a variety of frequencies and show dynamic patterns of
phase synchronization, or coherence, between different brain areas. Dynamic patterns of
synchronization are implicated in affective and cognitive brain functions whereas atypical
oscillation and coherence patterns are associated with affective, neurodevelopmental, and
cognitive disorders. Here we review the rapidly growing literature linking respiration to
brain activity and function. We discuss whether and how these new findings might inform
our understanding of the role of respiration in affective disorders, such as panic attacks, or

IPortions of chapter (from the beginning through 2.2) from previously published article; reprinted from
final submission with permission from Elsevier B.V. Detlef H. Heck, Brittany L. Correia, Mia B. Fox, Yu Liu,
et al. (2022). “Recent insights into respiratory modulation of brain activity offer new perspectives on cognition
and emotion”. In: Biological Psychology 170. Section: 108316. 1SSN: 03010511. DOI: 10.1016/j .biopsycho.2022.
108316.
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neurodevelopmental disorders affecting social and cognitive skills such as autism spectrum
disorders (ASD). We also review literature on cognitive deficits in chronic obstructive
pulmonary disease (COPD), discuss whether those findings support a possible causal link
between respiratory and cognitive deficits, and consider the difference between nasal and
oral breathing in the context of clarifying the link between respiration and brain activity
and function.

We will also consider the possible influence of respiration on the brain’s functional
connectome and review relevant literature. The functional connectome is described in terms
of temporal correlation of activity between structures, indicating functional connectivity
independent of the presence of anatomical connections (A. M. Aertsen and Gerstein, 1985;
D. J. Kim, Bolbecker, Howell, Rass, et al., 2013). Respiration-locked activity from the
olfactory bulb and likely other sensory inputs provide a rhythmic stimulus that drives
neuronal oscillations in many brain areas. Artificial brain stimulation has been shown
to reorganize the brains functional connectome (Huang, Hajnal, Entz, Fabo, et al., 2019),
suggesting that brain stimulation by respiration-locked sensory inputs might influence the
functional connectome.

2.1 Respiration, Brain Activity, and Cognition

Since the first report of respiratory modulation of delta and gamma oscillations in a non-
olfactory part of the mouse neocortex (J. Ito, Roy, Y. Liu, Cao, et al., 2014), a rapidly
growing number of publications confirmed the initial findings in both animals and humans.
Studies in humans revealed that, as a functional consequence of respiratory modulation of
brain activity, cognitive and affective functions are modulated by the respiratory rhythm
(Arshamian, Iravani, Majid, and Lundstrom, 2018; Grund, Al, Pabst, Dabbagh, et al.,
2022; Johannknecht and Kayser, 2022; Nakamura, Fukunaga, and Oku, 2018; Perl, Ravia,
Rubinson, Eisen, et al., 2019; Zelano, Jiang, Zhou, Arora, et al., 2016); for a recent review see
D. H. Heck, Kozma, and Kay (2019).

In an important study by Zelano, Jiang, Zhou, Arora, et al. (2016), participants were
exposed to photographs of faces expressing either fear or surprise for a brief duration
(100 ms). Participants detected fearful faces more quickly during nasal inspiration than
expiration. Moreover, the respiratory phase also appeared to have an effect on retrieval
accuracy. Participants were presented with 180 pictures of different everyday objects. In a
memory retrieval session, participants were presented pictures from the original set plus
pictures they had not seen before. Results showed that retrieval accuracy was significantly
higher for images presented during the inspiration phase in the retrieval session. It is
important to highlight that nasal respiration and hence the activation of the olfactory bulb
played a special role in this study. When participants in the Zelano study were breathing
through the mouth, reaction times to both types of faces increased significantly, but there
was no longer a difference in detection time between inhalation and exhalation. In the
second experiment, respiratory modulation of memory only occurred when participants
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were breathing through the nose. These results are consistent with the original findings by
J. Ito, Roy, Y. Liu, Cao, et al. (2014), which showed that respiration, via sensory inputs from
the olfactory bulb, modulates neuronal oscillations in the delta and gamma frequency bands
in the neocortex of awake mice. The authors carefully dissected the role of the olfactory
bulb and highlighted respiration-locked delta oscillations in the whisker barrel cortex (an
area of the neocortex not involved in olfactory processing). In the same area, the authors
showed that the power of gamma oscillations was modulated in phase with respiration,
highlighting that both respiration-locked delta oscillations and respiration-locked power
modulation of gamma oscillations required an intact olfactory bulb (J. Ito, Roy, Y. Liu, Cao,
etal., 2014). In turn, when the olfactory bulb was stimulated electrically with a rhythmically
applied current, cortical rhythms were entrained to the stimulus rhythm applied to the bulb
(J. Ito, Roy, Y. Liu, Cao, et al., 2014).

More recent studies provide additional evidence for respiratory modulation of brain
function. Grund, Al, Pabst, Dabbagh, et al. (2022) investigated the combined influence of
heartbeat and the breathing cycle on conscious sensory perception in humans by asking
participants to report perceiving a near-threshold tactile stimulus of the index finger. The
detection of near-threshold stimuli was more likely during the diastolic than systolic period
of the heartbeat. Analysis of the respiratory cycle revealed that correctly detected stimuli
closely clustered in time around inspiration onset, a finding consistent with the suggestion
that inspiration onset or possibly the transition from expiration to inspiration is tuning the
sensory system to optimize the processing of incoming information (Perl, Ravia, Rubinson,
Eisen, et al., 2019).

Active alignment of respiration to a task context was also observed by Johannknecht
and Kayser (2022), who subjected participants to five different sensory detection and
discrimination tasks and a short-term memory tasks. The analysis of task performance in
relation to the respiratory cycle showed that participants tended to align their respiratory
cycle to the timing of stimuli and their own response times. At the same time, the analysis
of reaction times and response accuracy showed that reaction times were significantly
modulated with the respiratory cycle, while there was no change in response accuracy.

Providing a potential neuronal mechanism underlying the influence of respiration
on memory (D. H. Heck, Kozma, and Kay, 2019; Zelano, Jiang, Zhou, Arora, et al., 2016),
a study in mice showed that hippocampal sharp wave ripples, a brief high-frequency
oscillation characteristic for the hippocampus, are phase locked to respiration (Y. Liu,
McAfee, and D. H. Heck, 2017). Sharp wave ripples are believed to be crucial for memory
consolidation and recall (Buzsaki, 2015), a view that is supported by several studies showing
a critical involvement of sharp wave ripples in memory consolidation and retrieval in
mice (Malvache, Reichinnek, Villette, Haimerl, et al., 2016; Nicole, Hadzibegovic, Gajda,
Bontempi, et al., 2016; Ven, Trouche, McNamara, Allen, et al., 2016), rats (Jadhav, Kemere,
German, and Frank, 2012; Maingret, Girardeau, Todorova, Goutierre, et al., 2016; Papale,
Zielinski, Frank, Jadhav, et al., 2016; Pfeiffer and Foster, 2015; A. C. Singer, Carr, Karlsson,
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and Frank, 2013), and non-human primates (Leonard and Hoffman, 2017; Logothetis,
Eschenko, Murayama, Augath, et al., 2012; Ramirez-Villegas, Logothetis, and Besserve,
2015). For an in-depth review of the link between respiration and memory see D. H. Heck,
Kozma, and Kay (2019).

A recent fMRI study investigated whether the reduction of “default mode network”
activity observed during performance of a word memory task (Greicius, Supekar, Menon,
and Dougherty, 2009) may be linked to stimulus-induced changes in respiratory behavior
(Huijbers, Pennartz, Beldzik, Domagalik, et al., 2014). Focusing on the relationship be-
tween changes in respiration and stimulus presentation, the authors calculated the average
stimulus-aligned respiratory signal measured with an MRI compatible air-filled belt around
the waist. Analysis of a stimulus-aligned average of the respiratory signal revealed that
presentations of word stimuli were followed by a trough at 2 s post-stimulus and a peak at
4 s, indicating a stimulus triggered alignment of respiration patterns. We are using the de-
scriptors “trough” and “peak” here because the authors do not specify whether troughs and
peaks correspond to exhale or inhale. A subsequent analysis of respiratory phase aligned to
stimulus presentation confirms that respiratory phase is locked to stimulus presentation. In
addition, the authors show that the post-stimulus respiratory trough-peak modulation and
the respiratory phase locking were significantly higher for correctly remembered words
compared to forgotten words. The authors then asked participants to perform the task
while holding their breath for 20 s during the presentation of word stimuli. Comparison
with the control or “breathing” condition showed that a memory task related silencing of
the default mode network activity only occurred during the control condition with partici-
pants allowed to breathe. These findings suggest a link between the amplitude and phase
of respiratory movements in response to an external stimulus and successful cognitive
performance as well as default mode network activity. The authors take their findings to
“indicate a region-specific interaction between respiration and the fMRI signal associated
with successful task performance” (Huijbers, Pennartz, Beldzik, Domagalik, et al., 2014).

Nakamura and colleagues (Nakamura, Fukunaga, and Oku, 2018) investigated the
link between cognitive functioning and phase transition during a retrieval process, showing
that phase transition in the respiratory cycle can modulate cognitive performance. In a
delayed visual recognition task, a cue was presented in respiratory phase-locked (phased)
or regularly paced (non-phased) presentation paradigms. When the retrieval process
encompassed the expiratory-to-inspiratory transition, participants performing the task in
the phase-locked presentation condition exhibited increased response time and reduced
accuracy. However, when the retrieval process encompassed the inspiratory-to-expiratory
transition, there were no significant changes in response time or accuracy.

Oral and nasal breathing do not always display the same patterns of influence on
cognitive function. In a recent study by Perl, Ravia, Rubinson, Eisen, et al. (2019), four dif-
ferent cognitive tests were used to study respiratory modulation of cognitive performance.
While three of these turned out to be dependent on nasal breathing, a lexical task was not.
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Nevertheless, nasal breathing seems to play a special role in human cognitive function. Ar-
shamian, Iravani, Majid, and Lundstrom (2018) conducted a study investigating a possible
influence of long-term breathing patterns on cognition function, using olfactory memory
as a test. Specifically, the team asked whether long-term breathing (for one hour) either
exclusively through the mouth or nose would influence memory consolidation, i.e. the
process of transferring memory content from short-term to long-term storage. Healthy adult
participants were asked to memorize 12 odors, followed by an hour of resting passively
without sleeping (consolidation phase) during which they either breathed through their
nose or mouth. Participants were then presented with a sequence of 24 odors, consisting
of the 12 familiar and 12 new odors and asked to identify the familiar ones. The results
showed that odor recognition memory was significantly increased after nasal respiration
during the consolidation phase, compared with oral respiration. These findings provide
the first experimental evidence that long-term respiratory behavior, in this case mouth vs.
nose breathing, may affect cognitive function. However, since the paradigm used olfactory
memory, the memory forming pathway and the pathway conveying respiratory modulation
of brain activity were the same. It remains to be seen whether similar results would be
obtained if the memory task is based on a non-olfactory sensory modality.

2.2 Neuronal Mechanisms of Respiratory Modulation of Brain
Activity

The studies discussed thus far provide support for the idea that respiration has a di-
rect influence on perceptual and cognitive processes, most likely via sensory inputs that
are phase-locked to breathing. Experimental evidence from animal studies identified
respiration-locked activity in the olfactory bulb as a main neuronal driving force for brain-
breath coupling (J. Ito, Roy, Y. Liu, Cao, et al., 2014; Y. Liu, McAfee, and D. H. Heck,
2017). In humans the difference between oral and nasal breathing on cognitive processing
supports the notion that olfactory bulb activity plays a crucial role in the coupling of brain
activity and function to the breath (Arshamian, Iravani, Majid, and Lundstrom, 2018; Per],
Ravia, Rubinson, Eisen, et al., 2019; Zelano, Jiang, Zhou, Arora, et al., 2016). Provided
that the gas-exchange functions of nasal and oral respiration are likely to be similar, the
current assumption is that the different effects of nasal and oral breathing on cognitive
functions and brain activity are linked to respiration-locked sensory inputs. However,
strengthening the case for a causal influence of respiratory activity on cognition would
benefit from identifying the underlying mechanism responsible for the influence. This
can be accomplished through a closer examination of the neocortical, oscillatory activity
involved in cognition.

Local field potential (LFP) oscillations reflect the synaptic input to the area of observa-
tion (Buzsaki, Anastassiou, and Koch, 2012). This rhythmically modulated synaptic activity
influences the output of the receiving local neurons in the form of the timing and frequency
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of action potentials (also called “spikes”), which are transient electrical signals that carry
information between connected neurons (Buzsaki, Anastassiou, and Koch, 2012).

Simultaneous measurements of LFPs and action potentials in the cortex showed
that action potentials are synchronized to oscillations in the LFP signal (Eckhorn and
Obermueller, 1993; Gray, Konig, Engel, and W. Singer, 1989; Jacobs, M. ]. Kahana, Ekstrom,
and Fried, 2007; Murthy and Fetz, 1996; Nase, W. Singer, Monyer, and Engel, 2003). Spikes
typically coincide with the negative phase of LFP oscillations, which correspond to the
synaptic influx of positively charged ions into the dendrite of a cell. The negative phase
generally reflects increased excitatory synaptic input and thus increased probability of spike
activity in the postsynaptic cells (Buzsaki, Anastassiou, and Koch, 2012). Oscillations of
LFPs temporally organize spike probability or spike synchrony between different parts of
the brain, as a means to enhance neuronal communication between task-related parts of
the brain for the duration of the task performance (Fries, 2005; Fries, 2015; Womelsdorf,
Schoffelen, Oostenveld, W. Singer, et al., 2007). Neural oscillations in the LFP signal
are thus functionally highly relevant as they directly influence neuronal communication.
Investigating the influence of respiration on neuronal oscillations thus helps understand
the link between respiratory rhythm and neuronal communication in the brain (D. H. Heck,
McAfee, Y. Liu, Babajani-Feremi, et al., 2016; Kluger, Balestrieri, Busch, and Gross, 2021;
Rojas-Libano, Wimmer Del Solar, Aguilar-Rivera, Montefusco-Siegmund, et al., 2018).

The temporal organization of action potentials, especially synchrony in spike activity
in response to synaptic inputs has been implicated in cognitive processing, which requires
the transmission of information through the synchronous firing of action potentials in
large groups of neurons (Diesmann, Gewaltig, and A. Aertsen, 1999; Uhlhaas, Pipa, Lima,
Melloni, et al., 2009). There is experimental evidence for a link between cognitive functions
and synchronized spike activity. In rats, selectively preventing neurons in a brain area from
generating spikes by using locally applied toxin results in the elimination of the function
of the relevant brain area (e.g., McLaughlin and See (2003) and Wesierska, Dockery, and
Fenton (2005)). In primates, prefrontal cortical neurons synchronize their spike firing during
the performance of a task requiring a context-dependent decision to either respond to a
signal with a movement (“go” condition) or to ignore the signal (“no-go” condition) (Vaadia,
Haalman, Abeles, Bergman, et al., 1995).

Importantly for our purposes, oscillatory neocortical activity in the gamma (30-100
Hz) frequency range is tightly linked to the performance of specific cognitive tasks like
decision making (Beshel, N. Kopell, and Kay, 2007; Siegel, Engel, and Donner, 2011),
problem solving (Sheth, Sandkuhler, and Bhattacharya, 2009), memory formation (Osipova,
Takashima, Oostenveld, Fernandez, et al., 2006; Sederberg, Schulze-Bonhage, Madsen,
Bromfield, et al., 2007; Vugt, Schulze-Bonhage, Litt, Brandt, et al., 2010) and language
processing (Babajani-Feremi, Rezaie, Narayana, Choudhri, et al., 2014; Crone, Hao, Hart,
Boatman, et al., 2001; Towle, H. A. Yoon, Castelle, Edgar, et al., 2008). Correspondingly,
deficits in the power or coherence of gamma oscillations have been linked to schizophrenia
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(e.g., Furth, Mastwal, K. H. Wang, Buonanno, et al. (2013)), ASD (e.g., Brown, Gruber,
Boucher, Rippon, et al. (2005)), and Alzheimer’s disease (Basar, Emek-Savas, Guntekin, and
Yener, 2016; Klein, Donoso, Kempter, D. Schmitz, et al., 2016; J. Wang, Fang, X. Wang, Yang,
etal., 2017).

In mice, respiration directly drives delta/theta rhythms of cortical activity via sensory
inputs from the olfactory bulb, but the power of gamma oscillations is also modulated
with the respiratory phase (Biskamp, M. Bartos, and Sauer, 2017; J. Ito, Roy, Y. Liu, Cao,
et al., 2014). These findings were confirmed in humans, with intracranial electroencephalo-
gram (iEEG) recordings obtained from pharmaco-resistant epilepsy patients who received
implants of subdural grid or intracranial depth electrodes (electrocorticogram) (Herrero,
Khuvis, Yeagle, Cerf, et al., 2018; Zelano, Jiang, Zhou, Arora, et al., 2016). Zelano, Jiang,
Zhou, Arora, et al. (2016) showed respiration-locked slow oscillations in the piriform cor-
tex, hippocampus, and amygdala and that the power of delta, theta and beta oscillations
in all three structures were modulated with the phase of respiration. Importantly, these
respiratory modulations of neuronal oscillations were linked to nasal breathing and were
not observed during oral breathing. Herrero, Khuvis, Yeagle, Cerf, et al. (2018) recorded
iEEG activity in 30 cortical and limbic brain areas, including the three areas recorded by
Zelano, Jiang, Zhou, Arora, et al. (2016), but also in several frontal and parietal cortical
areas while patients were breathing exclusively through the nose. Respiration-locked iEEG
activity was observed in all areas and, using an attention to breath task, the authors could
show that the influence of respiration on brain activity increased with attention, reflected
in increased breath iEEG coherence. Respiratory modulation of human brain activity can
also be captured non-invasively, as recently shown by Kluger, Balestrieri, Busch, and Gross
(2021), who used magnetoencephalography (MEG) to show that beta coherence in the
sensorimotor cortex is modulated with the respiratory phase. In the same study, the authors
also showed that conscious control of respiration reduced the average beta coherence in the
sensorimotor cortex but left the respiration-locked modulation of beta power intact.

Overall, experiments in animals and humans show that respiration influences neu-
ronal activity by driving neuronal oscillations that follow the respiratory rhythm and by
modulating the power of higher frequency oscillations (including gamma), propelled by
respiration-locked sensory input to the cortex from the olfactory system. While more re-
search is needed to confirm this thesis, it is plausible that spike activity and synchrony
are a key part of the neuronal mechanism that is responsible for respiratory influence on
brain function. Moreover, the full story about the underlying mechanism will likely involve
explaining how respiration modulates norepinephrine release.

The respiratory rhythm is generated by brainstem circuits, and brainstem projections
carrying respiration-locked rhythmic spike activity have been shown to project to the
thalamus. Yackle, L. A. Schwarz, Kam, Sorokin, et al. (2017) recently showed that the locus
coeruleus (LC), which is the major source of norepinephrine in the mammalian brain (Aston-
Jones and J. D. Cohen, 2005), receives direct inputs from the mouse preBotzinger complex
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(preBotC), the primary breathing rhythm generator (Del Negro, Funk, and Feldman, 2018).
Importantly, Yackle, L. A. Schwarz, Kam, Sorokin, et al. (2017) showed that the specific
subpopulation of neurons in the preBotC that project to the LC regulate the balance between
calm and aroused behaviors.

Taken together the above cited studies suggest that respiration rhythmically mod-
ulates LC neuronal activity and the excitability of LC neurons. This is of significance for
our argument as a recent study by Zerbi and colleagues (Zerbi, Floriou-Servou, Markicevic,
Vermeiren, et al., 2019) showed that the stimulation of LC results in norepinephrine release
in the entire forebrain and powerfully changes the functional connectome, i.e. the spatiotem-
poral pattern of synchronous activity between forebrain structures. Neurocomputational
work has further demonstrated that baseline modulation of LC output regulates overall
neural excitability or gain, dynamically modulating the overall topology of the functional
connectome (Aston-Jones and J. D. Cohen, 2005; Eldar, J. D. Cohen, and Niv, 2013; War-
ren, Eldar, Brink, Tona, et al., 2016). The notion that respiration might modulate cortical
excitability, possibly via the LC activation received experimental support from a recent
study form by Kluger, Balestrieri, Busch, and Gross (2021), in which the authors employed
MEG to measure cortical activity during a near-threshold sensory detection task while also
monitoring respiration. This study found that respiration modulated the power of posterior
alpha oscillations, which is considered a reliable indicator of cortical excitability. Thus, the
projections from the preBotC to the LC as described by Yackle, L. A. Schwarz, Kam, Sorokin,
et al. (2017) might represent a key neuronal substrate for respiratory modulation of cortical
excitability and the functional connectome.

2.3 Loss of Cerebellar Function Selectively Affects Rhythmicity
of Eupneic Breathing

2.3.1 Methods

Animals

This experiment used a total of 67 adult mice (26 female) aged 2-3 or 5-7 months. We com-
pared two groups of mice: those with cerebellar ataxia [mutant (MU): L7Cre;VGATlox/flox,
n=31] and their healthy littermates [control (CT): VGATfox/flox 1-36] that served as controls.
Cerebellar ataxia in the MU animals stemmed from a selective knockout of VGAT (vesicular
GABA transporter), a protein essential for vesicle docking and GABAergic transmission,
in Purkinje cells (White, Arancillo, Stay, George-Jones, et al., 2014; Chaudhry, Reimer,
Bellocchio, Danbolt, et al., 1998). These mice exhibit severe motor impairments and altered
organization of Zebrinll patterning throughout the cerebellum (White, Arancillo, Stay,
George-Jones, et al., 2014). The experimental protocols were approved by the Institutional
Animal Care and Use Committee of The University of Tennessee Health Science Center.
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Measurements of Respiratory Behavior

Respiratory data was collected for 30 min by placing mice in a plethysmograph made of a
small glass container where mice could move freely (Figure 2.1). A constant flow (1 1/min)
of fresh air was directed into the chamber through an opening in the lid with a second
opening in the lid serving as an outlet. While the mice were in the chamber, a box was
placed over the chamber to block direct light.

Inspiration movements cause the air pressure in the plethysmograph chamber to
slightly increase. These pressure changes were measured with a pressure transducer
(Validyne Engineering, USA). The voltage output of the transducer reflected pressure
increase as a decrease in voltage. Therefore the minima of voltage troughs correspond to the
end-of-inhale movements. Voltage data were digitized at 2 kHz using an analogue to digital
converter (CED 1401, Cambridge Electronic Design, UK) and stored for off-line analysis
using custom scripts in Matlab (Matlab R2019b). The minima of each voltage trough in the
raw data were detected and the times of their occurrences were used as temporal markers
of end-of-inspiration events. All data analysis was based on the resulting time series of
end-of-inspiration markers.

Further analysis of different aspects of the respiratory rhythm, such as mean respi-
ratory interval duration, coefficient of variation (CV), and intrinsic variability (CV2) were
based on the end-of-inspiration times. The CV2 provides a measure of the similarity of two
adjacent inter-inspiration intervals. We evaluated the CV2 of each respiratory sequence as
the average of all CV2 values calculated for each interval pair, as described in (Holt, Softky,
Koch, and Douglas, 1996). All further group analyses are based on the average CV2 value.

Artificial Modulation of Respiratory Interval Sequences

To mimic a proposed cerebellar-dependent extension of the duration of individual respira-
tory intervals, I artificially increased the duration of 10% of the intervals in the respiration
sequences measured in MU mice. Specifically, in each MU respiratory sequence I increased
the duration of every tenth respiratory interval by 50% of its original duration, which
translated to an average increase of around 75 ms.

I determined these parameters by creating a custom simulation program in Matlab
that manipulated the respiratory intervals of mutant animals at various frequencies by
various lengths, then performed a 2-sample t-test on the resultant “manipulated mutant”
data’s CV, CV2, and mean respiratory interval the respective parameters of the control mice.
The goal of this exercise was to determine which manipulation parameters, if any, would
result in the MU CV2 to become statistically indistinguishable from CT CV2 while staying
within a plausible physiological range.
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Figure 2.1: Mouse respiratory behavior was measured using a
custom-made plethysmograph chamber. A) Pressure inside the chamber
was measured with a pressure transducer (Validyne Engineering, USA).
Inhalation movements increase the pressure inside the chamber, resulting in
decreases in voltage. B) Raw voltage output from the pressure transducer
reflecting respiration-related pressure changes. Inhalation-related increases
in pressure are reflected as decreases in voltage. Troughs in the voltage
signal reflect the end of inhale times, which were marked and used as
temporal alignments for further analysis of the respiratory rhythm.
Reprinted from final submission with open access permission. Y. Liu, S. Qi,
F. Thomas, B. L. Correia, et al. (Apr. 13, 2020). “Loss of cerebellar function
selectively affects intrinsic rhythmicity of eupneic breathing”. In: Biol Open
9.4. Edition: 20200413. 1SSN: 2046-6390 (Print) 2046-6390 (Linking). DOTI:
10.1242/bio.048785. URL:
https://www.ncbi.nlm.nih.gov/pubmed/32086251
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2.3.2 Results

To measure spontaneous respiratory behavior, mice were placed in a plethysmograph cham-
ber where they could move freely (Figure 2.1)). Spontaneous respiration was monitored for
30 minutes and compared between MU mice and their CT littermates. Male and female mice
of both genotypes were divided into two age groups, 2-3 or 5-7 months old, corresponding
approximately to the transition from adolescents/young adults to mature adults in human
development (Flurkey and Harrison, 2007).

The CV measures variability based on the distribution of intervals across the entire
observation time. Brief but reoccurring changes in rhythmicity cause no change in the CV,
so long as the overall interval distribution remains the same or similar. In 1996, Holt et al.
introduced a novel measure of variability, the CV2, specifically designed to detect brief,
reoccurring changes in rhythmicity, which they called “intrinsic rhythmicity” (Holt, Softky,
Koch, and Douglas, 1996).

The overall variability of the respiratory rhythm, quantified as the coefficient of
variation of the inter-inhalation interval distribution (CV = standard deviation of interval
distribution/mean of interval duration) was, like the mean interval duration, dependent
on age (p < 0.001, with lower values for younger mice), but not on sex (p = 0.70). Also in
analogy to the mean interval duration above, we could not find a difference between MU
mice and their CT littermates with respect to CV (p = 0.95, adjusted for age).

Comparison of the CV2 of respiratory behavior in CT and MU mice revealed a lower
CV2 in MU mice compared to the CT littermates (p < 0.001), when adjusting for age (p <
0.001) and sex (p = 0.048,Figure 2.2). While the CV2 increased with age in the control mice
(p <0.001), it did not change substantially with age in MU mice (p = 0.16, Figure 2.2). When
the two genotypes were combined, the interaction effect between age and genotype was
not significant (p = 0.27); something that would be expected if the age/CV2 relationship
holds for only one of the two genotypes.

The reduced CV2 in MU mice suggests that the difference in the respiratory sequences
in MU and CT mice is based on the temporal modulation of a subset of individual respiratory
intervals. In mutant mice, those modulations seem to be less pronounced, resulting in a
smaller CV2 value, reflecting reduced intrinsic variability. To address our hypothesis that
the difference in CV2 indeed could be explained by modulating the duration of a subset of
respiratory intervals, we mimicked in our collected data an extension of the duration of
every tenth interval in the respiratory sequence of MU mice by 50%, corresponding to an
average of about 75 ms (Figure 2.3). By so doing, rendered the CV2 values of the respiratory
sequence of MU mice comparable to that of CT mice.

2.3.3 Discussion

While the cerebellum has previously been shown as a part of the neural circuitry involved
in strained breathing, such as during hypercapnia or hypoxia (P. M. Macey, Woo, K. E.
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Figure 2.2: Comparison of the CV2 (intrinsic rhythmicity) of respiratory
behavior. The CV2 is lower in the MU mice compared to their CT littermates
(left versus right box in each panel; p < 0.001) when adjusting for age (p <
0.001) and sex (p = 0.048). In addition, the CV2 was significantly higher in
older compared to younger CT mice (p < 0.001 in the CT subgroup), but
possibly remained unchanged across age in the MU mice (p = 0.16 in the MU
subgroup). However, in the combined data, the interaction effect between
age and genotype is not statistically significant (p = 0.19); something that
would be expected if the age-CV2 relationship holds for only one of the two
genotypes. Reprinted from final submission with open access permission.
Y. Liu, S. Qi, F. Thomas, B. L. Correia, et al. (Apr. 13, 2020). “Loss of
cerebellar function selectively affects intrinsic rhythmicity of eupneic
breathing”. In: Biol Open 9.4. Edition: 20200413. 1SSN: 2046-6390 (Print)
2046-6390 (Linking). DOI: 10.1242/bio.048785. URL:
https://www.ncbi.nlm.nih.gov/pubmed/32086251
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Figure 2.3: Prolonging the duration of a subset of respiratory intervals to
mimic breathing-swallowing coordination in MU mice increased the CV2
to CT values. Using the same analytical approach as in the original
respiratory sequence measured in MU mice, one would now conclude that
the genotype is not statistically significant (p = 0.31; age remains significant
with p < 0.001). The respiratory sequences of MU mice were modified in
silico by extending the duration of every tenth interval by 50%, as described
in the Methods section. Reprinted from final submission with open access
permission. Y. Liu, S. Qi, F. Thomas, B. L. Correia, et al. (Apr. 13, 2020).
“Loss of cerebellar function selectively affects intrinsic rhythmicity of
eupneic breathing”. In: Biol Open 9.4. Edition: 20200413. 1SSN: 2046-6390
(Print) 2046-6390 (Linking). DOI: 10.1242/bio.048785. URL:
https://www.ncbi.nlm.nih.gov/pubmed/32086251
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Macey, Keens, et al., 2005; Parsons, Egan, Liotti, Brannan, et al., 2001), no studies have
thus far shown the cerebellum’s involvement in spontaneous or “normal” breathing (Ebert,
Hefter, Dohle, and Freund, 1995; Moruzzi, 1940; Heijden and Zoghbi, 2018; Xu and Frazier,
2002; Xu, Owen, and Frazier, 1995). This study supports previous findings that a loss
of cerebellar function does not affect the average respiratory rate or the CV of eupneic
respiration in mice. However, analysis of the CV2 shows that MU mice have significantly
lower intrinsic variability than their littermate controls. CV2 analysis is a powerful way
to detect this phenomenon because it is sensitive to brief changes in rhythmicity, such as
regular or irregular repeated changed in interval length (Holt, Softky, Koch, and Douglas,
1996). These findings suggest that the loss of cerebellar output corresponds with a loss of
modulation of certain respiratory intervals.

The biological purpose of cerebellar modulation of select respiratory intervals is
unknown. However, a possible function could be the proper temporal coordination of
breathing with swallowing movements (Hardemark Cedborg, Sundman, Boden, Hedstrom,
et al., 2009). Inappropriate temporal coordination of swallowing with respiration can lead
to dysphagia, increasing the risk of aspiration pneumonia (Yagi, Oku, Nagami, Yamagata,
et al., 2017). Dysphagia is a common symptom in patients with cerebellar disease (Ramio-
Torrentia, Gomez, and Genis, 2006) and a potential anatomical substrate for a cerebellar
coordination of brain stem pattern generators controlling breathing and other orofacial
movements exists in form of extensive reciprocal connections between the cerebellum and
brain stem (Asanuma, Thach, and E. G. Jones, 1983; Teune, Burg, Moer, Voogd, et al., 2000;
Whiteside and Snider, 1953). Coordinating breathing with swallowing is essentially timing
problem, which fits well with the widely accepted role of the cerebellum in timing and
temporal coordination of sensorimotor activity (Braitenberg, 1961; Ivry, Spencer, Zelaznik,
and Diedrichsen, 2002; Mauk and Buonomano, 2004).

While our findings would be consistent with a proposed cerebellar role in the coor-
dination of breathing with orofacial movements (Bryant, Boughter, Gong, LeDoux, et al.,
2010; Lu, Cao, Tokita, D. H. Heck, et al., 2013), additional experiments are needed to fully
address this. For example, additional recordings of both respiration and swallowing using a
larger sample of animals would be beneficial. Similarly, to address the observed age-related
differences in CV2, collection of longitudinal respiration data could elucidate how this
measure changes over time.
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Chapter 3

Loss of Purkinje Cell Neurotransmission Affects
Cerebellar-Prefrontal but Not Cerebellar-Hippocampal
Functional Connectivity

3.1 Introduction

The cerebellum and its reciprocal connections with the cerebral cortex have traditionally
been viewed in the context of temporal coordination of sensorimotor control (Braitenberg,
1967; Braitenberg, D. Heck, and Sultan, 1997; D’Angelo and De Zeeuw, 2009; De Zeeuw
and Yeo, 2005; Ivry and Keele, 1989; Ivry, Spencer, Zelaznik, and Diedrichsen, 2002; Jo-
hansson, Jirenhed, Rasmussen, Zucca, et al., 2014; Onuki, Van Someren, De Zeeuw, and
Van der Werf, 2015; Perrett, Ruiz, and Mauk, 1993; Person and Raman, 2012; Salman, 2002;
Spoelstra, Schweighofer, and Arbib, 2000; Timmann, Watts, and Hore, 1999). However,
in the past several years, there has been an increased interest in understanding the role
of the cerebellum in cognitive functions (Buckner, 2013; M. Ito, 2008; Strick, Dum, and
Fiez, 2009), including spatial working memory (SWM) (Courtney, Ungerleider, Keil, and
Haxby, 1996; Goodlett, Hamre, and West, 1992; Y. Liu, McAfee, Van Der Heijden, Dhamala,
et al., 2022; Molinari, Grammaldo, and Petrosini, 1997; Tomlinson, Davis, and Bracewell,
2013; Tomlinson, Davis, Morgan, and Bracewell, 2014). Anatomical and imaging studies
provide evidence for connections between the cerebellum and neocortical areas essential for
cognitive functions (Buckner, 2013; M. Ito, 2008; Strick, Dum, and Fiez, 2009) and cerebellar
neuropathology has been implicated in cognitive disorders such as autism, schizophrenia,
dementia and Alzheimer’s disease (Andreasen and Pierson, 2008; E. B. Becker and Stood-
ley, 2013; Courchesne, 1997; Fatemi, Aldinger, Ashwood, Bauman, et al., 2012; Palmen,
Engeland, Hof, and C. Schmitz, 2004; Picard, Amado, Mouchet-Mages, Olie, et al., 2008;
Schmahmann, 2016). Thus, in order to progress towards a complete understanding of
normal cognitive brain function and of the neuropathology of mental illnesses, it is essential
to understand the neuronal mechanisms that comprise the cerebellar role in cognition.
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3.1.1 SWM and the Cerebellum

SWM is a cognitive function readily tractable in mice that involves the ability to temporarily
retain and manipulate spatial information in memory while maneuvering in the environ-
ment. This behavior requires the integrity of both the medial prefrontal cortex (mPFC)
and the dorsal hippocampal CA1 (dCA1) (Gordon, 2011; Spellman, Rigotti, Ahmari, Fusi,
et al., 2015), two structures which have indirect reciprocal connections with the cerebellum
(Ikai, Takada, and Mizuno, 1994; Lisman and Grace, 2005; Middleton and Strick, 2001;
Newman and Reza, 1979; Onuki, Van Someren, De Zeeuw, and Van der Werf, 2015; Rogers,
Dickson, D. H. Heck, Goldowitz, et al., 2011; Strick, Dum, and Fiez, 2009; Watabe-Uchida,
Zhu, Ogawa, Vamanrao, et al., 2012; Watson, N. Becker, Apps, and M. W. Jones, 2014; Yu
and Krook-Magnuson, 2015). Normal SWM also requires an intact cerebellum (Courtney,
Ungerleider, Keil, and Haxby, 1996; Goodlett, Hamre, and West, 1992; Y. Liu, McAfee, Van
Der Heijden, Dhamala, et al., 2022; Molinari, Grammaldo, and Petrosini, 1997; Tomlinson,
Davis, and Bracewell, 2013; Tomlinson, Davis, Morgan, and Bracewell, 2014) and imaging
studies in humans have shown that various cerebellar sites show increased activity during
working memory tasks (Awh, John Jonides, Edward E. Smith, Eric H. Schumacher, et al.,
2016; Desmond, Gabrieli, Wagner, Ginier, et al., 1997; Fiez, Raife, Balota, ]. P. Schwarz, et al.,
1996; Grasby, Frith, Friston, Simpson, et al., 1994; Igloi, Doeller, Paradis, Benchenane, et al.,
2015; J. Jonides, E. H. Schumacher, E. E. Smith, Lauber, et al., 1997; Paulesu, Frith, and
Frackowiak, 1993). Cerebellar substructures implicated in SWM with the largest overlap
across studies are the right anterior cerebellar hemisphere lobules VI and VII (Desmond,
Gabrieli, Wagner, Ginier, et al., 1997; Igloi, Doeller, Paradis, Benchenane, et al., 2015),
which corresponds to lobulus simplex (LS), Crus I/1I in rodents (Apps and Hawkes, 2009).
Additionally, preliminary data from our lab using a model of cerebellar ataxia (L7 Cre;
VGAT/o¥floX) shows that ataxic mice have a significant deficit in SWM performance com-
pared to their litter-mate controls as measured by rates of spontaneous alternation in a
cross-maze task. In this model, release of GABA from Purkinje cell synapses is selectively
suppressed, a manipulation that eliminates cerebellar cortical output to the deep cerebellar
nuclei (White, Arancillo, Stay, George-Jones, et al., 2014).

Recent work from our lab has shown causal evidence that LS in involved in SWM.
Optogenetic stimulation of LS significantly impairs SWM performance in a cross-maze
task, and decreases mPFC-dCA1 coherence at moments of decision making (Y. Liu, McAfee,
Van Der Heijden, Dhamala, et al., 2022). It is hypothesized that the cerebellum plays a
critical role in controlling the functional connectivity between the mPFC and dCA1 during
SWM decision-making by controlling the coherence of neuronal oscillations between the
two structures. Within the framework of our hypothesis, loss of cerebellar control of
mPFC-dCA1 coherence disrupts mPFC-dCA1 functional connectivity and causes SWM
deficits.
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3.1.2 Coherence and SWM

The mPFC and dorsal hippocampus are reciprocally connected via multisynaptic pathways
(Barbas and Blatt, 1995; Conde, Maire-Lepoivre, Audinat, and Crepel, 1995; Hoover and
Vertes, 2007; Rajasethupathy, Sankaran, Marshel, C. K. Kim, et al., 2015) and are both key
structures for SWM in rodents (Lee and Kesner, 2003a; Lee and Kesner, 2003b; Spellman,
Rigotti, Ahmari, Fusi, et al., 2015) and humans (Bahner, Demanuele, Schweiger, Gerchen,
et al., 2015). Lesion studies in rodents have shown that SWM requires the integrity of
both the mPFC and hippocampus (Churchwell and Kesner, 2011; Kesner and Churchwell,
2011; T. Yoon, Okada, Jung, and J. J. Kim, 2008). A prominent neuronal signature of their
joint involvement in SWM in rodents is an increase in the coherence of theta and gamma
oscillations between mPFC and hippocampus at the time of decision-making (Bahner,
Demanuele, Schweiger, Gerchen, et al., 2015; Benchenane, Tiesinga, and Battaglia, 2011;
Gordon, 2011; M. W. Jones and Wilson, 2005; Spellman, Rigotti, Ahmari, Fusi, et al.,
2015; Yamamoto, Suh, Takeuchi, and Tonegawa, 2014). These oscillations have functional
relevance as they often control spike timing (Benchenane, Tiesinga, and Battaglia, 2011),
which is of critical importance and the basis for the “communication-through-coherence”
hypothesis described below (Fries, 2005). These same experiments also showed that the
increase in coherence is higher for correct than for incorrect choices (Gordon, 2011; M. W.
Jones and Wilson, 2005; Spellman, Rigotti, Ahmari, Fusi, et al., 2015), suggesting that this
decision-related coherence is critical to SWM decision-making (Spellman, Rigotti, Ahmari,
Fusi, et al., 2015).

Coherence is a quantitative measure of the stability of the phase relationship or the
phase-locking of two oscillations with similar frequencies. Coherence can take on values
between 0 and 1, and is independent of oscillation power or amplitude. Two oscillations
with a perfectly stable phase relationship over time would have a coherence of 1, irrespective
of whether there is a phase delay or advance between the oscillations, as long as the delay
is stable. Coherence is 0 if the phase relationship constantly varies over time.

In the nervous system, oscillations are a common occurrence in the local field potential
(LFP), a population signal that largely reflects synaptic activity (Friston, Bastos, Pinotsis,
and Litvak, 2015). LFP oscillations in two connected brain areas can transition in and out
of coherence dependent on behavioral context (e.g. Spellman, Rigotti, Ahmari, Fusi, et al.
(2015)). Temporary increases in coherence are interpreted as temporary increases in the
functional connectivity between the two structures (Bastos, Vezoli, and Fries, 2015; Fries,
2015). In SWM tests, coherence between the mPFC and dCA1 increases for a few seconds,
time-locked to the moment of decision-making (Benchenane, Tiesinga, and Battaglia, 2011;
Gordon, 2011; M. W. Jones and Wilson, 2005; Spellman, Rigotti, Ahmari, Fusi, et al., 2015;
Yamamoto, Suh, Takeuchi, and Tonegawa, 2014) and coherence magnitude differentiates
between correct and incorrect decisions: coherence increases to higher values during correct
compared to incorrect decisions (Gordon, 2011; M. W. Jones and Wilson, 2005; Spellman,
Rigotti, Ahmari, Fusi, et al., 2015). Decision-related coherence increases between the mPFC
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and dCAL1 are considered crucial for normal SWM performance (Spellman, Rigotti, Ahmari,
Fusi, et al., 2015).

Following the arguments of Fries and colleagues (Fries, 2005), we interpret the tran-
sient increase in coherence during SWM as a period of increased “functional connectivity”
between two structures (Bastos, Vezoli, and Fries, 2015; Fries, 2005; Fries, 2015). Oscillations
in the LFP reflect rhythmic fluctuations of synaptic input activity (Buzsaki, Anastassiou,
and Koch, 2012; Friston, Bastos, Pinotsis, and Litvak, 2015). This translates to rhythmic
fluctuations of neuronal excitability. Periods of increased excitability represent “windows
of opportunity,” during which a neuron is more likely to respond to synaptic input from a
connected structure by generating an action potential. Periods of high excitability typically
correspond to the negative phase of LFP oscillations recorded at dendritic sites (Buzsaki,
Anastassiou, and Koch, 2012; Gray, Konig, Engel, and W. Singer, 1989; Jacobs, M. ]. Kahana,
Ekstrom, and Fried, 2007; Murthy and Fetz, 1996).

Two connected structures can thus optimize their neuronal communication or “func-
tional connectivity” if they align the phases of their oscillations such, that spikes arriving
from one structure will arrive at the other structure during the negative phase of the
oscillation, i.e. when excitability is highest. Fries called this mechanism “communication-
through-coherence” (Fries, 2005). It allows structures to establish transient, task-dependent
increases in functional connectivity, which end again when the task is completed (Bastos,
Vezoli, and Fries, 2015; Fries, 2005). How the magnitude or the timing of coherence of
oscillations between two brain structures is controlled remains unknown, but the cerebel-
lum has been proposed a candidate to perform this function (McAfee, Y. Liu, Sillitoe, and
D. H. Heck, 2021).

3.1.3 The Cerebellum and Coherence

The hypothesis described in McAfee, Y. Liu, Sillitoe, and D. H. Heck (2021) assigns the
cerebellum the task of temporal coordination of neuronal communication between the
mPFC and dCA1. Our hypothesis states that the cerebellum performs similar neuronal
computations for sensorimotor and cognitive tasks, which would explain why the gross
neuronal circuitry of the cerebellar cortex is largely homogeneous, irrespective of whether a
particular area primarily connects to motor or non-motor areas of the neocortex. Recent evi-
dence supporting the hypothesis that the cerebellum acts as a coordinator of communication
by modulating the coherence of neuronal oscillations has shown that the cerebellum can
influence SWM and modulate SWM decision-related increases in mPFC-dCA1 coherence
(Y. Liu, McAfee, Van Der Heijden, Dhamala, et al., 2022). This phenomenon has also been
observed in a more traditional sensorimotor context, where the cerebellum has been shown
to modulate gamma coherence between the sensory and motor cortices during whisking
behavior (Lindeman, Hong, Kros, Mejias, et al., 2021; Popa, Spolidoro, Proville, Guyon,
etal., 2013).
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Optical stimulation of Purkinje cells (PCs) in the LS leads to increased mPFC-dCA1
coherence in several frequency bands and the same stimulus applied during SWM decision
making in freely moving mice significantly alters SWM performance (Y. Liu, McAfee, Van
Der Heijden, Dhamala, et al., 2022). Additionally, PCs in LS and Crus I/II have been shown
to preferentially respond to phase and phase differences of local field potential oscillations
across multiple frequencies in the mPFC and dCA1 (McAfee, Y. Liu, Sillitoe, and D. H. Heck,
2019), providing additional support for the role of LS and Crus I in SWM circuitry. Taken
together, these studies suggest that LS is one of the key cerebellar cortical areas involved in
cerebellar modulation of mPFC-dCA1 coherence during SWM decision making behaviors.
What is less clear, however, is what the functional connectivity of this circuit looks like
during periods when it is not involved in SWM behaviors and how it would be affected
by cerebellar dysfunction. Here, we are using the L7 Cre; VGAT "X mouse model of
cerebellar ataxia (Figure 3.1A) and in vivo multi-site electrophysiology to test the hypothesis
that output from the cerebellar cortex is required for normal oscillatory interactions between
the cerebellum, mPFC, and dCA1.

3.2 Methods

3.2.1 Animals

A total of 13 adult mice were used in this study. L7 Cre; VGAT/0¥/flox (n = 7) conditional mu-
tant mice were compared to VGAT¥/o* (n = 6) control litter-mates of either sex throughout
the study. Mice were aged 4-5 months before experiments began. Mice were housed in
a climate-controlled mouse colony at the University of Tennessee Health Science Center
animal facilities with 12-h light/dark cycles in standard cages with access to food and water
ad libitum. All animal procedures were performed in accordance with the National Institute
of Health Guide for the Care and Use of Laboratory Animals. Experimental protocols
were approved by the Institutional Animal Care and Use Committee at the University of
Tennessee Health Science Center.

3.2.2 Surgery

Mice were surgically prepared for electrophysiological recordings in the mPFC, dCA1,
and LS for free exploration of a homecage environment. Surgical anesthesia was initiated
by exposing mice to 3% isoflurane in oxygen in an induction chamber. Anesthesia was
maintained with 1-2% isoflurane in oxygen during surgery using an Ohio isoflurane
vaporizer (Highland Medical Equipment, Deerfield, IL, USA). Body temperature was
maintained at 37-38 °C with a servo-controlled heat blanket (FHC, Bowdoinham, ME, USA)
monitored by a rectal thermometer. At the beginning of each surgery, after mice were
anesthetized, but before the first incision, mice received a single subcutaneous injection of
the analgesic Meloxicam SR (4 mg/ kg, 0.06 ml) to alleviate pain. Three small burr holes
were made into the skull bone overlying the left mPFC (AP 1.5 mm; ML 0.5 mm), the left
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Figure 3.1: Animal model and schematic of recording strategy with
histology and raw data examples. A) Schematic of L7 Cre; VGAT/ox/flox
knockout mouse (right) their litter-mate controls (left) at the cellular level.
VGAT knockout animals lose GABAergic synaptic transmission from
Purkinje cells to their primary targets: neurons of the deep cerebellar nuclei.
B) From left to right: illustration of recording sites, histological confirmation

of recording sites by electrolytic lesion, and raw LFP data example from (top
to bottom) mPFC, dCA1, and LS.
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hippocampus (AP 2.0 mm; ML 1.5 mm), and the right cerebellum (AP -6.0; ML 1.8) using a
dental drill (Microtorque II, RAM Products, Inc., USA), leaving the underlying dura intact.
All coordinates were relative to Bregma.

For 9 of the animals, two extracellular recording electrodes (glass insulated tungsten/-
platinum; 80-um diameter; impedance: 3.5-5.0 M(?) attached to a custom-made micro-drive
were centered over the mPFC, dCA1, and LS skull openings and the micro-drives were
fixed to the skull using acrylic cement. The six electrodes, a reference wire, and a ground
wire were then connected to a 20-pin micro-connector (Omnetics Connector Corp.). The
micro-drives, head-post, and micro-connector were embedded in dental cement and an-
chored to the skull bone using three small skull screws. Of those three screws, one on the
right side (AP - 1 mm; ML 3 mm) was connected with the reference wire, and one on the
left side (AP - 4 mm; ML 4 mm) was connected to ground.

For 4 of the animals, a different recording system was used. For these experiments,
four recording tetrodes (NiCr alloy; 12-um diameter; 1.2-1.5 MQ2) were bundled in a guiding
tube and implanted into each respective recording site for a total of 16 data channels per
site. The tetrodes were advanced to depths of 1.5 mm, 1.2 mm, and 0.8 mm for the mPFC,
dCA1, and LS recording sites, respectively. The tetrodes were hand-spun and soldered
onto a custom printed circuit board (PCB) chip, which was connected to an amplifier and
secured in a custom 3D printed head cap. Both the tetrodes and head-cap were fixed to
the skull using acrylic cement and anchored by two skull screws which also connected to
ground and reference wires. For both recording strategies, a post-surgical recovery period
of 7-10 days was allowed before electrophysiological experiments began.

3.2.3 Electrophysiology

Electrophysiological recordings were conducted with extracellular recording electrodes
either attached to a custom-made micro-drive (glass insulated tungsten/platinum; 80-pm
diameter; impedance: 3.5-5.0 M2, Thomas Recording, GmbH, Germany), or as part of a
custom-made high-density tetrode array (NiCr alloy; 12-um diameter; 1.2-1.5 M(?). For the 9
animals with a micro-drive, two electrodes, separated by 0.25 mm, were placed in the mPFC,
dCA1, and LS. All six electrodes were connected to a 20-pin micro-connector (Omnetics
Connector Corporation). During recording sessions, a wireless head stage (W2100-HS16,
Multichannel Systems, Germany) was plugged into the micro-connector. To reduce weight,
the battery was kept off the head stage, and power was supplied by connecting the battery
and head stage via two flexible thin wires (2 m, 40 AWG solid nickel). Electrophysiological
recordings were performed on five consecutive days. On the first day, electrodes were
manually advanced into the left mPFC, left dCA1, and right LS while the animals were
in their home-cage with the micro-drive. The occurrence of sharp-wave ripples (SWR)
was used to determine electrode tip placement in dCA1 (Figure 3.1B) (Buzsaki, 2015). On
subsequent days, recordings were performed continually while the mice freely explored
in their home-cage for 30 minutes. Recordings were agnostic of whether the animal was
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actively exploring its environment or if it was stationary. Electrode positions were only
altered in the dCA1 if SWR signals were lost. Broadband voltage signals (0.1-8 kHz) were
digitized at 20kHz and saved to a hard disk (W2100-HS16, Multichannel Systems, Germany).
LFPs were band-pass filtered offline at 0.1-200 Hz and down-sampled to 2-kHz using Spike2
(Cambridge Electronic Design Limited, UK).

A largely equivalent recording strategy was used for the four animals that received
tetrode implants. During surgery, bundles of four tetrodes threaded through guiding tubes
were advanced and buried in acrylic cement to their final recording depths, which were
1.5 mm in mPFC, 1.2 mm in dCA1, and 0.8 mm in LS. All tetrodes were soldered to a
custom-made PCB prior to surgery, which was connected to a head-stage and amplifier
(HS-640, White Matter Systems, USA) and placed within a 3D-printed head-cap to be
secured onto the animal’s skull by acrylic cement during surgery. During the recording
sessions with implanted tetrodes, the head-stage was connected to the data acquisition
system (eCube Server, White Matter Systems, USA) via a commutator cable. Animals were
given one day of habituation in a novel home-cage environment before recordings began
for the subsequent 5 days for 30 minutes a day. Again, recordings were agnostic of whether
the animal was actively exploring its environment or if it was stationary. Broadband voltage
signals (0.1-8 KHz) were digitized at 15kHz and saved to a hard disk (White Matter Systems,
USA). LFPs were band-pass filtered offline at 0.1-200 Hz and down-sampled to 2-kHz using
Matlab (Matlab R2019b). After completion of the final day of the experiment, recording
sites were marked by small electrolytic lesions (10-pA DC; 10 s) and verified anatomically
(Figure 3.1A) for both recording strategies.

3.2.4 Power, Coherence, and Granger Causality Analysis of LFP Data

Raw electrophysiological data were first processed to remove power-line interference (60 Hz
and 120 Hz and 180 Hz harmonics) using a spectrum interpolation method (Leske and Dalal,
2019; Mewett, Reynolds, and Nazeran, 2004). Data were then low-pass filtered to create LFPs
for further analysis (cutoff frequency: 200 Hz). Periods of noisy data, such as when there
was excess movement by the animal, were removed from the data set. One signal each in the
mPFC, dCA1, and LS was selected for further analysis. Signal selection was based on a lack
of artifact or line noise in the data, the clear presence of SWRs in dCA1, and the presence of
spike activity observed in the raw data for the mPFC and LS signals. All LFP data were
normalized by removing the mean prior to further analysis. Baseline power, coherence, and
Granger causality were calculated using a non-parametric spectral method programmed by
custom scripts in Matlab (Matlab R2019b). For time-resolved coherence analysis, coherence
was calculated in 2 second intervals with a 200 ms sliding window. To evaluate the shape of
the distribution of time-resolved coherence values, skewness and kurtosis were calculated
using their corresponding functions in Matlab, and the Warren Sarle’s bimodality coefficient
(BC) was calculated using the Bimodality Coefficient Calculation with an open source
Matlab package (Zhivomirov, 2021). All measures used were calculated for each frequency
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tested (1-200 Hz) in 1 Hz steps and later averaged into eight separate frequency bands for
further analysis.

3.2.5 Statistical Analysis

Average power, which is a function of oscillation amplitude, coherence, which measures
the phase stability of two signals over time, and Granger causality, which evaluates to what
extent two signals predict each other, was calculated for each brain structure (for power) or
between each combination of two brain structures (for coherence and Granger causality).
Each of these measures were initially tested for statistical significance on a frequency-by-
frequency basis, i.e. a separate test was performed in 1 Hz steps. Initially, a two-sample
F-test for equal variances was performed on all analysis measures to determine if the data
came from normal distributions with the same variance (Matlab R2019b; function code:
vartest2). Results from this test showed that the data were not normally distributed with
equal variance, so non-parametric statistical tests were used moving forward. The Wilcoxon
rank sum test (Matlab R2019b; function code: ranksum) was used to compare average power,
coherence, and Granger causality measures between strains at each frequency, and also
between strains once data were averaged into frequency bands. The BC calculated from
distributions of time-resolved coherence, which has a range of zero to one, is a function of
skewness and kurtosis where a value greater than 5/9 indicates that the data come from a
bimodal or multimodal distribution. There were no statistical differences in any measure
between mice that were implanted with extracellular recording electrodes adjusted with a
micro-drive and mice that received fixed tetrode implants, suggesting that the data collected
from these two recording strategies could be combined.

3.2.6 Histology

At the end of the experiments, animals were deeply anesthetized with an intraperitoneal
injection of a Ketamine/Xylazine mixture (100 mg/kg / 10 mg/kg) and intracardially
perfused with 0.9% NaCl followed by a 4% para-formaldehyde solution. Brains were
removed from the skull and post-fixed in 4% para-formaldehyde solution for a minimum
of 24 hours. Fixed brains were then sections at 60 ntm, mounted onto glass slides, and Nissl
stained. Light microscopy was used to localize electrolytic lesions and verify the correct
placement of the recording electrode tip in the mPFC, dCA1, and LS (Figure 3.1B).

3.3 Results

I evaluated the functional connectivity between mPFC, dCA1, and LS by analyzing the
power, coherence, and Granger causality of LFP oscillations in a mouse model of cerebellar
ataxia compared to its healthy litter-mate controls. Ataxic animals lacked the VGAT protein
in cerebellar Purkinje cells, which is essential for vesicle docking. Therefore, these cells
were not able to engage in chemical neurotransmission to their primary target neurons in
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the deep cerebellar nuclei (DCN), functionally disconnecting the cerebellar cortex from
the cerebellar output neurons. This mutation effectively eliminated the influence of the
cerebellar cortex on neuronal activity in the cerebral cortex. As expected, this mutation
led to profound motor deficits, which have been well documented (White, Arancillo, Stay,
George-Jones, et al., 2014). However, the effects of this mutation had not yet been evaluated
in the context of cerebrocerebellar communication and the cerebellar role in coordinating
interactions between higher order brain areas, which is the purpose of the present study.

Mice had extracellular recording electrodes implanted into the left mPFC, left dCA1,
and right LS, which all recorded LFP signals. All recording sites were confirmed post-hoc
by the presence of electrolytic lesions, which were made on the final recording day (Figure
3.1B). Of the recording sites from each structure, the signal that showed the strongest SWR
activity in the dCA1, and clean signals that exhibited spike activity in its high frequency
components in the mPFC and LS were selected for further analysis. Evaluation of the
average power of oscillations in mPFC on a frequency-by-frequency basis showed that
there was a significant increase in power from 115-125 Hz in ataxic animals (p < 0.05, Figure
3.2A). However, when data was averaged into frequency bands, this region of significance
did not hold up in the high frequency (100-130 Hz) band (p = 0.052, Figure 3.2B). There
were no significant differences in power in the dCA1 and LS signals between ataxic and
control animals at any frequency (Fig. Figure 3.2C,D), suggesting that the influence of the
cerebellar cortex of this circuit does not affect the amplitude of their oscillations.

3.3.1 Loss of Purkinje Cell Transmission Increased mPFC-LS Coherence

I conducted a baseline and time-resolved analysis of coherence of mPFC-dCA1, dCA1-LS,
and mPFC-LS LFP activity for neuronal oscillations between 4 and 200 Hz divided into
eight commonly used frequency bands: theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz),
low gamma (30-60 Hz), mid gamma (60-80 Hz), high gamma (80-100 Hz), high frequency
(100-130 Hz), and very high frequency (130-200 Hz). Baseline coherence reflects an average
coherence measurement taken across a 30-minute recording session where a mouse was able
to freely explore a homecage environment. While there were no significant differences in
average coherence of mPFC-dCA1 or dCA1-LS activity, ataxic animals showed significantly
higher mPFC-LS coherence at several frequency in the low and mid gamma bands (26,
31-51, 53-56, 64-65, 67-72, 74, 76-79, 84, 89, 93, and 103 Hz) when analyzing coherence on
a frequency-by-frequency basis (p < 0.05, Figure 3.3A). When grouping these values into
their corresponding frequency bands, low gamma mPFC-LS coherence in ataxic animals
remained significantly higher than in their litter-mate controls (p < 0.05), while the effect
was no longer significant in the mid gamma frequency band (Figure 3.3B).

To better understand the dynamics of the differences found in mPFC-LS gamma
coherence, I performed a time-resolved coherence analysis (i.e. if the observed average
differences were due to an increase or decrease in very high coherence values, a mean
shift in the entire distribution, or another factor). To quantify this, I sorted all values into
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Figure 3.2: Average power of LFP oscillations in L7 Cre; VGAT*¥/flox (red)
and VGAT"¥/°x animals (blue). A) Average power in mPFC is significantly
different between L7 Cre; VGATo¥flox and VGAT*/floX animals from
115—125 Hz. B) Power in mPFC averaged into frequency bands. Not
significant (NS) in any band between L7 Cre; VGAT¥/fo* and VGATf/flox
animals. C) Average power in dCA1 and D) LS, NS between L7 Cre;
VGATo¥fiox and VGAT ¥ animals at any frequency.
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Figure 3.3: Average coherence of oscillations between mPFC and LS. A)
Average coherence of oscillations between mPFC and LS is significantly
different between L7 Cre; VGAT0¥flox and VGAT*/flox animals at 26 Hz,
from 31-51 Hz, 53-56 Hz, 64-65 Hz, 67-72 Hz, at 74 Hz, from 76-79 Hz, and at
84, 89, 93, and 103 Hz. B) Coherence between mPFC and LS averaged across
the low gamma band (30-60 Hz) is significantly different between L7 Cre;
VGAT¥fox and VGAT*/flox animals but not when averaged across the mid
gamma band (60-80 Hz) or any other frequency band.

their respective frequency bands, and calculated the BC, skewness, and kurtosis of their
distributions. BC is a value ranging from zero to one and tests whether a distribution
is multimodal or not. BC values great than 5/9 are considered to reflect multimodal
distributions. If multimodality is confirmed, further inspection is required to determine
whether the distribution is truly bimodal. There were no significant difference between
ataxic and control animals in BC, skewness, or kurtosis in the time-resolved coherence
distributions in any frequency band, including the low gamma band where a difference
in average coherence was seen (Figure 3.4A). However, ataxic animals had a significantly
higher maximal mPFC-LS coherence value in the high gamma (80-100 Hz) band (p <
0.05, Figure 3.4B). Additionally, all BC values were less than 5/9, indicating that all time-
resolved coherence distributions were unimodal. Taken together, these data show that the
observed differences in average mPFC-LS coherence seen in the low gamma band are due
to a rightward shift of the distribution or due to a longer tail a the high-value end of the
distribution of coherence values in ataxic animals which lack output from the cerebellar
cortex.
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Figure 3.4: Histogram of time-resolved mPFC-LS coherence values in low
gamma (30-60 Hz) and high gamma (80-100 Hz) frequency bands. A)
Significant differences in average coherence between L7 Cre; VGATox/flox and
VGAT'"%f°¥ animals in low gamma frequencies are due to a rightward shift
in the mean of the distribution of coherence values. BC < 0.55 in both
conditions, indicating that the distribution of coherence values remained
unimodal. There were no differences in skewness or kurtosis of coherence
distribution of coherence in low gamma frequencies. B) While there were no
significant differences in average coherence, skewness, or kurtosis in
time-resolved coherence, significantly higher maximal coherence values
were observed in L7 Cre; VGAT*/°X animals (p <0.05).




Chapter 3. Loss of Purkinje Cell Neurotransmission Affects Cerebellar-Prefrontal but

Not Cerebellar-Hippocampal Functional Connectivity 3

0.263 02 02

Causality

0.175

Granger Causality

0.05 0.05
. . il . L
Mid Gamma High Gamma

T T T T T T 1
20 40 60 80 100 120 140 160 180 200 60 - 80 Hz 80 - 100 Hz
Frequency (Hz)

Figure 3.5: Average Granger causality of oscillations from mPFC to LS. A)
Average Granger causality of from mPFC to LS is significantly different
between L7 Cre; VGAT0¥flox and VGAT*flox animals at 69 Hz, from 72-82
Hz, 85-100 Hz, and 115-117 Hz. B) Granger causality from mPFC to LS
averaged across the mid gamma band (60-80 Hz) and high gamma band
(80-100 Hz) is significantly different between L7 Cre; VGATox/flox and
VGAT %X animals but not when averaged across any other frequency
band.

3.3.2 Loss of Purkinje Cell Transmission Increased Granger Causality from
mPFC to LS

Diving deeper into the relationship between mPFC and LS oscillations in this paradigm, I
next applied Granger causality analysis to the LFP data to learn more about the directionality
of the relationship between these two signals. In simple terms, this methods asks whether
the information in two signals evolving over time, A and B, can predict future values of one
another based on their own past values better than their own past values can predict their
own future values (i.e. variable A Granger-causes variable B if predictions of the value of B
based on its own past values and on the past values of A are better than predictions of B
based only on B’s own past values). I applied the non-parametric version of this analysis to
test to what extent the LFP’s from mPFC Granger-caused the LFP’s in LS and vice versa,
and whether these causality values across frequencies differed between ataxic animals and
their litter-mate controls. I found that ataxic animals had significantly higher Granger
causality from mPFC to LS in gamma frequencies (69, 72-82, 85-100, and 115-117 Hz) than
litter-mate controls (Figure 3.5A) when testing on a frequency-by-frequency basis (p < 0.05).
When averaging across frequency bands, the observed increase in causality remained, with
significant differences between strains being found in the mid gamma (60-80 Hz) band and
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high gamma (80-100 Hz) band (p < 0.05, Figure 3.5B). There were no significant differences
in Granger causality between ataxic and control animals from LS to mPFC, nor between
mPFC and dCA1, and LS and dCA1.

3.4 Discussion

The data shown above builds upon previous experiments and reviews from our group to
suggest a functional role for cerebellar LS in the coordination of communication between
mPFC and dCA1, two areas that interact dynamically during SWM tasks. In baseline
conditions where an animal is not asked to perform any specific behavior, the removal of
GABAergic output from Purkinje cells in the cerebellar cortex significantly alters coherence
between mPFC and LS. More specifically, Granger causality analysis shows that the disrup-
tion in this pathway in our mouse model of cerebellar ataxia seems to be in the mPFC -> LS
direction, rather than the reverse. We did not see any changes in mPFC-dCA1 interactions,
which seems contrary to our hypothesis based on a recently published study that shows
mPFC-dCA1 coherence and task performance changes with optogenetic manipulation of
Purkinje cells in a SWM task (Y. Liu, McAfee, Van Der Heijden, Dhamala, et al., 2022).
However, mice in this study were not engaged in a SWM task and the cerebellar deficit was
global, affecting the entire cerebellar cortex. In our previous study, we disrupted cerebellar
activity locally in just LS (Y. Liu, McAfee, Van Der Heijden, Dhamala, et al., 2022). We also
did not find any differences in dCA1-LS connectivity. This points to the possibility that
the cerebellar manipulation of mPFC-dCA1 coherence occurs by the cerebellum setting the
phase in the mPFC (via the thalamus), and not in the dCA1.

While these findings were initially unexpected, for the reasons described below
they nevertheless fit with emerging ideas about the control of functional connectivity
in cerebrocerebellar interactions (McAfee, Y. Liu, Sillitoe, and D. H. Heck, 2021) and
thalamocortical interactions, which may also have a role in coordinating the coherence of
forebrain structures (Nakajima and Halassa, 2017). The most notable difference between
Y. Liu, McAfee, Van Der Heijden, Dhamala, et al. (2022) and the present study is that the
LFP data collected here was sampled during periods of both rest and free exploration of a
homecage environment, rather than during a SWM task. Y. Liu, McAfee, Van Der Heijden,
Dhamala, et al. (2022) demonstrated transient mPFC-dCA1 coherence changes in a task
specific manner and did not evaluate coherence for extended periods of time or outside the
context of their SWM task. This study supports those findings in that it suggests that the
cerebellar modulation of mPFC-dCA1 coherence during spontaneous behavior in the home
cage differs from coherence modulation in the context of SWM behavior. While we do have
a general idea of the mPFC-dCA1-LS circuit (Figure 3.6), detailed anatomical evidence of
what specific pathways is required to facilitate information sharing between cerebellar LS
and mPFC is lacking.

Tracing studies available through the Allen Brain Atlas Mouse Connectivity database
may shed light on anatomical pathways for the cerebellum to modulate communication
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Figure 3.6: Illustration of a mouse brain showing a proposed circuit of
how LS is influencing the functional connectivity of cerebrocerebellar
interactions. Green arrows indicate known pathways of how information is
received by LS, with the bulk of neocortical information passing first
through the pontine nuclei (PN). Blue arrows show the most likely output
pathways out of the cerebellum. Though proposed, no monosynaptic
connections have been found between the DCN and hippocampus (Yu and
Krook-Magnuson, 2015). Black arrows indicate reciprocal multi-synaptic
pathways connecting prefrontal and hippocampal areas with each other and
with the thalamus. Created with BioRender.com.
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in cerebral cortical areas. In one experiment, anterograde tracer injected into the right
interposed nucleus of the DCN (the target structure for Purkinje cells in LS) mapped
projections to several contralateral nuclei in the thalamus, including the ventral anterior-
lateral complex (VAL), ventral medial nucleus (VM), ventral posterolateral nucleus (VPL),
and ventral posteromedial nucleus (VPM) (Harris, Mihalas, Hirokawa, Whitesell, et al.,
2019; Oh, Harris, Ng, Winslow, et al., 2014). Of these targets, VM may be one of the most
promising, as it itself projects to the prelimbic area (PL) of the mPFC and to the nucleus
reuniens (RE) of the thalamus, among many other forebrain structures (Harris, Mihalas,
Hirokawa, Whitesell, et al., 2019; Oh, Harris, Ng, Winslow, et al., 2014). Evidence suggests
that RE has been shown to coordinate neural oscillations between frontal areas and the
hippocampus during SWM (Dolleman-van der Weel, Griffin, H. T. Ito, Shapiro, et al., 2019;
Griffin, 2021; Vertes, Hoover, Szigeti-Buck, and Leranth, 2007), making it a key candidate
for involvement in this circuit.

It is becoming increasingly clear that the thalamus is involved in more than sensory
integration and as a relay. For example, anatomically, thalamic output to the cortex is quite
variable, with few thalamic circuits innervating just a single cortical target (Clasca, Rubio-
Garrido, and Jabaudon, 2012; Kuramoto, Pan, Furuta, Tanaka, et al., 2017). Additionally,
many thalamic circuits receive convergence of inputs from a single or multiple cortical
regions, which is at odds with the idea that the thalamus exists merely as a topographic
relay (Rovo, Ulbert, and Acsady, 2012). Reciprocal communication between the neocortex
and various thalamic nuclei is within itself a potential mechanism for the modulation
of functional connectivity in a task specific manner (Nakajima and Halassa, 2017), and
operates in tandem with the hypothesis that the cerebellum acts as a temporal coordinator
of forebrain oscillations.

This study shows the novel finding that, in addition to the cerebellum having the
capacity to modulate the coherence of oscillations between two areas during a relevant
behavioral task, output from the cerebellar cortex appears to keep functionally connected
brain areas at a homeostasis that is disrupted with a loss of Purkinje cell output. There are
several future directions extending from this study, including further exploring disruption
of this circuit during SWM behavior. Additionally, more work needs to be done mapping
the anatomical projections relevant to this circuit, with a particular focus on identifying
the thalamic nuclei most involved on relaying cerebellar output to forebrain structures and
how this circuit may be disrupted in cognitive disorders known to involve the cerebellum,
such as autism, schizophrenia, and Alzheimer’s Disease. Finally, transient activation or
inhibition of components of this circuit via optogenetic manipulations to induce coherence
changes may help to further elucidate this mechanism.
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Chapter 4

Very High Frequency Phase Amplitude Coupling in the
Cerebellar Cortex Is Altered by Loss of Purkinje Cell
Neurotransmission

The following chapter builds off the work of Chapter 3, which found elevated mPFC-LS
coherence and mPFC -> LS Granger causality in mice that lacked output from the cerebellar
cortex. No changes in power, coherence, or Granger causality were observed in the dCA1-LS
axis, or between mPFC and dCA1. To further explore how silencing Purkinje cells alters
functional connectivity in this circuit, I developed and implemented a phase amplitude
coupling (PAC) algorithm for this dataset. In simple terms, PAC evaluates the extent to
which the amplitude of higher frequency oscillations is modulated by the phase of lower
frequency oscillations. To augment my findings and to explore PAC at higher frequencies, I
added additional data from four C57BL/6] animals. This chapter reports the novel finding
of very high frequency PAC within the cerebellar cortex.

4,1 Introduction

Oscillations are a key component to many biological systems, and the nervous system is no
exception. Neuronal oscillations are the product of the interactions of large populations
of neurons, and arise from the interdependent nature of the varying timing and power of
different subunits in the brain, whether they be individual neurons, nuclei, or full brain
networks. These neuronal oscillations, which occur on timescales ranging from milliseconds
to hours, reflect changes in neuronal excitability and are a powerful mechanism to organize
and modulate the activity of individual neurons. The previous chapter centers and builds
upon the recently published works of Y. Liu, McAfee, Van Der Heijden, Dhamala, et al.
(2022) and McAfee, Y. Liu, Sillitoe, and D. H. Heck (2021), which provide evidence for
the hypothesis that the cerebellum is an active player in cognition by coordinating the
communication between cortical structures through the modulation of coherence of their
neuronal oscillations. However, the coordination of coherence is not the only mechanism for
manipulating functional connectivity by modulating neuronal oscillations. Cross-frequency
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coupling, wherein neuronal oscillations of different frequencies interact with each other, is
also a critical way to synchronize neuronal activity.

One form of cross-frequency coupling is PAC, which describes the amplitude of a
higher frequency oscillation being modulated by the phase of a lower frequency oscillation.
This phenomenon was first observed within the CA1 subfield of the rat hippocampus, where
LFP recordings revealed that the amplitude of gamma oscillations varied with the phase
of the theta frequency (Bragin, Jando, Nadasdy, Hetke, et al., 1995). This well supported
finding is now considered the archetypical example of neuronal PAC (Belluscio, Mizuseki,
Schmidt, Kempter, et al., 2012; Colgin, 2015; Schack, Vath, Petsche, Geissler, et al., 2002;
Meij, M. Kahana, and Maris, 2012; Zhong, Ciatipis, Wolfenstetter, Jessberger, et al., 2017).
PAC is thought to be generated through reciprocal connections of excitatory and inhibitory
neuronal populations receiving driving oscillatory input (A. C. Onslow, R. Bogacz, and
M. W. Jones, 2011; A. B. L. Tort, A. C. E. Onslow, Matthew W. Jones, and Rafal Bogacz,
2014), a hypothesis that has been supported experimentally in the context of hippocampal
PAC (Wulff, Ponomarenko, Marlene Bartos, Korotkova, et al., 2009).

Due in part to the ubiquity of the neuronal architecture thought to be required to
generate PAC, PAC has also been observed within and between many other brain areas,
including between the hippocampus and neocortical areas (Sirota, Montgomery, Fujisawa,
Isomura, et al., 2008), between the olfactory bulb and neocortical areas (J. Ito, Roy, Y.
Liu, Cao, et al., 2014; Zhong, Ciatipis, Wolfenstetter, Jessberger, et al., 2017), between
the somatosensory cortex and the striatum (Nicolai, Engler, Sharott, Engel, et al., 2014),
and within the human medial prefrontal cortex (M. X. Cohen, Elger, and Fell, 2008). It is
also clear that PAC has functional relevance, with several studies describing PAC during
different phases of behavioral tasks (M. X. Cohen, Elger, and Fell, 2008; Farrokhi, Tafakori,
and Daliri, 2022; Shearkhani and Takehara-Nishiuchi, 2013; A. B. Tort, Komorowski, Manns,
N. J. Kopell, et al., 2009). See Ryan T. Canolty and Knight (2010) for a review. Changes
in PAC have also been observed in diseases such as Parkinson’s disease (Hemptinne,
Ryapolova-Webb, Air, Garcia, et al., 2013) and Alzheimer’s disease (Bazzigaluppi, Beckett,
Koletar, Lai, et al., 2018; Zhang, Zhong, Brankack, Weyer, et al., 2016). The present study
seeks to understand whether PAC exists within the cerebellar cortex, and if PAC within
and between mPFC, dCA1, and LS is altered by the loss of Purkinje cell output from the
cerebellar cortex while mice are freely exploring a homecage environment. To date, there
have been no reports of PAC existing within the cerebellum, or between the cerebellar cortex
and other regions of the brain.

4.2 Methods

42,1 Animals

See Chapter 3 Section 2.1 for a detailed description of animals used in the present study.
In addition to the 13 L7 Cre; VGAT™/°X mice and their litter-mate controls from Chapter
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3, data from 4 C57BL/6] (JAX # 000664) were added to this analysis to serve as additional
controls.

4.2.2 Surgery

See Chapter 3 Section 2.2 for a detailed description of the surgical procedures used for
the 13 L7 Cre; VGAT /X mice and their littermate controls. The 4 additional B6 animals
added to this dataset received fixed tetrode implants. For these experiments, four recording
tetrodes (NiCr alloy; 12-um diameter; 1.2-1.5 MQ2) were bundled in a guiding tube and
implanted into each respective recording site for a total of 16 data channels per site. The
tetrodes were advanced to depths of 1.5 mm, 1.2 mm, and 0.8 mm for the mPFC, dCA1,
and LS recording sites, respectively. The tetrodes were hand-spun and soldered onto a
custom PCB chip, which was connected to an amplifier and secured in a custom 3D printed
head cap. Both the tetrodes and headcap were fixed to the skull using acrylic cement and
anchored by two skull screws which also connected to ground and reference wires. For
both recording strategies, a postsurgical recovery period of 7-10 days was allowed before
electrophysiological experiments began.

4.2.3 Electrophysiology

For a complete description of electrophysiological recordings conducted in the 13 L7 Cre;
VGAT0¥f°¥ and their litter-mate controls, please see Chapter 3 Section 2.3. Data collection
for the 4 B6 animals proceeded identically as previously described in Chapter 3, with the
key difference that LFPs were band-pass filtered offline at 0.1-450 Hz, rather than maximally
at 200 Hz as previously done. This was done to explore PAC at frequencies beyond 200
Hz. Re-filtering and extending the LFP signal to 450 Hz was not possible for the 13 L7
Cre; VGATM0¥/flox mice and their litter-mate controls due to hardware limitations. 450 Hz is
considered an acceptable cutoff range for LFP filtering as seen in recent studies (Buzsaki,
2015).

Raw electrophysiological data were first processed to remove power-line interference
(60 Hz and 120 Hz and 180 Hz harmonics) using a spectrum interpolation method (Leske
and Dalal, 2019; Mewett, Reynolds, and Nazeran, 2004). Periods of noisy data, such as
when there was excess movement by the animal, were removed from the data set. One
signal each in the mPFC, dCA1, and LS was selected for further analysis. Signal selection
was based on a lack of artifact or line noise in the data, the clear presence of SWRs in dCA1,
and the presence of spike activity observed in the raw data for the mPFC and LS signals.
The longest continuous segment of LFP data (i.e. the longest artifact-free stretch of data) for
each animal was used for group analysis. All LFP data were normalized by removing the
mean prior to further analysis.
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4.2.4 PAC Calculations

PAC was calculated using the modulation index (MI) method (R. T. Canolty, E. Edwards,
Dalal, Soltani, et al., 2006) using the open-source function package “Matlab toolbox for
estimating Phase Amplitude Coupling” as first published in A. C. Onslow, R. Bogacz, and
M. W. Jones (2011). MI was selected over the envelope-to-signal correlation and cross
frequency coupling methods based on raw data signal quality and length (A. C. Onslow, R.
Bogacz, and M. W. Jones, 2011). Using the MI method, PAC was calculated within (mPFC,,-
mMPFCamp, dCAlLp-dCAlamp, LSph-LSamp) and between each structure (mPFC,,-dCATamp,
dCA1ph-mPFCamp, dCAlpp-LSamp, LSph-dCAlamp, mPFCpop-LSamp, LSph-mPFCamp) at 5 Hz
phase and amplitude intervals starting at 1 Hz and extending to the cutoff filter for that
LFP signal (200 Hz for the 13 L7 Cre; VGAT/** mice and 450 Hz for the 4 B6 mice).

4.2.5 Statistical Analyses

Significance of individual PAC values was determined using a bootstrapping method in
which the temporal relationship was destroyed between the test phase and test amplitude
LFP signals by randomly shuffling the phase and then recalculating PAC, and repeating
this process 50 times. If the resulting PAC value exceeded the 95% confidence interval of
the bootstrap distribution, that value was considered statistically significant. A Bonferroni
correction for multiple comparisons was applied to tests within each animal.

Not all animals showed PAC in their LFP activities. Thus, as a first step I determined
what fraction of animals displayed statistically significant PAC (as determined above) at
each phase-amplitude combination. Next, I sorted these fractions into quartiles. Phase-
amplitude frequency combinations whose fraction of animals that displayed statistically
significant PAC in the top quartile were included for group analysis.

For example, if this procedure were implemented on a group of 6 animals where only
animal 1 displayed significant PAC at a given phase-amplitude frequency combination and
5 animals displayed significant PAC at a different phase-amplitude frequency combination,
the latter phase-amplitude frequency combination would be far more likely to be included in
group analysis for areas of significant PAC because a fraction of 5/6 animals with significant
PAC would fall into a higher quartile than a fraction of 1/6 animals with significant PAC.

Focusing exclusively on whether a PAC value was considered significant based on its
own shuffled data proved more revealing than comparing PAC values directly between
L7 Cre; VGAT*flox and VGAT*/fo* mice using an independent samples t-test. Using
this method, no phase-amplitude frequency combinations were found to be significantly
different at the p < 0.05 level, even prior to a correction for multiple comparisons (data not
shown).
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4.2.6 Considering Waveform Shape

Many studies have shown that non-sinusoidal oscillations can artificially increase estima-
tions of PAC (see Cole and Voytek (2017) for a review). This was of particular concern to
us given that we are reporting broadband, high frequency PAC in the cerebellum, a topic
on which there is little to no existing literature. To determine whether the evaluation of
PAC in these data was biased by the presence of non-sinusoidal oscillations, I conducted an
analysis to determine whether this data showed systemic deviation from the sinus at a given
frequency in 4 B6 mice. For this test, I band-passed unfiltered raw data (down sampled
to 2000 Hz) at 80-100 Hz, which was a range of phase frequencies that often generated
significant LS PAC in B6 animals. Then, I created time stamps of instances of a particular
phase (I chose -71/2) in that filtered signal. Next, I found the average waveform amplitude
of the unfiltered raw data aligned to these timestamps and visually compared it against a
standard sine wave to screen for the presence of obvious deviations of the average observed
waveform from sinusoidal waveforms.

4.2.7 Histology

See Chapter 3 Section 2.6 for a detailed description of how tissue was processed for this
study.

4.3 Results

This study reports the novel finding of high frequency PAC in the cerebellum, as well
as findings confirming previous reports of PAC within dCA1 and mPFC (Bragin, Jando,
Nadasdy, Hetke, et al., 1995; M. X. Cohen, Elger, and Fell, 2008; Sirota, Montgomery,
Fujisawa, Isomura, et al., 2008). See Figure 4.1 for an example of how the amplitude of
oscillations in LS at very high frequencies (300-350 Hz) is modulated by the phase of LS
gamma oscillations (60-80 Hz) in a representative B6 animal. PAC was also calculated for
LFP’s between each pair of structures recorded from both ataxic, control, and B6 animals,
but no significant phase-amplitude frequency combinations were found (data not shown).
This negative result was not necessarily unexpected, as the structures recorded from at
present are 1) not being asked to interact with each other as they might during a relevant
behavioral task and 2) not monosynaptically connected.

4.3.1 Evaluation of PAC in a Mouse Model of Cerebellar Ataxia

Analysis of PAC within the dorsal hippocampus of both ataxic (L7 Cre; VGAT /) mice
and their littermate (VGAT#/f*) control mice revealed significant gamma amplitude
coupling to theta phase, which is consistent with previous studies (Belluscio, Mizuseki,
Schmidt, Kempter, et al., 2012; Bragin, Jando, Nadasdy, Hetke, et al., 1995; Colgin, 2015;
Schack, Vath, Petsche, Geissler, et al., 2002; Meij, M. Kahana, and Maris, 2012; Zhong,
Ciatipis, Wolfenstetter, Jessberger, et al., 2017) (Figure 4.2A,B, left panel). To directly
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Figure 4.1: Representative example of high frequency PAC in the
cerebellum. A) Example of how PAC is calculated. From the raw LFP signal
(top), data is filtered into a lower (middle) and higher (bottom) frequency
component. The Hilbert transform is applied to each signal to extract its
respective phase (middle) and amplitude (bottom) information. B)
Amplitude of filtered 300-350 Hz oscillations in LS plotted against the phase
of 60-80 Hz oscillations in LS, clearly showing PAC at these phase-amplitude
frequency combinations. Dashed black line represents the average
waveform amplitude.
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Figure 4.2: Spectograms of PAC in L7 Cre; VGAT¥flox and VGAT/0x/flox
mice. A) Fraction of L7 Cre; VGAT0¥/fl0x animals with significant PAC within

dCA1 (left), mPFC (middle), and LS (right). B) Same as A) but showing PAC
for VGAT!0¥/flox control animals.
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Figure 4.3: Top quartile significant PAC. Overlay of the top quartile of
significant PAC of A) and B) from Figure 4.2 for dCA1 (left), mPFC (middle),
and LS (right).

compare the phase-amplitude frequency combinations that show significant PAC between
L7 Cre; VGAT¥flox ataxic mice and VGAT™/1oX control mice, I filtered the values of the
heatmaps shown in Figure 4.2 so that they only showed significant PAC if the fraction of
animals with significant PAC at any given phase-amplitude frequency combination was
in the top quartile of fraction values. This allowed me to compare the phase-amplitude
frequency “hot spots” more effectively from the PAC heatmaps generated in Figure 4.2. The
resulting quartile filtering can be seen in Figure 4.3, where I show PAC spectrograms that
plot the phase-amplitude frequencies whose fraction were in the top quartile of all fraction
values. This method allowed me to directly compare the “most significant” regions of PAC
on the spectrogram between L7 Cre; VGAT/* ataxic mice and VGAT /X control mice.
This procedure shows consistency in significant regions of dCA1 PAC between ataxic and
control mice (Figure 4.3, left panel).

Significant phase-amplitude pairings within mPFC were less obvious in both ataxic
and control mice, with pockets of significant PAC appearing in the delta phase/gamma
amplitude range. 5/7 ataxic animals also showed significant mPFC PAC in a cluster of
phase-amplitude frequency combinations centered in the low gamma phase/high gamma
amplitude range (Figure 4.2A, middle panel). Interestingly, regions of significant PAC in
the littermate control group were generally more inconsistent, with fewer large regions of
significant PAC. However, the trends seen the ataxic animals were generally replicated in
the controls, as seen in the plot of overlapping footprints for mPFC PAC (Figure 4.3, middle
panel).

Within the cerebellar cortex, significant PAC was observed between gamma (50-
100 Hz) phase and the amplitude of very high frequency oscillations (130-200 Hz). This
phenomenon was observed for both ataxic and control animals, with 100% of animals,
regardless of genotype, exhibiting significant PAC at these high phase-amplitude frequency
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Figure 4.4: Fraction of C57BL/6] animals with significant PAC. Fraction of
C57BL/ 6] animals with significant PAC within dCA1 (left), mPFC (middle),
and LS (right).

combinations. In addition to the gamma-high frequency coupling in both ataxic and control
animals, there was another significant cluster of LS PAC ranging from 15-30 Hz in the phase
frequency range and 50-150 Hz in the amplitude frequency range. This beta-gamma/high
frequency PAC was only observed in VGAT*/o* littermate controls, as shown by the plot of
overlapping footprints for LS PAC (Figure 4.3, right panel) There were no areas of significant
PAC in ataxic or control mice when looking at PAC between structures (mPFCph—dCAlamp,
dCA1,p-mPFCamp, dCAT,p-LSamp, LSph-dCAlamp, mPFCpn-LSamp, LSpn-mPFCamp).

4.3.2 Evaluation of PAC in B6 Mice

To explore whether these observed PAC findings, especially within the cerebellum, are
unique to this mouse model, I repeated this analysis on four B6 animals. As VGAT/0¥/lox
mice are bred on a B6 background, the null hypothesis here is that there will be no observed
differences in PAC between VGAT*/fo* mice and B6 mice. Due to minor differences in
the tools used for data collection from these animals, I had more control over the filtering
parameters to translate raw electrophysiological data into LFP signal. To take advantage of
this, I extended the upper bounds of the LFP filtering cutoff to 450 Hz to primarily see if
there was an upper boundary to the amplitude frequency of LS PAC observed in L7 Cre;
VGATf°* mice and their littermate controls.

Within-structure PAC findings closely correspond to PAC observed in ataxic animals
and their littermate controls. In dCA1 PAC, B6 animals consistently show canonical theta-
gamma PAC (Figure 4.4, left panel). Similar to the earlier mPFC PAC analysis, there
is no clear and consistent significant PAC within frequencies below 200 Hz among B6
mice (Figure 4.4, middle panel). The dCA1 and mPFC PAC spectrogram plots both show
significant PAC in the 100-200 Hz phase frequencies and 350-450 Hz amplitude frequencies.
These areas of significance could be artifacts from spiking activity in these structures (see
Discussion). Evaluation of LS PAC in B6 animals supports the finding of very high frequency
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PAC observed in L7 Cre; VGAT*fox and VGAT**f°X mice (Figure 4.4, right panel). B6
animals also show significant beta-gamma /high frequency LS PAC, which corresponds
with a PAC hot spot found at 15-30 Hz in the phase domain and 60-130 Hz in the amplitude
domain in VGAT*fox mice but not L7 Cre; VGAT/°* mice (Figure 4.3, right panel),
providing further evidence to suggest that beta-gamma/high frequency LS PAC requires
intact Purkinje cell output. Similar to the findings from ataxic and control mice, there was
no significant PAC in B6 mice when evaluating PAC between structures (mPFCph-dCAlamp,
dCA1,p-mPFCamp, dCAT,h-LSamp, LSph-dCAlamp, mPFCon-LSamp, LSpn-mPFCamp).

4.4 Discussion

This study builds on the findings of Chapter 3 and evaluates the PAC of LFP signals
within and between left mPFC, left dCA1, and right LS in the L7 Cre; VGAT/flox model
of cerebellar ataxia where Purkinje cell inhibitory output is eliminated, healthy littermate
controls (VGAT*/flox) ‘and B6 mice. These three structures were chosen due to evidence
showing that Purkinje cell spiking activity in LS stores phase information and phase
differences between mPFC and dCA1 (McAfee, Y. Liu, Sillitoe, and D. H. Heck, 2019), and
new causal evidence showing that these three structures are involved in spatial working
memory (Y. Liu, McAfee, Van Der Heijden, Dhamala, et al., 2022). Chapter 3 evaluated the
baseline functional connectivity between these three structures and found that coherence
between left mPFC and right LS was significantly increased in the low gamma frequency
band (30-60 Hz) in ataxic mice relative to their littermate controls. Additionally, Chapter
3 found an increase in mPFC -> LS Granger causality in the mid gamma (60-80 Hz) and
high gamma (80-100 Hz) bands in ataxic mice. This work provides additional evidence to
support the hypothesis that the cerebellum can act to coordinate cerebro-cortical oscillatory
activity through the modulation of coherence between structures (McAfee, Y. Liu, Sillitoe,
and D. H. Heck, 2021). In this study, we wanted to see whether PAC, another mechanism to
coordinate neuronal oscillations, could be contributing to this circuit.

Here, we report the novel finding of significant PAC within the LS of the cerebellum at
very high frequencies in animals that lack Purkinje cell output and their littermate controls.
While both mutant and control animals exhibited very high frequency LS PAC (phase of
50-100 Hz oscillations coupled to amplitude of 120-200 Hz oscillations), significant LS
PAC was also observed in the 15-30 Hz in the phase frequency range and 50-150 Hz in
the amplitude frequency range in control animals but not in ataxic animals, suggesting
that PAC in those frequency ranges requires intact Purkinje cell synaptic transmission. A
previous study has shown that L7 Cre; VGAT™*foX mutant mice exhibit altered Purkinje
cell firing patterns in vivo relative to control VGAT¥/°* mice. More specifically, L7 Cre;
VGAT¥/flox mutant mice show a significant increase in Purkinje cell simple spike regularity
(as measured by the coefficient of variation (CV) of spike times) and a significant decrease in
complex spike firing frequency relative to VGAT/flox ljttermate controls (White, Arancillo,
Stay, George-Jones, et al., 2014). These findings, paired with the altered LS PAC findings
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found at present, are likely due to the cerebellar cortico-nucleo-olivary circuit (Libster and
Yarom, 2013), a tri-synaptic feedback loop from Purkinje cells to cerebellar nuclei neurons
to inferior olive neurons, which in turn project back to Purkinje cells via climbing fibers.

In the L7 Cre; VGAT™floX mutant mice and VGAT™/°x control mice, PAC analysis
was performed up to 200 Hz, with significant PAC within LS being found at the upper
bounds of frequencies I was able to test with this data. To determine the upper frequency
boundary of PAC and in order to evaluate whether our earlier findings with 0.1-200 Hz
bandpass filtered LFPs were not an artifact of animal strain, I analyzed LFP data with
the upper bound of its bandpass filter at 450 Hz (Buzsaki, 2015) from four B6 animals to
evaluate PAC at even higher frequencies. Findings from this analysis support the finding of
significant very high frequency (amplitude of 130-200 Hz oscillations coupled to the phase
of 50-100 Hz oscillations) LS PAC found in L7 Cre; VGAT*/oX mutant mice and VGAT/o¥/flox
control mice. Similarly, B6 animals displayed significant PAC in LS in the 15-30 Hz in the
phase frequency range and 50-150 Hz in the amplitude frequency range. This matches the
LS PAC findings in VGAT#*/o* control mice and suggests that LS PAC observed in this
phase-amplitude frequency range requires intact Purkinje cell synaptic transmission in
contribution to the cortico-nucleo-olivary feedback circuit.

Analysis of LS PAC in B6 animals up to 450 Hz showed that there was no obvious
“upper frequency boundary” to significant phase-amplitude frequency combinations. Ex-
tending the LFP frequency range up to 450 Hz also revelated significant mPFC PAC at very
high phase-amplitude frequency combinations (100-200 Hz in the phase frequency range
and 300-450 Hz in the amplitude frequency range). A similar, but less consistent pattern was
seen in dCA1 PAC (Figure 4.4). That all three within-structure PAC comparisons showed
significant PAC in these extremely high phase-amplitude frequency combinations suggests
that some spike information may be present in the LFP signal at these frequencies, and
that we could be inadvertently measuring a form of spike-field coherence in amplitude
frequency ranges beyond 300 Hz. Thus, we primarily emphasize our LS PAC findings that
exist below 300 Hz.

Although the existence of PAC in the rodent cerebellum has never been reported,
much less in very high phase-amplitude frequency combinations, multiple lines of evidence
suggest that our findings are real rather than an artifact related to multiplexing (Cole and
Voytek, 2017). Firstly, modulation of high frequency LFP activity in and of itself is not a
completely novel finding in the cerebellum. For example, in a mouse model of Alzheimer’s
Disease, a peak in the power spectrum of at 245 Hz was observed in LFP recordings in the
Purkinje cell layer that was not seen in control animals (Cheron, Ristori, Marquez-Ruiz,
Cebolla, et al., 2022). Additionally, that we saw differences in the range of phase-amplitude
frequency combinations where significant LS PAC was observed (see Figure 4.3, right panel)
between L7 Cre; VGAT*°¥ mutant mice and VGAT™*/ox control mice suggests that our
findings have a physiological basis. Visual inspection of filtered LS LFP data (Figure 4.1A)
paired with a plot of high frequency amplitude against gamma phase clearly shows that
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Figure 4.5: Average unfiltered LS LFP aligned to the phase of 80-100 Hz LS
LFP. A) A representative B6 animal with broadband significant PAC at
80-100 Hz phase frequencies. B) A representative B6 animal without
broadband significant PAC at 80-100 Hz phase frequencies.

the amplitude of very high frequency oscillations is modulated by gamma phase (Figure
4.1B). While it is possible that the PAC results reported here could be biased by the presence
of non-sinusoidal oscillations or multiplexing (Cole and Voytek, 2017), Figure 4.5 shows
that raw, unfiltered LS LFP data averaged and temporally aligned to the phase of 80-100
Hz band-passed LS oscillations does not show signs of high frequency components and
hence no obvious deviation from a sinusoidal waveform. Additionally, we do not believe
these factors are driving our results because we do not see PAC at delta or theta phase
frequencies, which can be indicative of multiplexing (Cole and Voytek, 2017).

To conclude, this study reports the novel finding of significant PAC within the LS
of the mouse cerebellum in L7 Cre; VGAT0¥/flox mutant mice, VGAT0¥/flox control mice,
and in B6 mice at very high phase-amplitude frequency combinations. That the phase-
amplitude frequency combinations of significant LS PAC in L7 Cre; VGAT /¥ mutant
mice and VGAT¥/fo* control mice are overlapping in some parts of the PAC spectrogram
(i.e. for amplitudes at 130-200 Hz modulated by phases at 50-100 Hz) but not others (i.e. for
amplitudes at 50-150 Hz modulated by phases at 15-30 Hz) suggest that an intact cerebellar
cortico-nucleo-olivary circuit is necessary for the presence of beta-gamma /high frequency
PAC within LS. Given the novelty of this finding, follow up experiments are required
to determine the ubiquity of PAC within other lobules in the cerebellar cortex, and to
determine the functional role of PAC in the cerebellum. In this regard, evaluation of PAC
during behavior may prove promising.
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Chapter 5

Summary and Conclusions

The purpose of this project was to better understand the ways that the pathways and
mechanisms used by the cerebellum influence neuronal and behavioral rhythms through
the coordination of neuronal oscillations.

Chapter 1 introduces why the study of neuronal oscillations is important within the
context of their ability to influence spike probabilities. It introduces the “communication
through coherence” hypothesis that much of the work presented here is based around. It also
provides a brief literature review of evidence showing that the cerebellum is more involved
than previously thought in coordinating the communication between brain structures.
Finally, Chapter 1 provides a roadmap for this body of work exploring how the cerebellum
acts to manipulate neuronal oscillations in a variety of contexts.

Chapter 2 synthesizes a recently published literature review (Detlef H. Heck, Brittany
L. Correia, Fox, Yu Liu, et al., 2022) on the role of respiratory modulation of brain activity
on emotion and cognition with recently published experimental work (Y. Liu, Qi, Thomas,
B. L. Correia, et al., 2020) showing that loss of Purkinje cell transmission has a significant
effect on respiratory intrinsic rhythmicity. Here I developed an in silico manipulation to
demonstrate that artificially lengthening every tenth respiratory interval by 50% in mutant
animals removes the significant differences in CV2 initially observed between mutant ataxic
and littermate control animals. With these results in mind, we proposed that the cerebellum
could play a role in coordinating respiration with swallowing, which coincides with our
finding of significantly increased CV2 in healthy control mice. Further work could be done
to expand this project, including recording respiratory activity during a variety of different
naturalistic behaviors, along with manipulating cerebellar output with more spatial and
temporal (i.e. chemogenetic or optogenetic) precision to determine which lobules of the
cerebellum most contribute to this process and on what time course.

Chapter 3 builds upon previously published work in the Heck lab (McAfee, Y. Liu,
Sillitoe, and D. H. Heck, 2019; Y. Liu, McAfee, Van Der Heijden, Dhamala, et al., 2022) to
evaluate the functional connectivity of a spatial working memory circuit of a mouse model
of cerebellar ataxia. This chapter uses the same cerebellar ataxia model as Chapter 2 where
mutant animals lose Purkinje cell transmission to the deep cerebellar nuclei. This chapter
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analyzes the average coherence and Granger causality between the right LS, left mPFC,
and left dCA1, as well as the average power of oscillations within these structures while
an animal is freely exploring a homecage environment. I found that mPFC-LS coherence
was significantly increased at gamma frequencies in mutant animals, as well as Granger
causality from mPFC to LS at similar frequencies. These findings point to the cerebellar
cortex being able to keep functionally connected brain areas at a oscillatory homeostasis
that is disrupted with a loss of Purkinje cell output.

Chapter 4 is a natural extension of Chapter 3 in that it applies PAC analysis to this
same data set (with the addition of 4 WT animals) to evaluate potential differences in the
cross-frequency or nested coupling of oscillations due to a loss of Purkinje cell output. In
addition to providing supporting evidence of canonical theta-gamma PAC within dCA1,
this chapter reports the novel finding of significant high frequency PAC (between gamma
(50-100 Hz) phase and very high frequency (130-200 Hz) amplitude) within LS in both ataxic
and control animals. This finding was corroborated when the PAC for similarly collected
data was evaluated in four WT animals. I found a cluster of significant beta-gamma PAC
within LS in control and WT animals that was not observed in ataxic animals, suggesting
that the cerebellar cortico-nucleo-olivary circuit may be responsible for generating PAC
within the cerebellar cortex at these phase and amplitude frequency combinations.

Taken together, these experiments and analyses presented here suggest a role the
cerebellum in coordinating behavioral and neuronal rhythms and bring us closer to elu-
cidating the neuronal mechanisms of cerebrocerebellar functional connectivity a broader
understanding of the cerebellum beyond the context of motor coordination.
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