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Summary

Rett Syndrome is a neurodevelopmental disorder caused by heterozygous loss of
function mutations to the gene that encodes methyl CpG-binding protein 2 (MeCP2) — a
ubiquitously expressed transcription factor. Amongst other deficits, Rett Syndrome results in
a failure of the brain to activate plasticity programs during times that call for experience-
dependent learning. The onset of maternal experience is an ideal time to experimentally probe
such plasticity mechanisms in adulthood, as this period reflects a time of great learning
demands within an ethologically relevant context.

Consistent with an inability to activate plasticity programs, female mice in a Rett
Syndrome mouse model (MeCP2"*%) fail to learn a maternal behavior that relies on auditory
processing of newborn pup vocalizations. Pups emit ultrasonic vocalizations when they are
separated from the litter which prompts maternally experienced females to find and retrieve
the pups back to the nest. MeCP2"" not only fail to learn this retrieval behavior, but they also
exhibit parvalbumin inhibitory interneuron (PV) abnormalities in the auditory cortex (ACtx)
during this period of experience-dependent plasticity. Aberrations specific to the PV network
are particularly intriguing given this neural subpopulation’s well-documented role in
regulating critical periods for plasticity.

Previous characterizations of the PV abnormalities in MeCP2"* point towards a
hyperactive and hypermature ACtx PV network, likely reflecting insufficient plasticity for the
retrieval behavior to be successfully learned. However, technical limitations of these studies
have only provided snapshots of the ACtx PV network at timepoints with relevance to the onset

of maternal experience; this has impeded our understanding of the real-time ACtx PV network

14



contributions to retrieval, and the direct behavioral consequences of its dysregulation in
MeCPp2hets,

To overcome these limitations, we have monitored ACtx PV activity during retrieval
behavior over the course of the postnatal period. Our results provide hitherto unequaled insight
into ACtx PV dynamics in freely behaving animals, and a cell-type specific network
underlying adult experience-dependent plasticity. Through these experiments, we uncovered a
characteristic low frequency ACtx PV activity pattern in wild type females that was notably
absent in MeCP2M%, The low frequency fluctuations reflected both sensory and behavioral
information during retrieval assays, but together these events only accounted for a small
proportion of the overall signal dynamism. This prompted us to consider that the low frequency
fluctuations were more indicative of a plasticity-conducive PV network state, which was
supported by the discovery that the ACtx PV activity was tightly coupled with pupil size (an
established proxy for attention and arousal). In an effort to induce this ACtx PV network state
in MeCP2"*%, we showed that chronic, but not acute, chemogenetic ACtx PV inhibition rescued
retrieval performance. Not only did this manipulation improve behavior, but it also
disassembled perineuronal nets around PV cells (perineuronal nets typically act as blockades
to synaptic plasticity), and induced the emergence of modest low frequency ACtx PV
fluctuations in MeCP2"®, Taken together, we propose that the low frequency ACtx PV
fluctuations are a signature of a PV network state that is prepared to meet plasticity demands

in adulthood.

15



Chapter 1: Introduction

1.1 An Introduction to Neuroplasticity

Neuroplasticity broadly refers to the brain’s ability to structurally and functionally
reorganize in response to internal or external environmental cues. Although most commonly
studied in the contexts of neural development, learning, and injury, neuroplasticity-inducing
events are as varied as the molecular, biophysical, and neurochemical processes that work
together to facilitate them. Notably, such synaptic remodeling and functional reorganization is
not confined to developmental periods, but also persists into adulthood using many of the same
mechanisms (Barnes and Finnerty 2010; Hofer et al. 2006; Rupert and Shea 2022). For the
purposes of this thesis, we will focus on experience-dependent plasticity in adulthood that
occurs during a period of heightened demand for sensory learning.

The concept of a ‘critical period’ has emerged in the context of sensory neuroplasticity
to define a temporal window during which a particular type of environmental trigger is likely
to exert its greatest neural influence. There is, however, a subtle nuance with regards to the
nomenclature surrounding these windows of heightened plasticity — namely a distinction
between a ‘sensitive’ and a ‘critical’ period. A sensitive period is generally referred to as any
window when sensory experience can exert an unusually strong influence on neural structure
and function. A critical period is a more extreme sensitive period - if the appropriate sensory
experience is not available during that time, normal circuitry and behavior will never develop
(Voss 2013; Knudsen 2004).

A canonical example of this more extreme case stems from foundational work

conducted by Hubel & Wiesel. Together, they demonstrated that sensory input in early life
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affects the functional organization of the cortex — monocular deprivation dramatically reduces
the cortical area typically devoted to the deprived eye while increasing the size of the area
receiving inputs from the open eye. The pair subsequently coined a ‘critical period’ during
which early visual experience can dramatically reshape neural connectivity and structure in the
visual cortex (Wiesel and Hubel 1963; Hubel and Wiesel 1970). This idea has been extended
to define critical periods for a variety of sensory systems across many species. Other notable
examples include the influence of early whisker stimulation on the development of rat barrel
cortex, and early life auditory experience with conspecific birdsong for the development of
zebra finch songbirds’ own songs (Erzurumlu and Gaspar 2012; Shoykhet et al. 2005; Lendvai
et al. 2000; Eales 1987; Morrison and Nottebohm 1993). Importantly, the underlying neural
processes are thought to be the same for critical and sensitive periods, and windows of
heightened plasticity in adulthood reactivate the same mechanisms employed during
developmental critical periods (Rupert and Shea 2022; Hofer et al. 2006). In both cases,
GABAergic inhibitory interneurons play a central role in regulating the opening and closing

of these windows of heightened cortical plasticity.

1.2 Inhibitory Control of Neuroplasticity

Broadly speaking, there are two major classes of neurons in the mammalian cortex —
glutamatergic excitatory and gamma-aminobutyric acid-containing (GABAergic) inhibitory
neurons. Excitatory neurons greatly outnumber their inhibitory counterparts, with GABAergic
inhibitory interneurons accounting for only an estimated 10-20% of all cortical neurons
(Markram et al. 2004; Petilla Interneuron Nomenclature Group et al. 2008; Tremblay et al.

2016; DeFelipe et al. 2013). Despite this discrepancy in their relative densities, cortical
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inhibitory and excitatory drive are largely matched, suggesting a disproportionate influence of
inhibitory signaling in shaping overall neural activity patterns (Xue et al. 2014; Vogels et al.
2011; House et al. 2011). Indeed, when it comes to the control of critical periods for plasticity,
inhibitory interneurons play a driving role. Critical periods are regulated by changes in
GABAergic neurotransmission, and their progression coincides with the maturation of
inhibitory circuitry (Fagiolini et al. 2004; Maffei et al. 2010, 2006). In fact, transplantation of
immature inhibitory neurons can induce ocular dominance plasticity long after critical period
closure, demonstrating the intrinsic power of this GABAergic subpopulation in orchestrating
critical period onsets and offsets (Southwell et al. 2010).

In support for the role of inhibition in critical period regulation, experimental
manipulations of GABAergic networks have been shown to disrupt their typical progression.
For example, mice lacking glutamate decarboxylase (GAD), the rate limiting enzyme for
GABA synthesis, are insensitive to monocular deprivation and exhibit abnormal synaptic
innervation during development. However, subsequent restoration of GAD function in these
mutants fully rescues their capacity for ocular dominance plasticity (Hensch et al. 1998;
Chattopadhyaya et al. 2007). Manipulation of GABAergic signaling is also able to control the
timing of critical periods. Direct enhancement of GABAergic signaling via diazepam
administration (a GABAAa receptor agonist) prematurely opens the window for ocular
dominance in young mice, leading to the proposition that a threshold for inhibitory
neurotransmission may, once crossed, trigger critical periods (Fagiolini and Hensch 2000). As
such, it would appear that increased inhibition and the maturation of inhibitory networks signal
the closure of critical periods, and that their delayed maturation may therefore prolong critical

period closure. Indeed, reducing intracortical inhibition promotes visual cortex plasticity in
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adult rats, and mice in which inhibition remains immature fail to enter critical periods
(Harauzov et al. 2010; Fagiolini and Hensch 2000; Deidda et al. 2015). Conversely, heightened
inhibitory neurotransmission and network maturity accelerate the onset and signal the closure
of critical periods for plasticity (Huang et al. 1999; Hanover et al. 1999; Fagiolini and Hensch
2000; Iwai et al. 2003; Hensch 2005; Di Cristo et al. 2007). Taken together, these results
suggest that the maturation of inhibitory networks coincides with the closure of critical period

plasticity.

1.3 Parvalbumin Interneurons as Critical Period Regulators

1.3.1 Properties of Parvalbumin Interneurons

Although only comprising 10-20% of all cortical neurons, there is great heterogeneity
within the GABAergic population. Indeed, inhibitory neuronal subpopulations have been
characterized on the basis of their morphology, connectivity, neuropeptide release, and protein
expression (Kawaguchi and Kubota 1997; Markram et al. 2004; DeFelipe 1997; Petilla
Interneuron Nomenclature Group et al. 2008; Tremblay et al. 2016; DeFelipe et al. 2013). One
particular inhibitory subpopulation, parvalbumin-positive interneurons (PV), has been heavily
implicated in the control of critical periods for plasticity. PV neurons are defined by their
expression of the calcium-binding protein, parvalbumin, and account for ~ 40% of the total
cortical GABAergic population (Rudy et al. 2011; Tamamaki et al. 2003; DeFelipe 1993).
They mediate feedforward, lateral, and recurrent inhibition through synaptic connectivity with
pyramidal (glutamatergic) neurons, other cortical PV interneurons, and themselves (Callaway

2004; Lu et al. 2007; Kuramoto et al. 2022; Galarreta and Hestrin 1999; Deleuze et al. 2019;
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Szegedi et al. 2020). PV innervation of pyramidal neurons is dense and largely non-specific,
and PV interneurons have wide-reaching, elaborate dendritic branching (Packer and Yuste
2011; Karnani et al. 2014; Bartholome et al. 2020). Furthermore, PV neurons typically synapse
directly either on the soma or the axon initial segment (Kepecs and Fishell 2014). Together,
these key features position PV neurons to serve as key integrators and orchestrators of overall
cortical activity patterns.

Sometimes referred to as ‘fast spiking’ neurons, electrophysiological studies have
demonstrated that PV neurons exhibit high spontaneous and stimulus-induced firing rates
(Kawaguchi et al. 1995; Connors and Gutnick 1990). This defining property is largely
mediated by their expression of rapidly repolarizing Kv3 potassium channels, and Ca?*
permeable AMPA receptors with rapid gating kinetics (Rudy and McBain 2001; Geiger et al.
1997). This temporal precision suggests a role for PV interneurons in inhibitory synapse spike-
timing-dependent-plasticity (STDP) which heavily relies on precise coincidence detection of
neuronal firing (D’amour and Froemke 2015; Kuhlman et al. 2010). Furthermore, the fast
spiking nature of PV cells and their robust reciprocal connectivity may contribute to the
generation of cortical gamma rhythms - high frequency (30-80 Hz) periodic signals resulting
from synchronous neural activity (Galarreta and Hestrin 1999; Sohal et al. 2009; Cardin et al.
2009; Bartos et al. 2007). Gamma rhythms in particular emerge during periods of heightened
arousal and attention, and are hypothesized to enhance sensory and information processing
(Sohal et al. 2009; Cardin et al. 2009; Bosman et al. 2012; Kim et al. 2016, 2015; Borgers et
al. 2008). The PV network is largely thought to orchestrate gamma rhythms through
synchronous PV firing and the resulting large-scale coordination of pyramidal neurons. Indeed,

optogenetic activation of PV neurons induces gamma rhythms, and PV inhibition dramatically
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suppresses their power (Cardin et al. 2009; Sohal et al. 2009; Etter et al. 2019). Taken together,
these results suggest that the unique characteristics of PV neurons render them exceptionally

poised to coordinate large neural ensembles and exert influence over cortical states.

1.3.2 Parvalbumin Neurons and Perineuronal Nets

Out of all GABAergic subpopulations, PV inhibitory interneurons have been the most
heavily implicated in regulating critical periods for cortical plasticity. More specifically, the
development of PV networks drives critical period trajectories. Upon maturation, PV neurons
are selectively engulfed by perineuronal nets (PNNs) — sulfated proteoglycan structures in the
extracellular matrix that act as a blockade to synaptic plasticity and physically prevent synaptic
modifications of PV neurons (Krishnan et al. 2015; Sorg et al. 2016; Sigal et al. 2019; Miyata
and Kitagawa 2017; Patrizi et al. 2020). PNNs consist of a hyaluronan backbone that acts as a
scaffold for link proteins, chondroitin sulfate (a sulfated glycosaminoglycan), and other
anchoring proteins to form a condensed mesh structure capable of latching onto cell
membranes (Briickner et al. 1993; Day and Prestwich 2002). The engulfment of PV neurons
by PNNs is a hallmark signaling the closure of critical periods for plasticity across sensory
systems, and their precocious appearance prematurely terminates these windows (Takesian and
Hensch 2013; Pizzorusso et al. 2002; Sorg et al. 2016; Miyata and Kitagawa 2017; Reh et al.
2020; Krishnan et al. 2015; Patrizi et al. 2020). Notably, enzymatic PNN removal reopens
critical periods, and a genetic attenuation of PNN formation results in persistent plasticity
(Lensjo et al. 2017; Pizzorusso et al. 2002; Gogolla et al. 2009; Happel et al. 2014; Krishnan
et al. 2017; Carulli et al. 2010). Taken together, these results reinforce the critical role that

PNNs, and the PV neurons that they engulf, play in regulating cortical plasticity.
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The vast majority of cortical PNNs selectively engulf PV interneurons in an activity-
dependent manner as developmental windows close (Hértig et al. 1992; Pizzorusso et al. 2002;
Dityatev et al. 2007; Giamanco and Matthews 2012). Indeed, PV neuronal activity is necessary
for PNN formation (Reimers et al. 2007; Favuzzi et al. 2017). It follows that parvalbumin
protein expression is correlated with PNN engulfment, given that parvalbumin protein
expression intensifies when PV neuronal activity increases (Yamada et al. 2015; Kamphuis et
al. 1989; Patz et al. 2004; Cisneros-Franco and de Villers-Sidani 2019; Donato et al. 2013;
Rowlands et al. 2018). Given this relationship between PV neuron activity and PNN formation,
several studies have attempted to reopen critical periods for plasticity by directly manipulating
PV activity. In fact, chemogenetic inhibition of PV neurons has been shown to reopen critical
periods in the auditory and visual systems, and improve learning and memory when inhibiting
hippocampal PV neurons. Importantly, this plasticity is accompanied by evidence of PNN
dissolution (Cisneros-Franco and de Villers-Sidani 2019; Donato et al. 2013; Devienne et al.
2021). Furthermore, chemogenetically inhibited PV neurons, but not their untransduced
neighbors, are the ones to show a reduction in PNN presence (Devienne et al. 2021). This
suggests that there is PV cell autonomous regulation of PNN formation based on individual
neural activity patterns.

While overall PNN deposits accumulate with age, clearly PNN density fluctuates in
response to external cues and their resulting influence on PV activity. This is largely possible
due to the work of the endogenous matrix metalloproteinase (MMP) enzyme that degrades the
PNN backbone structures (Rossier et al. 2015). Intuitively, MMP expression declines
following the closure of critical periods, but its persistent presence in the mature brain provides

a mechanism by which experience-induced synaptic plasticity may occur (Murase et al. 2017).
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However, the direct relationship between PV activity, molecular processes such as MMP

activation, and PNN integrity remains unclear and is an active area of investigation.

1.4 Maternal Retrieval Behavior

Maternal pup retrieval is an exceptional system in which to study adult experience-
dependent plasticity in an ethologically relevant context. Newborn mouse pups are born blind,
deaf, and unable to thermoregulate their core body temperature which renders them particularly
vulnerable to environmental insult. Therefore, when pups are displaced from the nest, they
produce distress cries in the form of high pitch ultrasonic vocalizations (USVs) that increase
in frequency and volume during repeated bouts of isolation (Ehret 2005; Myers et al. 2004).
To naive virgin females, USVs are meaningless and the pups are ignored. However, maternally
experienced females will come to recognize these USVs and their significance, which prompts
them to quickly locate and retrieve the pups back to the warmth and safety of the nest (Ehret
2005; Sewell 1970; Cohen and Mizrahi 2015; Liu et al. 2006; Koch and Ehret 1989; Elyada
and Mizrahi 2015; Marlin et al. 2015; Ehret 1987; Liu and Schreiner 2007; Cohen et al. 2011).

It is critical to emphasize that maternal pup retrieval is a learned behavior — ideal for
use as a sensitive assay to assess adult experience-dependent plasticity. Females that have
never given birth (naive virgins) can learn to retrieve pups through “surrogate” maternal
experience in the form of co-habitation with a dam and litter (Rosenblatt 1967; Galindo-Leon
et al. 2009; Cohen et al. 2011; Cohen and Mizrahi 2015; Stolzenberg and Champagne 2016;
Krishnan et al. 2017; Lau et al. 2020; Carcea et al. 2021; Seip and Morrell 2008; Alsina-Llanes
et al. 2015; Martin-Sanchez et al. 2015). Not only do surrogates learn to retrieve as well as

mothers and significantly better than naive virgins, but they also exhibit forms of the ACtx
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plasticity associated with this behavior as the significance of pup USVs is reinforced with
experience (Krishnan et al. 2017; Lau et al. 2020; Schiavo et al. 2020; Cohen and Mizrahi
2015). Given that our goal is to dissect plasticity mechanisms, this is particularly advantageous
— it allows us to probe relevant circuits in surrogates thereby eliminating the additional

confound that maternal hormone fluctuations would introduce in mothers.

1.5 Maternal Experience-Induced Plasticity in the Auditory Cortex

While retrieval behavior stems from the integration of multiple sensory cues (visual,
olfactory, auditory), the detection of pup USVs and the ACtx are both critical for this behavior
to be successfully learned. Indeed, bilateral ACtx lesions in maternally experienced females
impairs retrieval (Marlin et al. 2015; Krishnan et al. 2017). Furthermore, mute mouse pups are
not retrieved, and USVs are solely capable of guiding retrieval — pups can be replaced by a
loudspeaker playing USVs that mothers will approach in the absence of visual or olfactory
cues (Ehret 2005; Sewell 1970). These results demonstrate the critical importance of USVs
and their detection in the ACtx for retrieval to be successfully learned.

Maternal experience induces several forms of ACtx plasticity, further implicating a role
for the appropriate use of USVs to perform this learned behavior (Liu and Schreiner 2007,
Galindo-Leon et al. 2009; Lin et al. 2013; Cohen and Mizrahi 2015; Marlin et al. 2015; Lau et
al. 2020). For example, mothers demonstrate improved cortical entrainment and strengthened
responses to pup USVs, in addition to recruiting an ACtx cellular population that is highly
responsive to this newly relevant social stimulus (Liu and Schreiner 2007; Marlin et al. 2015;
Shepard et al. 2015; Tasaka et al. 2018; Liu et al. 2006). Furthermore, there is an increased

tendency for correlated neural activity in the ACtx of mothers, suggesting enhanced functional
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connectivity that is typically seen in various learning paradigms (Rothschild et al. 2013).
Notably, responses to pure tones do not change during this window, indicating plasticity
mechanisms at work to accommodate learning specific to maternal care (Galindo-Leon et al.
2009; Shepard et al. 2016). In addition, much of this experience-induced plasticity is transient,
evident only in an early postnatal period when they are engaged in maternal retrieval behavior
(peak window spanning from PO through P5) (Tasaka et al. 2018; Krishnan et al. 2017).
Perhaps unsurprisingly, inhibitory plasticity mechanisms in the ACtx coincide with the
onset of maternal experience. Indeed, inhibitory networks presumably undergo significant
changes following maternal experience as GAD67 (responsible for the rate limiting enzymatic
reaction for GABA synthesis) levels increase during this window (Krishnan et al. 2017).
Additionally, oxytocin, a hormone heavily implicated in social interactions and maternal
behavior, has been shown to enable maternal behavior by balancing ACtx inhibition in new
mothers (Marlin et al. 2015). Newly relevant pup odors also increase the sound detectability
of fast spiking (putative PV) neurons in the ACtx, and new mothers exhibit selective
suppression of spontaneous activity in USV-responsive neurons (Cohen et al. 2011; Lin et al.
2013). A reduction in background noise may improve both the detection and discriminability
of USVs which is imperative for successful retrieval performance and pup survival. Notably,
PV neurons exhibit suppressed firing in response to pup USVs after maternal experience, and
mothers exhibit pup USV-evoked inhibition that is strongest in parts of the ACtx tonotopy
corresponding to frequencies lower than pup USVs (Lau et al. 2020; Rupert et al. 2023;
Galindo-Leon et al. 2009). The strength of this inhibitory plasticity in lateral frequency bands

may improve the detection of pup USVs through enhanced contrast discriminability (Galindo-
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Leon et al. 2009). Collectively, these results demonstrate that the window for plasticity induced

by maternal experience involves reorganization of inhibitory circuitry in the ACtx.

1.6 Rett Syndrome — Genetic Underpinnings and Clinical
Presentation

Due to its importance for the survival of offspring, maternal pup retrieval is an
exceptionally robust natural behavior. However, instances where the behavior is impaired
allow us to probe the circuit dysregulation manifesting in this behavioral deficit, and by
extension, understand the neural circuitry underlying its successful performance. For this
reason, this study will employ a mouse model of the neurodevelopmental disorder Rett
Syndrome, where maternally experienced females notably fail to learn the pup retrieval

behavior.

1.6.1 Genetic Underpinnings

Rett Syndrome (RTT) is a rare neurodevelopmental disorder affecting 1 in 10,000
females caused by sporadic de novo mutations to the Methyl CpG Binding Protein 2 (MeCP2)
gene (Amir et al. 1999; Good et al. 2021). Consistent with the typical high penetrance of
monogenic disorders, over 95% of RTT cases are attributed to MeCP2 mutations, and less than
1% of individuals with an MeCP2 mutation do not develop RTT (Bienvenu et al. 2000; Percy
et al. 2007). The vast majority of MeCP2 mutations resulting in RTT are missense (point), loss
of function mutations that occur in the 3™ or 4" exon, but frameshift and nonsense mutations
are also possible within the methyl-binding domain coding region (Amir et al. 1999; Percy et

al. 2007).
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The MeCP2 gene is located on the 28 band of the X chromosome, meaning that the
disorder is X-linked (Sirianni et al. 1998). Males (XY') with mutations to their single gene copy
generally die in infancy or before birth, so surviving RTT patients are typically females (XX)
that are heterozygous for the mutated copy of MeCP2. However, because of lyonization (the
silencing of one X chromosome during embryonic development) in females, female RTT
patients exhibit a mosaic expression pattern of the affected allele. While the exact incidence of
lyonization remains controversial (not necessarily occurring at a true randomness of 50%), it
has been suggested that X inactivation may skew in favor of the non-mutated allele in RTT
patients (Braunschweig et al. 2004; Busque et al. 1996; Disteche and Berletch 2015; Pereira
and Doria 2021). Nevertheless, this mosaicism leads to variable expressivity of the mutated
allele in RTT patients.

MeCP2, the protein product of the MeCP2 gene, is a ubiquitously expressed
transcription factor that binds to methylated cytosine and guanine rich repeat sites upstream of
transcription start sites, critically regulating chromatin structure and eventual downstream gene
expression. While initially MeCP2 was thought of as solely a transcriptional repressor, it has
more recently been shown to also function as a transcriptional activator depending on its
engagement with other cofactors and its precise binding site (Horvath and Monteggia 2018;
Chahrour et al. 2008; Ibrahim et al. 2021; Boyes and Bird 1991; Nan et al. 1998, 1997; Yasui
et al. 2007). This flexibility highlights the powerful influence MeCP2 exerts over gene
expression profiles.

Although ubiquitously expressed, MeCP2 plays an exceptionally critical role in normal
brain development and function. Indeed, mouse models restricting MeCP2 mutation to the

brain recapitulate the majority of the syndromic phenotypes present in germline MeCP2

27



mutants, and the majority of RTT symptoms are neurological (Chen et al. 2001). Functionally,
MeCP2 has been shown to both regulate neuronal gene expression and dendritic arborization,
as well as maintain the integrity of synaptic connections. Importantly, it not only plays a role
in development, but also in the maintenance of the mature brain; MeCP2 deletion in adult mice
quickly recapitulates the RTT phenotypes seen in constitutive germline MeCP2" (Chen et al.
2001; Li et al. 2013; Baj et al. 2014; Zoghbi 2003; Kishi and Macklis 2004; McGraw et al.

2011; Cheval et al. 2012; Nguyen et al. 2012).

1.6.2 Clinical Presentation

The symptomatic presentation of RTT is marked by normal neurological and physical
development in early life, followed by an abrupt regression around 6-18 months. At this time,
patients lose previously acquired purposeful motor, cognitive, and language abilities. These
deficits will persist throughout life, and patients typically survive until middle age (Kirby et
al. 2010; Neul et al. 2014; Chahrour et al. 2008). In addition to motor deficits including spastic
ataxic gait, loss of purposeful hand use, and discoordination, patients lose language abilities
and exhibit many neurological features that resemble those of Autism Spectrum Disorders
(ASD) (Neul et al. 2010; Percy et al. 1988). Despite sharing many of their defining diagnostics
(social, sensory processing, and communication deficits), RTT patients are not categorized
under the ASD umbrella mainly owing to the defined monogenic determinant of RTT (Percy
2011). Furthermore, RTT patients often present with additional comorbidities including
epilepsy, microcephaly, respiratory difficulties, scoliosis, Raynaud’s phenomena, and
impaired sleep (Gold et al. 2018). Taken together, the RTT diagnostic criteria can be quite

extensive, and the variety and severity of phenotypes vary greatly between patients (Pini et al.
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2016). Moreover, in individual patients the severity of distinct symptoms is not correlated. A
particular patient’s symptomology likely reflects the pattern and extent of the mutation’s
mosaicism, with particularly severe deficits likely pointing to increased mosaic burden in a

given affected tissue (Wang et al. 2021; Archer et al. 2007).

1.6.3 Mouse Model of Rett Syndrome

Studies of Rett Syndrome in mice have largely employed two MeCP2 loss of function
(LOF) mouse models. The “Bird line” achieves heterozygous MeCP2 LOF through
comprehensive deletion of MeCP2 exons 3 and 4, while the “Jaenisch line” features a
frameshift mutation in exon 3 (Guy et al. 2001; Chen et al. 2001). We have strategically chosen
to conduct our experiments in the Bird line because of its pure C57BL/6 background - given
that the majority of Cre/lox lines are also of a C57BL/6 background, we have been able to
cross the RTT line with other Cre/lox lines for functional imaging and manipulation of targeted
neuronal subpopulations within the RTT model.

Symptomology of heterozygous females in the Bird line follows the same progression
as that of humans. After an initial normal period of early development, female mice start to
show symptoms at around 3 months. At that point, they begin to exhibit subtle RTT signatures
such as hindlimb clasping phenotypes. By 9 months, more unambiguous symptoms develop
and include respiratory difficulties, gait irregularities, and decreased mobility (Guy et al. 2001;
Samaco et al. 2013). Given the mosaic nature of the mutation, gross neural alternations are
difficult to consistently characterize at a group level. However, subtle changes in neuronal
excitability, overall excitatory/inhibitory balance, synaptic connectivity, and dendritic

arborization have been reported, although overall adult neuronal densities appear largely

29



unaffected (Dani et al. 2005; Taneja et al. 2009; Kishi and Macklis 2004; Na et al. 2013;
Metcalf et al. 2006).

RTT model surrogates fail to learn maternal pup retrieval, prompting their use in the
current study to investigate the circuit dysregulation underlying this behavioral deficit
(Krishnan et al. 2017). This particular impairment is somewhat unsurprising given the
functional role of MeCP2 as a transcription factor — changes in gene expression facilitate many
components of neural plasticity required for experience-dependent learning. Notably, a
conditional knockout (KO) of MeCP2 restricted to ACtx neurons is sufficient to disrupt
retrieval in surrogates (Krishnan et al. 2017). This result emphasizes the critical role of MeCP2
in the ACtx specifically for learning the retrieval behavior despite the whole-brain penetrance

of the MeCP2 mutation in the RTT model pathology.

1.6.4 Parvalbumin Network Abnormalities in the Rett Syndrome Mouse Model

PV interneurons appear to be particularly susceptible to MeCP2 perturbations, and a
key player in the manifestation of RTT phenotypes (Morello et al. 2018). Mice with a MeCP2
KO restricted to PV neurons recapitulate the majority of the sensory, cognitive, and social
deficits that characterize RTT, including abolished ocular dominance plasticity in the visual
cortex and impaired early learning of maternal retrieval behavior (He et al. 2014; Krishnan et
al. 2015; Ito-Ishida et al. 2015; Rupert et al. 2023). Importantly, a regionally specific KO of
MeCP2 restricted to ACtx PV cells is sufficient to disrupt retrieval, further implicating the role
of PV neurons in the ACtx specifically in this behavior (Rupert et al. 2023). Taken together,
these results suggest that PV interneurons appear to be particularly susceptible to MeCP2

perturbations, and that their role is not restricted to development — PV circuitry is also
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necessary for adult plasticity. A critical role for the PV network in learning the retrieval
behavior is perhaps unsurprising given the well documented role of PV neurons in the
regulation and timing of critical periods for plasticity across sensory systems, such as that
marked by experience with pups.

Not only do MeCP2"! surrogates fail to learn the pup retrieval behavior, but they also
exhibit abnormally heightened PV activity in the ACtx following maternal experience. In wild
type surrogates, maternal experience triggers a suppression of PV auditory responses to pup
USVs. In stark contrast, this response is strengthened following maternal experience in
MeCP2"' surrogates, as well as in surrogates with an MeCP2 KO restricted to PV neurons (Lau
et al. 2020; Rupert et al. 2023). This is particularly interesting as erroneously elevated PV
activity in the hippocampus has been shown to impair learning and memory, and PNN
formation is correlated with increased PV activity at a cell autonomous level (Donato et al.
2013; Reimers et al. 2007; Favuzzi et al. 2017; Devienne et al. 2021; Patrizi et al. 2020). As a
result of this heightened activity, MeCP2" surrogates also exhibit elevated PV protein
expression in ACtx PV neurons, and have significantly more well-developed PNNs
surrounding those PV neurons. Nevertheless, Chondroitinase ABC-driven removal of PNNs
in the ACtx rescues retrieval behavior in MeCP2" surrogates (Krishnan et al. 2017). The
restorative effect of this spatially restricted intervention again emphasizes the role of the PV
network in the ACtx specifically in retrieval behavior, and further validates the ACtx as a
critical area of interest to probe in the current study. Notably, the heightened ACtx PV
expression and presence of PNNs in surrogate MeCP2"" is transient - these markers are
indistinguishable from wild type after pups are weaned and retrieval behavior becomes

unnecessary (Krishnan et al. 2017). Therefore, sensitivity to MeCP2 in PV cells and the role
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of PV cells in the expression of syndromic phenotypes may be heightened during periods of

plasticity, such as that induced by the onset of maternal experience.

1.7 Research Aims

MeCP2" surrogates have a hyperactive and hypermature ACtx PV network during the
perinatal period (Lau et al. 2020; Krishnan et al. 2017). However, this characterization of ACtx
PV network abnormalities is based on limited postmortem histology and single unit PV activity
in headfixed animals listening to playback of pup USVs. These restrictions have impeded our
understanding of the real-time ACtx PV network contributions to retrieval, and the direct
behavioral consequences of its dysregulation in MeCP2*%, To address this gap in knowledge,
we will overcome prior technical limitations to monitor PV activity during the retrieval
behavior in both wild type and MeCP2"! surrogates. For the first time, this work will reveal
the real-time contributions of the ACtx PV network to pup retrieval behavior, and how that
activity differs in a RTT model with retrieval deficits. In addition to observing PV activity
differences during behavior, we will also directly manipulate the ACtx PV network of
MeCP2"* in an effort to rescue retrieval behavior performance. These research aims will
broadly test the following hypotheses: 1) the ACtx PV network dynamically regulates retrieval
behavior, and network dysregulation in MeCP2"® results in retrieval deficits, and 2) inhibition
of hyperactive ACtx PV networks in MeCP2"" will remove PNNs in the ACtx and rescue
retrieval behavior.

We will address these and other hypotheses over the course of the following three
chapters. In Chapter 2, we will, for the first time, monitor ACtx PV activity during pup retrieval

and compare activity patterns between wild type and MeCP2"!surrogates. In doing so, we will
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be testing the hypothesis that ACtx PV activity dynamically regulates the behavior on a
moment-to-moment basis, and that aberrations to typical activity patterns impair retrieval in
MeCP2" surrogates. In Chapter 3, we explore an alternative hypothesis - ACtx PV activity
reflects a network configuration that favors plasticity which is disrupted in MeCP2het
surrogates. Finally, in Chapter 4, we will rescue the retrieval deficits seen in MeCP2"et
surrogates by manipulating the ACtx PV network. Taken together, our results suggest that an
ACtx PV network state facilitates successful learning in wild type surrogates. This network
configuration is, in part, characterized by a signature pattern of ACtx PV activity that is notably
distinct in MeCP2"! surrogates that fail to learn the retrieval behavior. However, prolonged
ACtx PV inhibition induces the emergence of the plasticity-favorable ACtx PV network

configuration in MeCP2"**, and rescues retrieval performance.
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Chapter 2: ACtx PV Activity Does Not Regulate
Retrieval Behavior on a Moment-to-Moment Basis

The primary goal of this chapter is to monitor ACtx PV activity during retrieval
behavior, and compare activity patterns between wild type and MeCP2"! surrogates. Given
that prior characterizations of the ACtx PV network aberrations in MeCP2"* have only been
assessed using histological or headfixed, electrophysiological methods, we sought to
understand the network activity during the behavior itself and how its dysregulation in
MeCP2"* may be affecting retrieval performance (Lau et al. 2020; Krishnan et al. 2017;
Rupert et al. 2023). In doing so, we found that MeCP2"** lacked the pronounced low frequency
ACtx PV fluctuations that characterize the wild type ACtx PV activity pattern, the absence of
which appears to reflect their inability to retrieve pups. Upon further investigation, we
discovered that the low frequency fluctuations in wild type surrogates reflected both sensory
and behavioral events during retrieval sessions, but that the acute ACtx PV network activity

during retrieval was not necessary for successful retrieval to occur.

2.1 PVMHET Surrogates Fail to Learn Maternal Pup Retrieval

In order to monitor and manipulate the ACtx PV population in RTT model surrogates,
we employed Cre/lox viral strategies. For this to be possible, we first crossed female MeCP2hets
(the RTT model) with homozygous PV-Cre males to generate a ‘PVMHET’ line. Animals of
this line were therefore all PV-Cre™, and Mendelian genetics dictates that 50% would have
the desired MeCP2"! genotype that defines the RTT model (Figure 2.1). Females meeting the

criterion of PV-Cre' and MeCP2' will be referred to as PVMHETSs going forward for
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simplicity. In order to confirm that crossing the PV-Cre line into the MeCP2"! line did not
have any unintended effect on our behavior of interest, we confirmed that PVMHET surrogates
also exhibit retrieval behavior deficits (Figure 2.1).

It is important to note that the female mice used in our studies are aged 8-12 weeks.
This optimal window captures females past the age of sexual maturity (around 7 weeks) and
are therefore prime for learning maternal behaviors, while using females young enough that
advanced progression of RTT symptoms will not physically interfere with their ability to
perform such behaviors. Indeed, MeCP2"* do not yet exhibit robust motor deficits at this age,
and it has been previously shown that maternal retrieval behavior deficits seen in MeCP2hes
are not attributed to gross motor deficits — there is no significant difference in movement
between MeCP2"* and wild type littermates during retrieval assays (Samaco et al. 2013;

Krishnan et al. 2017).
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Figure 2.1: PVMHET surrogates fail to learn the pup retrieval behavior. A) Generation of the
PVMHET line for Cre/lox-based PV neural manipulability in the MeCP2"'background. B) Schematic of
standard pup retrieval assay. Surrogates are habituated in the home cage with the pups in the nest for 5
minutes. Pups are removed for 2 minutes, and then scattered around the corners of the cage for retrieval.
The surrogate is given 5 minutes to retrieve pups. C) Average latency score to retrieve pups for PV-Cre
(N=11) and PVMHET (N=11) surrogates by postnatal day. A score of 1 indicates no retrieval, and lower
latency scores indicate a more expedient, successful retrieval. PVMHETSs perform significantly worse
than PV-Cre littermates across postnatal days. A Two-Way ANOVA revealed a significant main effect
for postnatal day (p<0.0001) and genotype (p<0.0001), but no significant interaction (p=0.5902). Sidak’s
post hoc test revealed a significant difference between PV-Cre and PVMHET animals for PO (p=0.0019),
P2 (p=0.0019), P3 (p=0.0195), and P5 (p=0.0344). Comparisons on P1 (p=0.0537) and P4 (p=0.0860) did
not reach statistical significance.
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2.2 Evidence of ACtx PV Plasticity in Wild Type, but not PVMHET,
Surrogates in Response to Pup USVs

Our first goal was to monitor the ACtx PV population during free behavior as
surrogates engaged in pup retrieval. To accomplish this, we used fiber photometry and Cre-
dependent GCaMP7s to record PV activity in the left ACtx, given the left hemisphere’s well
documented sensitivity in recognizing USVs (Ehret 1987; Stiebler et al. 1997; Geissler and
Ehret 2004; Marlin et al. 2015). We first implemented our fiber photometry methodology in a
headfixed configuration with passive playback of pup USVs, which has proven to be
advantageous on multiple fronts. First, it has allowed us to recapitulate previous experimental
results that were acquired using single cell loose patch electrophysiology — we can now
confirm these results at a population level using an independent technical approach (Lau et al.
2020). Additionally, we used the same surrogates for headfixed and freely behaving studies,
which were run in parallel. This experimental design has given us the power to compare ACtx
PV network activity across these two contexts, and assess how modulation of ACtx PV
responses to USVs upon maternal experience relates to ACtx PV activity during retrieval
behavior.

In the headfixed context, we used fiber photometry to monitor bulk PV activity while
presenting surrogates a stimulus set comprised of 8 different pup USVs that were recorded in
the lab from pups aged postnatal day (P) PO to P5. We took advantage of the fiber photometry
configuration to monitor responses across time as surrogates accrued experience with pups,
recording headfixed USV responses at both a naive timepoint prior to pup exposure, and every
day from pup PO — P5. Like previous electrophysiological studies demonstrating that surrogacy

inhibits USV-evoked responses in individual ACtx PV neurons, our results show a similar
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trend where the onset of maternal experience dampens the overall ACtx PV response
magnitude to pup USVs in wild type surrogates (Figure 2.2) (Lau et al. 2020; Rupert et al.
2023). This ACtx PV plasticity is maternal experience-dependent, as females that were not co-
housed with a dam and her pups do not exhibit a dampening in response strength over
consecutive days of USV presentations (Figure 2.2). Moreover, unlike their wild type (PV-
Cre) littermates, PVMHET surrogates did not exhibit any evidence of this ACtx PV plasticity
- USV-evoked response strength remained consistent across postnatal days in this group
(Figure 2.2). Taken together, these results are an example of maternal experience-induced

plasticity in the ACtx PV population that is dysregulated in PVMHETsS.
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Figure 2.2: Changes in ACtx PV responses to USVs depend upon maternal experience and functional
MeCP2. A) Viral strategy for fiber photometry to monitor the ACtx PV population. B) Representative
example of histological confirmation of GCaMP7s expression in ACtx with the Allen Brain Atlas for
reference. C) Headfixed fiber photometry set up for passive playback of auditory stimuli. D)
Representative traces from a PV-Cre and PVMHET surrogate (top row and bottom row, respectively)
showing responses to the 8 different pup USVs that comprised an auditory stimulus set played back to
surrogates every day from a naive time point (prior to the onset of maternal experience) though P5. Each
column is the average response to one of the USVs in the stimulus set (each USV was repeated in the set
20 times per session). The black traces indicate the average response taken on the naive timepoint. The
grey traces indicate the average response taken at experienced timepoints (averaged P3-P5). E) Scatter plot
of mean naive and experienced ACtx PV responses to all USVs for all mice in each condition. Grey dots
indicate the average naive and purple dots indicate the average experienced values. Each dot-dot pair
represents one animal. Responses were quantified as the AUC of the Z-scored fluorescence trace during
the first 2 seconds after the USV stimulus onset. PV-Cre mice showed a consistent and significant decrease
in response strength to USVs between naive and experienced timepoints (N=9; paired t-test, ***p<0.001.
No significant differences between the naive and experienced timepoints were found for PV-Cre animals
that were not exposed to pups, but were imaged on the same schedule as surrogate littermates (N=5; paired
t-test, p=0.14), or for PVMHET surrogates (N=8; paired t-test, p=0.62). Figure modified from Rupert,
Pagliaro, et al., 2023.

39



2.3 Low Frequency ACtx PV Fluctuations are Absent in PVMHET
Surrogates

We now turn to the first major objective of the current study — to uncover what the
ACtx PV network is doing during maternal pup retrieval and how this may differ in PVMHETSs
that fail to learn the behavior. To address this question, we used the same surrogates that were
used for the previous headfixed studies, and subjected them to a standard retrieval behavior
assay every day from PO — P5 immediately following the headfixed USV presentation sessions
(Figure 2.3). In a cursory glance, we observed a stark difference between the ACtx PV activity
of PVMHET surrogates and their wild type counterparts. In wild type surrogates, the ACtx PV
activity was highly dynamic throughout the entire retrieval trial, with several clear peaks and
troughs in the signal. In contrast, the ACtx PV activity of the PVMHET surrogates was
noticeably stagnant and static, and did not exhibit the same dynamic quality as that of the wild
type (Figure 2.3). In order to quantify this obvious qualitative discrepancy, we implemented a
power spectral density analysis to compare low frequency signal content between genotypes.
The observed fluctuations in the wild type ACtx PV signal were occurring on a timescale
spanning multiple seconds; therefore, we computed the power below 0.5 Hz represented as a
fraction of the total signal power (capped at 20 Hz). As expected, this value was significantly
higher in wild type surrogates as compared to PVMHETSs during the retrieval sessions (Figure
2.3). Importantly, we know that the overall lack of signal dynamism in the PVMHETsS is not a
reflection of poor signal in these animals — the use of the same surrogates for the headfixed
experiments has allowed us to confirm both signal integrity and auditory responsivity in these

animals (Figure 2.2). Taken together, these data demonstrate that ACtx PV activity is highly
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dynamic during retrieval sessions in wild type surrogates, but ACtx PV activity in PVMHETsSs

grossly lacks theses low frequency fluctuations.
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Figure 2.3: PVMHET surrogates lack low frequency ACtx PV fluctuations. A) Viral strategy and
freely behaving fiber photometry set up for recording from the ACtx PV population in PV-Cre (WT)
and PVMHET surrogates. B) Representative ACtx PV activity during a retrieval behavior assay in a
PV-Cre surrogate. C) Representative ACtx PV activity during a retrieval behavior assay ina PVMHET
surrogate. D) Representative power spectra of the ACtx PV fluorescence signal over the course of a
retrieval session for a PV-Cre (D) and PVMHET (E) surrogate. Notice the much stronger contribution
of lower frequency signal components in the PV-Cre power spectrum compared to the PVMHET
power spectrum. F) Quantification of power spectral density analysis. We computed the ACtx PV
signal power below 0.5Hz as a fraction of the total signal power (0-20Hz). This quantity was
significantly higher in PV-Cre (black, N=12 mice) than in PVMHET (orange, N=10 mice) surrogates
(Mann-Whitney U test, p=0.0156). Each dot represents the average value for an individual animal
across all recording sessions.
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At this time, it is critical to note that we have been slightly oversimplifying the
complexity of PVMHET retrieval behavior for the sake of clarity. While, on average,
PVMHET surrogates perform significantly worse than wild type littermates, there is a great
deal of variability across animals when it comes to retrieval behavior performance. Namely,
PVMHETs (and MeCP2** as similarly seen in Krishnan et al., 2016) exhibit a bimodal
distribution of retrieval performance — some PVMHETSs learn the behavior relatively well over
postnatal days, while others consistently fail to retrieve pups (Figure 2.4) (Krishnan et al.
2017). Given this behavioral spread, we were interested to see if variability amongst low
frequency ACtx PV fluctuation power in PVMHETs was related to retrieval success,
hypothesizing that the PVMHETs that learned to successfully retrieve would exhibit more
pronounced low frequency fluctuations. Looking across all experimental subjects from the
freely behaving fiber photometry study, there is a correlative relationship between retrieval
performance and low frequency signal power that approaches significance (Pearson’s

R=0.4122, p=0.0507; Figure 2.4).
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Figure 2.4: Pup retrieval performance correlation with ACtx PV low frequency fluctuations.
A) Latency scores for individual PVMHET surrogates across days. Bars represent group mean +/-
SEM, orange dots are values for individual animals. Note that there is a near bimodal distribution in
performance — about half of the group fails to retrieve pups across postnatal days (latency score =1),
and the other half performs the behavior with varying degrees of success. B) Correlation between the
average latency score across postnatal days and the average percentage of ACtx PV signal power
under 0.5Hz across all recording sessions. Each dot represents one animal. Black dots are PV-Cre
surrogates, orange dots are PVMHET surrogates. Pearson’s correlation R =0.4122, p=0.0507.
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2.4 ACtx PV Activity Reflects Sensory and Behavioral Events in
Wild Type, but not PVMHET, Surrogates

Given that PVMHET surrogates fail to retrieve pups, the low frequency ACtx PV
fluctuations seen in wild type, but not PVMHET, surrogates may be meaningful and integral
to the successful execution of the pup retrieval behavior. Therefore, the next logical question
pertains to the functional role of these fluctuations. In order to gain insight into what these
fluctuations may reflect, we began by aligning ACtx PV activity to different documented
events that comprise the retrieval trial. Because we are looking at activity from ACtx, a sensory
cortex, we first aligned the ACtx PV traces to pup USVs that were produced during the retrieval
session. Perhaps unsurprisingly, there was a robust and reliable auditory stimulus-evoked
response to these pup USVs in wild type surrogates (Figure 2.5). However, we noticed that
pup USVs accounted for a very small proportion of the larger fluctuations that occurred
throughout the entirety of the retrieval session. To better understand what may be driving the
majority of the fluctuations, we constructed behavioral ethograms for each retrieval session,
and aligned the ACtx PV activity to various behavioral events with significance to retrieval
(see Table 5.2 for a complete list of scored behaviors). Notably, there was a robust response to
pup contact — the moment that a surrogate lifts the pup off of the ground to retrieve it back to
the nest (Figure 2.5), which occurred independently of overlap with pup USVs (Figure 2.6).
Furthermore, large ACtx PV responses were also seen when a small door was removed to
reveal a pup during ‘single pup retrieval’ trials (Figure 2.5). We conducted these ‘single pup
retrieval’ trials immediately following the standard retrieval assay in order to investigate USV-
evoked retrieval of individual pups — in the standard retrieval assay it is unclear which pups

are producing USVs at a given moment and how that may influence the surrogate’s behavior.
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In these ‘single pup retrieval’ trials, the lone pup is originally hidden behind a door that can be
removed by the experimenter at any time after the start of the trial. The use of the door was
originally included so as to prevent the surrogate from immediately rushing to retrieve the pup
on later postnatal days when they became quite proficient in the behavior.

Unsurprisingly given the overall lack of fluctuations in PVMHET activity, there were
no significant USV-evoked nor pup contact-evoked responses in PVMHET surrogates during
the retrieval sessions (Figure 2.5). However, we confirmed that we are able to detect event
evoked responses in PVMHETS in the freely moving condition — PVMHETsSs exhibited strong
auditory responses to the USV stimulus set not only in a headfixed, but also in a freely moving
context, and across a range of presentation volumes (Figure 2.7). Taken together, these results
suggest that ACtx PV activity reflects not only sensory information, but also behavioral events

in wild type surrogates.

2.5 ACtx PV Activity Does Not Regulate Retrieval on a Moment-to-
Moment Basis

Because of the non-sensory associated peaks in the ACtx PV activity during retrieval
sessions, we trained a linear encoding model to elucidate the unique sensory and behavioral
contributions to the ACtx PV signal. In doing so, we tested the hypothesis that ACtx PV
activity is dynamically regulating retrieval behavior on a moment-to-moment basis during a
retrieval session, fulfilling a role far beyond basic sensory processing. Despite the inclusion of
USYV occurrences, various behavioral events (see Table 5.2 for complete list), and continuous

variables such as the animal’s instantaneous velocity, the linear encoding model failed to
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adequately explain the fluctuations in the ACtx PV signal (Figure 2.8). One explanation for
the model’s failure would be the exclusion of relevant covariates — a valid possibility given
both the complexity of the behavior, and the existence of latent variables such as affect or
internal state that we could not incorporate into the model as naive observers. An alternative
possibility is that our hypothesis was incorrect and ACtx PV activity is not regulating retrieval
behavior on a moment-to-moment basis.

In order to distinguish between these two possibilities, we needed to determine if ACtx
PV activity is acutely necessary for retrieval behavior to be executed. If ACtx PV activity
regulates retrieval performance on a moment-to-moment basis, then ACtx PV activity during
retrieval would be required for its successful execution. To test this idea, we silenced ACtx PV
activity in surrogates during daily pup retrieval assays. We took a chemogenetic approach,
using a Pharmacologically Selective Actuator Module (PSAM)/Pharmacologically Selective
Effector Molecule (PSEM) system to inactivate ACtx PV neurons during retrieval behavior
upon PSEM delivery via IP injection. To our surprise, ACtx PV inactivation in wild type
surrogates did not impair retrieval performance (Figure 2.9). We confirmed the efficacy of
ACtx PV silencing in a separate cohort of animals that were expressing both the PSAM
construct and GCaMP7s in the left ACtx PV population. We used fiber photometry to record
spontaneous ACtx PV activity before and after an IP injection of the PSEM agonist, which
showed a dramatic reduction in ACtx PV activity following the agonist administration (Figure
2.9). Taken together, these results suggest that acute ACtx PV activity does not regulate

maternal retrieval behavior on a moment-to-moment basis.
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Figure 2.5: ACtx PV activity reflects sensory and behavioral events in PV-Cre, but not
PVMHET, surrogates. A) Average baseline subtracted Z-scored deltaF/F (Zdff) ACtx PV activity
aligned to various events occurring during retrieval sessions. Grey shading indicates SEM.
Responses are averaged across all sessions from all PV-Cre (top row, N=12) and PVMHET
(bottom row, N=10) surrogates. ACtx PV activity is aligned to USVs (left), the moment a surrogate
contacts a pup to retrieve it back to the nest (center), and the moment a door is removed to reveal
a single pup for retrieval during separate ‘single pup retrieval trials’ conducted after the standard
retrieval assay. The event occurrence is denoted by the red vertical line at time 0.
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Figure 2.6: ACtx PV responses to behavioral events occur independently of auditory stimuli.
A) (Left) Heatmap of baseline subtracted, Z-scored deltaF/F (Zdff) ACtx PV activity surrounding all
pup contacts across PV-Cre surrogates. Each row in the heatmap is a unique pup contact event,
aligned to the moment the pup is lifted off of the ground to be retrieved to the nest (time=0, white
vertical line). Rows are sorted with the most excitatory event response at the top. (Right) Average
(+/- SEM in grey) baseline subtracted ACtx PV activity aligned to pup contact (time=0, red vertical
line). B) Same as in (A), but only for pup contacts that occurred at the same time as a pup USV during
the retrieval session. C) Same as in (A), but only for pup contacts that occurred when there were no
pup USVs being produced at the same time during the retrieval session. A pup contact was considered
to overlap with a pup USV if a pup USV occurred within 2 seconds of the pup contact event.
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Figure 2.7: PVMHET surrogate responses to USV playback in a freely moving context.
Comparison of a representative PVMHET surrogate’s ACtx PV responses to a USV stimulus set
taken on the same day in headfixed (A) and freely moving (B) and (C) conditions. To determine
whether playback volume had an effect on USV-evoked responses, the stimulus set was presented
at either 45 dB (B) or 70 dB (C) in the freely moving condition. For reference, the headfixed
playback occurred at 70 dB (A). The top row of heatmaps for each panel reflects the ACtx PV
response to each of the 8 USV stimuli that comprise the stimulus set. Each USV was presented 20
times in a pseudorandom order, and each row of the heatmap reflects an individual presentation
occurrence. The traces in each panel reflect the average USV-evoked response for each of the 8
USYV stimuli that comprise the stimulus set. The bottom heatmap in each panel reflects the average
response to each USV, where each row is a different USV in the stimulus set.
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Figure 2.8: Sensory and behavioral events are insufficient covariates for a robust linear
encoding model. Given the sensory and behavioral events reflected in wild type ACtx PV activity,
we trained a linear encoding model in an attempt to elucidate the unique sensory and behavioral
contributors to the overall signal. A complete list of covariates used to train the model is shown in
Table 5.2. Separate models were trained for each mouse using all available sessions from that
animal. The bottom graph illustrates the model results for one mouse. Time is not continuous, but
rather reflects data concatenated from individual sessions. The blue trace is the ground truth ACtx
PV activity recorded during freely behaving fiber photometry sessions, and the orange is the linear
encoding model’s prediction of the ACtx PV activity.
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Figure 2.9: ACtx PV inhibition does not impair retrieval. A) Acute chemogenetic silencing
paradigm. A Cre-dependent inhibitory PSAM receptor domain was delivered bilaterally to the
ACtx of PV-Cre females via AAV. PV-Cre females were given maternal experience in the form
of surrogacy. Every day from PO — P5, PSEM 308 hydrochloride was delivered via IP injection
20 minutes prior to the start of a retrieval behavior assay. B) Average latency scores from retrieval
behavior assays across postnatal days. N= 13 PSAM/PSEM injection surrogates (purple), N =12
GFP/PSEM injection surrogates (green), N= 14 saline injected controls for comparison (black).
There was no effect of ACtx PV inhibition on retrieval performance (Kruskal-Wallis test,
p=0.7761). C) Viral strategy to confirm ACtx PV silencing via PSAM/PSEM mediated inhibition.
GCaMP7s was also expressed in the left hemisphere ACtx PV population of surrogates expressing
the PSAM receptor construct bilaterally in the ACtx PV population. D) ACtx PV activity before
and after PSEM agonist administration to induce ACtx PV inhibition. ACtx PV activity was
monitored with fiber photometry for 5 minutes as the animal moved freely about the cage (black
trace, top). PSEM (3mg/kg) was then administered via IP injection. 20 minutes later, ACtx PV
activity was monitored with fiber photometry for 5 minutes as the animal moved freely about the
cage (purple trace, bottom).
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2.6 Discussion

2.6.1 Technical Considerations for Fiber Photometry Studies

The primary goal of this chapter was to monitor ACtx PV activity during retrieval
behavior, and compare activity patterns between wild type and PVMHET surrogates. In doing
so, we uncovered a stark difference between the ACtx PV activity of wild types and their
PVMHET counterparts. In wild type surrogates, the ACtx PV activity was highly dynamic
throughout the entire retrieval trial, with several clear peaks and troughs in the signal. In stark
contrast, the ACtx PV activity of the PVMHET surrogates was noticeably stagnant and static.
We were initially concerned that the lack of fluctuations indicated poor signal quality
disproportionally affecting the PVMHET group of surrogates. However, not only were we able
to histologically confirm GCaMP7s expression in these animals (Figure 2.2), but we were also
able to cross validate signal integrity from the headfixed experiments conducted in the same
mice. Indeed, every postnatal day immediately prior to freely behaving retrieval sessions, the
same surrogates were subject to headfixed USV playback experiments and displayed robust
USV-evoked responses (Figure 2.2). This experimental design afforded a powerful cross-
context comparison, and gave us confidence in the biological significance of the stagnant ACtx
PV activity when PVMHET surrogates were placed in a freely moving environment. In
addition, we confirmed that the implementation of a movement correction algorithm for freely
moving recording sessions (that was not necessary for the headfixed experiments) was not
eliminating stimulus evoked responses by broadcasting the same headfixed USV stimulus set
to PVMHETs freely behaving in the home cage. Furthermore, we presented this stimulus set

over a range of volumes to ensure that pup USVs occurring during retrieval were not eliciting
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a response because they were too quiet (Figure 2.7). However, given their primary role as
distress cries to attract caregiving attention from afar, it is highly unlikely that such
vocalizations would be sufficiently quiet for this to be a major concern.

As with all methods, fiber photometry is not without its limitations. While our
headfixed USV-evoked response results follow the same trends as previously reported single
cell electrophysiological data, our selection of fiber photometry methodology restricts our
interpretation to the level of population activity (Lau et al. 2020). However, given their sparse
distribution and strong reciprocal connectivity, there is no strong evidence pointing towards
significant heterogeneity amongst ACtx PV interneurons (Galarreta and Hestrin 1999; Rudy
et al. 2011; Tamamaki et al. 2003; DeFelipe 1993). Because of this, we determined that fiber
photometry and a population-level view of PV activity were sufficient for our purposes.
Nevertheless, future studies may wish to employ miniaturized endoscopy-based strategies for
a calcium-imaging technique capable of single cell resolution. Indeed, this would be
particularly interesting to directly assess ACtx PV synchrony, and network activity and
connectivity changes associated with learning across the postnatal period. Recent advances in
dual color miniaturized endoscopy imaging could also provide insight into ACtx PV neurons

interactions with other neuronal subpopulations that comprise the ACtx microcircuit.

2.6.2 Auditory Cortex as a Higher-Order Processing Area

Given that the ACtx PV activity reflected both sensory and behavioral events, we
hypothesized that this network may be dynamically regulating and guiding the retrieval
behavior on a moment-to-moment basis. This was an ambitious hypothesis for several reasons.

First, maternal behavior is an ethologically critical behavior, and its successful performance is
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necessary for offspring survival. From an evolutionary perspective, it would be logical for
there to be some degree of system redundancy distributed across the brain to safeguard its
performance, so that its successful execution would not be driven by a single regional
subpopulation. Indeed, we found that transient ACtx PV inactivation during retrieval did not
impact wild type surrogate performance (Figure 2.9). Furthermore, pup retrieval is an
incredibly complex, multisensory behavior with many diverse regions and signaling pathways
implicated in its execution — the MPOA, LC, ACC, amygdala, and VTA to name a few (Fang
et al. 2018; Dvorkin and Shea 2022; Corona et al. 2022; Nowlan et al. 2022; Xie et al. 2023).
Therefore, it is unlikely that such a small inhibitory interneuron population would be a
significant inter-regional regulator. It is more likely that the ACtx is a key node in a
multifaceted network with critical projections to interconnected downstream areas. This may
also explain why inter-animal variation in low frequency ACtx fluctuations is not an
exceptionally strong predictor of individual retrieval performance — dysregulation in other
cortical and subcortical regions implicated in retrieval behavior and their relative MeCP2
mutational burdens likely also contribute to retrieval performance. Nevertheless, our initial
hypothesis of ACtx PV-based regulation of behavior was motivated by the documented
necessity of the ACtx for successful retrieval performance, the non-sensory evoked responses
seen in the ACtx during retrieval, and the fact that, despite its designation as a primary sensory
area, the ACtx has a history of serving as a higher-order processing area.

Given the widespread encoding capabilities of the ACtx, we have also considered the
possibility that the low frequency ACtx PV fluctuations may reflect physiological processes —
namely the animal’s locomotion and/or breathing. This stems from several studies showing

that movement modulates ACtx activity — for instance, running has been shown to increase
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spontaneous, but decrease evoked firing rates in this area (Yavorska and Wehr 2021; Schneider
and Mooney 2018). However, when monitoring the instantaneous velocity of surrogates using
DeepLabCut markerless position tracking, we found no significant correlation between
locomotion and ACtx PV activity (Mathis et al. 2018) (Figure 2.10). We did not monitor
breathing in the current experiments, but future studies may seek to explore a relationship
between the low frequency ACtx PV fluctuations and inhalation patterns. Breathing is a critical
input source for multisensory integration that could potentially occur in the ACtx, providing
the network with information regarding pup odors. Indeed, pup odors alone can modulate ACtx

neural responses to both pure tones and USV stimuli (Cohen et al. 2011).
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Figure 2.10: Surrogates’ instantaneous velocity is not correlated with ACtx PV fluctuations.
A) Plot of a representative PV-Cre surrogate’s instantaneous velocity (red) and simultaneously
recorded ACtx PV activity (black). Both velocity and Zdff have been down sampled into 1 second
bins. Pearson’s R value for the correlation between the two signals is shown in the upper right
(Pearson’s R =-0.21). B) Average Pearson’s R value per animal for the subset of all surrogates that
underwent this analysis (N = 4). Each dot-dot pair represents one mouse, comparing the actual
Pearson’s R between the signals (Zdff vs velocity), with a correlation computed with a randomized
time lag in the ACtx PV signal (Shuffled Zdff vs velocity). The values for each mouse are the
average values taken from all retrieval sessions. A paired t-test revealed no significant difference
between the actual and shuffled correlations (p=0.8731).
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2.6.3 Circuit Interactions for Retrieval Behavior — Within and Beyond Auditory
Cortex

As previously mentioned, the ACtx does not function in isolation, but is a key node in
the larger circuit-level orchestration of the complex retrieval behavior. That being said, it is
unclear how generalizable our findings may be across cortical regions implicated in the
behavior. We have chosen to focus on the ACtx not only because of its necessity for successful
retrieval, but also because of the role for USVs in guiding the behavior, and the well
documented plasticity in this region that is induced by the onset of maternal experience (Marlin
et al. 2015; Krishnan et al. 2017; Ehret 2005; Sewell 1970; Liu and Schreiner 2007; Galindo-
Leon et al. 2009; Lin et al. 2013; Cohen and Mizrahi 2015; Marlin et al. 2015; Lau et al. 2020;
Tasaka et al. 2018; Liu et al. 2006). This has provided us with a detailed look at the PV
interneuron network of the ACtx and its dysregulation in PVMHETS, but provides no insight
into how PV interneuron networks in other sensory cortices may be affected by MeCP2
mutations. Namely, the lack of low frequency fluctuations seen in PVMHETs may span
cortical regions nonspecifically, or the low frequency fluctuations (and lack thereof in
PVMHETSs) may be a signature specific to the ACtx PV network.

Nevertheless, the lack of low frequency ACtx PV fluctuations in PVMHETSs highlights
an aberrant population-level activity pattern that would presumably impact both the ACtx
microcircuit, and ACtx projections to downstream targets. At the microcircuit level, future
studies may wish to monitor either gross excitatory network activity in the ACtx using fiber
photometry in both wild type and MeCP2!backgrounds, or other ACtx inhibitory interneuron
populations. Notably, selective MeCP2 deletion in PV cells is sufficient to disrupt retrieval

behavior, but MeCP2 deletion restricted to either vasoactive intestinal polypeptide (VIP) or
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somatostatin (SST) inhibitory neurons is not (Rupert et al. 2023). This is somewhat
unsurprising given the role of PV interneurons in regulating critical periods for plasticity, but
also suggests that perhaps the significant dysregulation seen in the PVMHET ACtx PV
population would not extend to other inhibitory subpopulations. Future studies may also seek
to understand the downstream effects of impaired ACtx computations in PVMHETSs by
monitoring select ACtx projection outputs. One particularly interesting group may be auditory
corticostriatal projection neurons given that they have previously been shown to carry auditory
information to the striatum to drive an auditory frequency discrimination task (Znamenskiy
and Zador 2013). Even in a headfixed context, it would be interesting to see if this projection
population responds to pup USVs, if that response changes with maternal experience, and how
those responses may vary in MeCP2"®, Finally, future work may seek to monitor ACtx inputs
as a way to gauge at what level of processing aberrations emerge in MeCP2", Given the
ubiquitous expression of MeCP2 throughout both the brain and body, it is likely that basic
sensory processing in areas such as the inferior colliculus may also be impacted, which will in
turn dictate what is transmitted to the ACtx, and how the ACtx goes about internal
computations with that input. Furthermore, as discussed in Chapter 3, aberrations in certain
neuromodulatory systems (particularly the cholinergic) may influence aberrant ACtx PV
activity and may merit future study. In sum, the ACtx PV abnormalities seen in PVMHETsSs
most likely reflect a more global dysregulation of interconnected circuitry manifesting in
deficits not limited to pup retrieval. Nevertheless, this does not undermine the value of studying
the ACtx PV population specifically for our investigation into basic plasticity mechanisms
underlying learning, especially given the well documented role of PV interneurons in

regulating critical periods.
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Chapter 3: ACtx PV Fluctuations May Reflect a PV
Network Configuration that Favors Plasticity

The results presented in Chapter 2, namely that acute silencing of ACtx PV activity
during pup retrieval in wild type surrogates has no effect on retrieval performance, refute our
initial hypothesis that ACtx PV activity dynamically regulates retrieval behavior on a moment-
to-moment basis. However, the direct consequences of the lack of low frequency ACtx PV
fluctuations in PVMHETSs remain to be discovered. To further probe the significance of these
fluctuations, we hypothesized that they were the signature of a constitutive network state in a
favorable configuration to facilitate plasticity and learning. To support this hypothesis, we
looked across behavioral contexts to show that the presence of such fluctuations was not
restricted to pup retrieval settings. We next hypothesized that such a PV network state may
reflect attention and arousal, which would favor learning. In support of this hypothesis, we
showed that ACtx PV activity is closely coupled to pupil diameter — an established proxy for
attention and arousal. Based on the results presented in this chapter, we propose that the low
frequency ACtx PV fluctuations reflect a constitutive state of the PV network, and that this
state may reflect a PV network configuration that is ready to meet heightened plasticity

demands when needed.

3.1 Wild Type ACtx PV Fluctuations Occur Independently of Context

Given that acute ACtx PV fluctuations during retrieval are not necessary for the
successful performance of the behavior, we hypothesized that the low frequency fluctuations

seen in wild type surrogates are a signature of a PV network state. We reasoned that such a
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state reflects a network configuration equipped to meet plasticity demands as they arise,
thereby facilitating the successful learning of the retrieval behavior. By extension, the lack of
such fluctuations in the PVMHET surrogates may reflect a PV network incapable of meeting
the plasticity demands necessary for successfully learning the behavior.

A first indication that the ACtx PV fluctuations may be capturing a network state stems
from the fact that they are not exclusively present during retrieval sessions. Indeed, large low
frequency fluctuations are also present in different behavioral contexts — namely we recorded
ACtx PV activity when the surrogate was alone in the cage or with the pups safe in the nest
(Figure 3.1). Perhaps most dramatically, naive virgin females that are yet to have experience
with pups also exhibit marked low frequency ACtx PV fluctuations when they are alone in a
cage (Figure 3.1). These results suggest that the ACtx PV fluctuations do not reflect a retrieval
specific context per se, but may be indicative of an ACtx PV network state ready to

accommodate experience-dependent plasticity demands such as those induced by parturition.
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Figure 3.1: ACtx PV fluctuations occur independently of context. A) Representative
ACtx PV traces from a PV-Cre female across various conditions. B) Quantification of the
percentage of ACtx PV signal power below 0.5 Hz from recording sessions in various
conditions. Full retrieval, 78.99 +/- 3.989%; alone in cage, 79.10 +/- 4.042%; pups in nest,
78.44 +/- 4.529% (mean +/- SEM). A One-Way ANOVA revealed no significant difference
in low frequency content across the conditions (p=0.9937). N = 11 animals.
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3.2 ACtx PV Activity and ACtx Acetylcholine Release are Highly
Correlated with Pupil Diameter

There are a variety of factors that may characterize a network state that facilitates
experience-dependent learning. One such factor may be the ability to support an adequate
attentional capacity, which would require an appropriate level of behavioral arousal. As such,
the ACtx PV fluctuations in wild type mice may reflect an attentional state, or even be actively
facilitating attentional state transitions. To test the hypothesis that ACtx PV activity reflects
attention and arousal, we recorded the ACtx PV population while simultaneously monitoring
pupil diameter in a head fixed setting (pupil diameter is an established proxy for attention and
arousal) (Bradley et al. 2008; Reimer et al. 2016, 2014; McGinley et al. 2015; Steinhauer et al.
2004; Tursky et al. 1969; Zekveld et al. 2018; Privitera et al. 2010; Lisi et al. 2015; Zhao et al.
2019; Zekveld et al. 2010; Winn et al. 2015; Poulet 2014; Vinck et al. 2015; Bala and
Takahashi 2000). In doing so, we found a very tight coupling between pupil diameter and ACtx
PV activity (Figure 3.2). This correlation appeared to be independent of the animal’s
movement — ACtx PV activity tracked with pupil size regardless of whether the mouse was
actively running on the wheel or not (Figure 3.3). We next reasoned that this relationship may
break down in PVMHETSs, which might partially explain their inability to retrieve pups — an
insufficient ability to attend to relevant stimuli (namely pup USVs) that prompt the behavior.
However, to our surprise, ACtx PV activity was also correlated with pupil diameter in
PVMHETs (Figure 3.2).

To further explore the possibility that an insufficient attentional capacity may
contribute to the retrieval deficits seen in MeCP2"", we repeated the pupillometry

experiments, only this time simultaneously monitoring pupil diameter while using fiber
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photometry to record acetylcholine (ACh) release in the ACtx with a GRAB ACh sensor (Jing
et al. 2020). We chose to monitor ACh activity given that this neuromodulator is heavily
implicated in arousal, sensory processing, and cognition, and that cholinergic dysfunction has
been linked to numerous neuronal degenerative diseases (Guillem et al. 2011; Goard and Dan
2009; Everitt and Robbins 1997; Schliebs and Arendt 2011). Similar to our findings with ACtx
PV activity, ACh release was highly correlated with pupil diameter in wild type mice (Figure
3.4). Because cortical interneurons are a major target of basal forebrain-derived nicotinic
signaling, we reasoned that altered cholinergic input onto ACtx PV neurons in MeCP2"* may
reflect a source of dysregulation upstream of the ACtx PV network itself that possibly
contributes to the lack of low frequency ACtx PV fluctuations seen in MeCP2"* (Alitto and
Dan 2012; Bloem et al. 2014; Arroyo et al. 2012; Demars and Morishita 2014). However,
similar to the ACtx PV fluctuations themselves, we also found that ACh release in the ACtx
was significantly correlated with pupil diameter in MeCP2"** (Figure 3.4). Taken together,
these results suggest that the pronounced low frequency fluctuations in wild type surrogates

may reflect a PV network state that is also closely tuned to behavioral arousal and attention.
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Figure 3.3: ACtx PV correlation with pupil is independent of locomotion. A) (Top)
Representative trace comparing pupil diameter and ACtx PV activity. Pearson’s R value for
the correlation is shown in the top right corner. (Bottom) Simultaneously acquired wheel
speed that was monitored during the same pupillometry/fiber photometry recording session as
shown on top. B) Quantification of session correlations with and without epochs of movement
removed, as determined by instantaneous wheel speed. Each dot-dot pair reflects the average
Pearson’s R value across all sessions for an individual animal. We performed this analysis on
a subset (N=4) of all experimental animals, intentionally balancing the group with 2
individuals that had overall higher average correlation values, and 2 that had overall lower
correlation values. A paired t-test revealed no significant difference between the actual and
shuffled correlations (full session: mean =0.4135, SEM =0.1122; movement epochs removed:
mean = 0.3831, SEM = 0.1028; paired t-test p=0.0525).
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Figure 3.4: ACtx ACh release is correlated with pupil size. A) The GRAB ACh3.0 sensor was
delivered to the left ACtx to monitor ACh release with fiber photometry in WT (BL6) or MeCP2ht
females. B) Histological confirmation of GRAB_ ACh3.0 expression in left ACtx. C) Pupil size was
determined using DeepLabCut machine learning software. Colored markers denote anatomical
landmarks used to compute pupil diameter. D) Representative trace from simultaneous ACh (red) and
pupillometry (blue) recordings in a WT mouse. The R value for a Pearson correlation between the
two signals is shown in the upper right. E) Same as D), but for a MeCP2"' mouse (ACh signal is
purple). F) Quantification of the ACtx ACh/pupil correlation in WT mice. Correlations between ACh
release and pupil diameter were significantly higher than correlations computed with a randomized
time lag in the ACtx ACh signal. Each pair of points is an individual animal representing the mean
correlation across all recordings collected from that animal (N=7 mice, paired t-test, ***p=0.0010).
G) same as F) but for MeCP2"** mice (N=6 mice, paired t- test, *p=0.0352).
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3.3 Discussion

3.3.1 What do we Mean by a PV Network State?

Here we show that the signature low frequency ACtx PV fluctuations present in wild
type surrogates during retrieval sessions are not context dependent — similar fluctuations are
evident in non-retrieval settings, and they are present prior to the onset of maternal experience.
This raises the possibility that these fluctuations reflect a constitutive state of the PV network,
and we propose that this state may reflect a PV network configuration that is ready to meet
heightened plasticity demands when needed.

This proposition requires a definition — what do we mean by a PV network state? We
are not the first to hypothesize the existence of such a state; indeed, both ‘low’ and ‘high’ PV
network configurations have been described in the hippocampus. In the hippocampus, these
PV network designations are tied to learning and memory, and the PV network state
reconfigures from a low-PV activity to a high-PV activity state upon learning completion
(Donato et al. 2013). This shift following learning is consistent with our conceptual framework
— we propose that PVMHETSs have a premature ‘high-PV state’ that impairs learning and is
characterized by elevated ACtx PV activity at the onset of maternal experience.

Given that PV activity positively regulates PNN formation, another characteristic of
our proposed ‘PV network state’ includes a PV activity-dependent PNN presence (Hartig et al.
1992; Pizzorusso et al. 2002; Dityatev et al. 2007; Reimers et al. 2007; Favuzzi et al. 2017,
Devienne et al. 2021). Consistent with a ‘high PV network configuration’, elevated PV activity
in PVMHETs is evident in both the sustained high ACtx PV response strength to USVs in our

headfixed studies, and the corresponding increased PNN density seen in the ACtx following
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parturition (Krishnan et al. 2017). However, the relationship between PNNs and low frequency
ACtx PV fluctuations remains unclear. Interestingly, PNNs have been shown to lock PV
neurons into patterns of high firing activity, potentially serving as additional calcium buffers
in the extracellular matrix (Hértig et al. 1999; Briickner et al. 1993; Wingert and Sorg 2021).
It is possible that such high firing patterns are not conducive to widespread, coordinated
population activity that would present as the signature slow fluctuations in the wild type fiber
photometry traces. Furthermore, the stagnant ACtx PV traces in PVMHETSs could reflect an
activity ‘ceiling effect’ where uncoordinated baseline population activity is so high that there
is a limited range for large fluctuations to be detected. Future studies may employ
electrophysiological techniques such as Neuropixels probes to gain more insight into these
possibilities, as fiber photometry methods are not appropriate for this level of analysis.

While we will expand on this and other facets of our proposed PV network state in
Chapter 6, we essentially suggest that a ‘plasticity favorable PV network configuration’ is
marked by low ACtx PV activity, limited PNN presence, and signature low frequency ACtx
PV fluctuations. A ‘high PV network state” would therefore be characterized by elevated ACtx
PV activity, heightened PNN presence, and the notable absence of low frequency ACtx

fluctuations.

3.3.2 A Possible Relationship Between ACtx PV Activity and Attention

While there are a range of processes that a plasticity-favorable network state might
support, one may be the facilitation of an adequate attentional capacity, which would require
an appropriate level of behavioral arousal. Indeed, adequate attention is critical for successful

learning, and may also improve stimulus detection of crucial pup USVs during retrieval
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epochs. Furthermore, the large ACtx PV response to the door opening to reveal a pup during
single pup retrieval trials may reflect a certain level of attentional engagement at the start of
the trial. In support of an attentional component to the plasticity-favorable ACtx PV network
state, we observed a tight coupling of both ACtx PV activity and ACh release in the ACtx with
pupil diameter. While we have not established a direct relationship between ACtx PV activity
and cholinergic modulation in the current experiments, it is noteworthy that both of these
measures are coupled to pupil diameter (an established proxy for attention and arousal). This
is particularly interesting given that ACh is heavily implicated in arousal, sensory processing,
and cognition, and that cholinergic dysfunction has been linked to numerous neuronal
degenerative diseases - most notably Alzheimer’s Disease (Guillem et al. 2011; Goard and Dan
2009; Everitt and Robbins 1997; Schliebs and Arendt 2011). Future work may seek to more
directly probe the relationship between ACh release and ACtx PV activity, and any differences
in this relationship in MeCP2", Given that cortical interneurons are a major target of basal
forebrain-derived nicotinic signaling, altered cholinergic input onto ACtx PV neurons in
MeCP2"" may indeed reflect a source of dysregulation upstream of the ACtx PV network
itself (Alitto and Dan 2012; Bloem et al. 2014; Arroyo et al. 2012; Demars and Morishita
2014). Therefore, future studies may investigate ACh receptor distribution and sensitivity on
ACtx PV neurons and any differences in MeCP2"%, or directly monitor basal forebrain
projection neuron activity onto ACtx PV cells.

It is worth noting that we attempted to monitor ACtx ACh release during retrieval
sessions using fiber photometry in a similar configuration to our freely moving fiber
photometry experiments recording the ACtx PV population. However, the signal strength of

the ACh GRAB sensor was very weak compared to the strong signals we have seen with

70



GCaMP7s. While this was not an issue in our pupillometry experiments where the animal was
headfixed (thereby eliminating movement artifacts), the true ACh signal became drowned out
following the application of our motion correction algorithm in the freely moving paradigm

and we deemed the results uninterpretable.

3.3.3 A Correlation that Persists in PVMHETs...

We hypothesized that the correlative relationship between ACtx PV activity and pupil
diameter in wild type mice would break down in PVMHETS, potentially pointing towards
attentional deficits that may impair pup retrieval learning. To our surprise, we found that this
relationship was actually maintained in the PVMHETs, for both ACtx PV activity and ACtx
ACh release. However, with regards to the ACtx PV activity, it is critical to note that the spread
of deltaF/F values in PVMHET traces was typically smaller than that of wild types, consistent
with the ‘stunted and stagnant’ characterization of their qualitative appearance (compare the
right Y axes in Figure 3.2). Therefore, a correlational relationship between ACtx PV activity
and pupil diameter could be and was indeed maintained in the PVMHETS, as a correlation
would not be affected by a diminished range of possible values in that group of traces. In
essence, this result, although surprising, does not undermine the significance of the wild type
finding in which the ACtx PV network is coupled to pupil diameter and affiliated with
attention.

It goes without saying that the pupillometry experiments are limited in the sense that a
head-fixed set up is a very contrived and artificial context. Although we presented the mice
with different sensory stimuli while they were headfixed on the wheel, this experience in no

way recapitulates the complexities of freely moving behavior, and the multisensory
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environment created in the pup retrieval assay. Therefore, an alternative and purely speculative
interpretation of the persistent correlation between ACtx PV activity and pupil diameter in the
PVMHETs is that the overall lack of robust fluctuations in the PVMHET traces creates a
tenuous relationship between ACtx PV activity and pupil diameter. Therefore, it is possible
that this coupling could break down once the mouse is put into a more complex environment
such as that surrounding retrieval where attentional demands are greater. In order to test this
hypothesis, pupil diameter must be monitored in freely behaving mice which, although

technically viable, is beyond the scope of the current study (Sattler and Wehr 2021).
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Chapter 4: Manipulation of the ACtx PV Network
to Rescue Retrieval Performance in PVMHETSs

The results presented in Chapters 2 and 3 suggest that the low frequency ACtx PV
fluctuations seen in wild type, but not PVMHET, surrogates reflect a constitutive state of the
PV network, and that this state may reflect a PV network configuration that is ready to meet
heightened plasticity demands when needed. Given the lack of low frequency ACtx PV
fluctuations seen in PVMHETS, the primary aim of this chapter is to reconfigure the ACtx PV
network of PVMHETS into a more plasticity-favorable state. In doing so, we aim to not only
induce the emergence of low frequency ACtx PV fluctuations, but also rescue performance of
the retrieval behavior. To achieve this goal, we inhibited the ACtx PV population and found
that chronic, but not acute, ACtx PV suppression ameliorated the retrieval deficits seen in
PVMHETs. Furthermore, this behavioral rescue was accompanied by a removal of PNNs in

the ACtx, and a modest emergence of low frequency activity in the ACtx PV signal.

4.1 Chronic, but not Acute, ACtx PV Inhibition Improves Retrieval
Behavior in PVMHETSs

Our accumulating evidence suggests that the ACtx PV fluctuations present in wild type
surrogates are not regulating retrieval behavior on a moment-to-moment basis, but rather
reflect a PV network state that supports plasticity and facilitates learning. The question now
becomes — can we induce this PV network state in the PVMHETS to rescue their retrieval
behavior? Given that PVMHETSs exhibit markers of a hyperactive and hypermature ACtx PV
network, we hypothesized that inhibiting ACtx PV neurons would rescue retrieval behavior in

PVMHET surrogates (Krishnan et al. 2017; Lau et al. 2020; Cisneros-Franco and de Villers-
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Sidani 2019; Donato et al. 2013; Rowlands et al. 2018). To test this hypothesis, we inhibited
ACtx PV neurons during retrieval sessions every day from PO — P5. We initially used
optogenetic methods to achieve temporally precise ACtx PV inhibition during retrieval (Figure
4.1). However, we noticed that the PVMHET surrogates in both our optogenetic and GFP
control groups were retrieving pups with greater levels of success than a typical group of
PVMHET surrogates. At the same time, we were experiencing higher than average mortality
rates during surgical procedures — mice with the MeCP2'' background are particularly
sensitive to anesthesia, but significantly more animals did not survive this surgery compared
to other, shorter procedures (those performed for fiber photometry experiments, for example).
Given the bimodal distribution of PVMHET surrogate behavior (Figure 2.4), we reasoned that
the particularly long surgery required for this experiment (bilateral multi-site injections and
bilateral optic fiber implants) was inadvertently selecting for more robust PVMHETSs that
carried a lower MeCP2 mutational burden, were less affected by the anesthesia, and would
naturally comprise the subgroup of PVMHETS that performed the retrieval with some success.
Because of this, we pivoted technical strategies to employ chemogenetic inhibition which
required a much shorter surgery. We used a PSAM receptor/PSEM agonist system to
bilaterally inhibit the ACtx PV population during daily pup retrieval assays by administering
PSEM via IP injection 20 minutes prior to the start of the retrieval session. This acute inhibition
during retrieval assays (one IP injection each day from PO-P5, 6 injections total) was
insufficient to improve retrieval performance (Figure 4.3).

While ACtx inhibition during retrieval did not affect retrieval performance, it is
possible that such limited inhibition (restricted to daily retrieval assays) was insufficient to

adequately reorganize the ACtx PV network into a more favorable configuration for plasticity.
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Therefore, we sought to increase the extent of the ACtx PV inhibition achieved in the
PVMHET surrogates. In lieu of increasing the number of IP injections each surrogate received
(which would introduce additional confounds such as handling and injection stress), we
chronically inhibited the ACtx PV network by dissolving clozapine-N-oxide (CNO, the ligand
for an inhibitory DREADD (Designer Receptors Exclusively Activated by Designer Drugs))
in the surrogate’s drinking water for the entirety of the perinatal period (approximately P-1
through P5). Unlike the acute ACtx PV inhibition, this chronic manipulation significantly

improved retrieval performance in PVMHET surrogates (Figure 4.4).
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Figure 4.1: Acute optogenetic ACtx PV silencing in PVMHETSs does not rescue retrieval
performance. A) Acute optogenetic silencing paradigm. A Cre-dependent inhibitory stGtACR2
construct was delivered bilaterally to the ACtx of PVMHET females via AAV. PVMHET females were
then given maternal experience in the form of surrogacy. Every day from PO — P5, constant blue light
(10mW at fiber tip) was delivered during the retrieval behavior assay, only during the 5 minute retrieval
epoch. B) Average latency scores from retrieval behavior assays. N=7 stGtACR2 PVMHET surrogates
(blue), N=6 GFP PVMHET surrogates (green). A Two-Way ANOVA revealed a main effect for
postnatal day (p=0.0015), but not for treatment condition (p=0.5889). There was no significant
interaction between postnatal day and treatment condition (p=0.2423).
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Figure 4.2: Optogenetic construct validation. A) To validate the efficacy of the stGtACR2 construct, we
conducted in vivo single cell loose-patch electrophysiological recordings from the ACtx of PV-Cre females
expressing the Cre-dependent stGtACR2 construct in PV neurons. We recorded from single ACtx units
during playback of a set of recorded pup USVs (to promote ACtx activity). Each single unit was recorded as
we presented the stimulus set to the animal twice — once through with no blue light present, once through
with blue light shining directly at the cortical surface for the duration of the stimulus set (approximately 12
minutes, a timescale similar to that of the 5 minute length of a retrieval assay). (B) and (C) represent the
average response to all stimuli for when blue light was either off or on, respectively. We expected that
silencing ACtx PV neurons (an inhibitory population) would cause overall cortical disinhibition. Indeed,
putative pyramidal neurons such as the one shown here (identified by spike waveform) exhibited a
disinhibited response to the USV stimulus set when presented with the light on.
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Figure 4.3: Acute chemogenetic ACtx PV silencing in PVMHETS does not rescue retrieval performance.
A) Acute chemogenetic silencing paradigm. A Cre-dependent inhibitory PSAM receptor domain was delivered
bilaterally to the ACtx of PVMHET females via AAV. PVMHET females were then given maternal experience
in the form of surrogacy. Every day from PO — PS5, PSEM 308 hydrochloride was delivered via IP injection 20
minutes prior to the start of a retrieval behavior assay. B) Average latency scores from retrieval behavior assays
across postnatal days. N =10 PSAM/PSEM injection PVMHET surrogates (purple), N =10 GFP/PSEM injection
PVMHET surrogates (green). A Two-Way ANOVA revealed a main effect for postnatal day (p=0.0002), but
not for treatment condition (p=0.8706). There was no significant interaction between postnatal day and treatment
condition (p=0.3100).
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Figure 4.4: Chronic ACtx PV silencing in PVMHETS rescues retrieval performance. A) Chronic ACtx
PV silencing paradigm. A Cre-dependent inhibitory hM4Di construct was delivered bilaterally to the ACtx
of PVMHET females via AAV. PVMHET females were then given maternal experience in the form of
surrogacy. From just before pup birth (beginning approximately P-1) through P5, CNO (the hM4Di ligand)
was dissolved into the drinking water of the home cage to achieve chronic inhibition throughout the course
of the experiment. Each day PO-P5, surrogates underwent a standard pup retrieval assay. B) hM4Di-injected
surrogates (purple; N=19) outperformed tdTomato-injected controls (red, N=16) on the retrieval behavior.
A Two-Way ANOVA revealed a significant main effect for treatment condition (hM4Di vs tdTomato,
p=0.0018), but no main effect for postnatal day (p=0.1833). There was no significant interaction between
treatment condition and postnatal day (p=0.0851). Post hoc Sidak’s test revealed significant differences
between the hM4Di and tdTomato surrogates on four postnatal days (PO, p=0.7655; P1, p=0.0188; P2,
p=0.2572; P3, p=0.0080; P4, p=0.0250; P5, p=0.0194; *p<0.05, **p<0.01).
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4.2 Chronic ACtx PV Inhibition in PVMHETSs Disassembles PNNs

Since chronic ACtx PV inhibition was able to rescue retrieval performance in
PVMHETs, we wondered how this treatment affected established plasticity markers such as
PNNs. Given PNN’s canonical role as molecular ‘brakes’ on plasticity, and the elevated PNN
presence typically seen in PVMHETSs surrounding parturition, we hypothesized that the
improvement in retrieval behavior from chronic ACtx PV inhibition was accompanied by a
decrease in ACtx PNNs. To test this hypothesis, we compared PNN immunolabeling from
ACtx sections taken from surrogates either expressing the inhibitory DREADD (hM4Di) or
tdTomato in ACtx PV neurons. Importantly, all surrogates had chronic access to CNO, the
hM4Di ligand, in the home cage drinking water for the duration of the experiment.

Consistent with the improvement in behavior, we found that chronic ACtx PV
inhibition led to the disassembly of PNNs surrounding ACtx PV neurons (Figure 4.5).
Interestingly, this PNN dissolution was more pronounced on transduced ACtx PV cells that
were expressing the inhibitory hM4Di than on their untransduced neighbors within individual
hM4Di-injected surrogates, suggesting a cell autonomous regulation of PNN assembly based
on the activity of individual neurons (Figure 4.5). Indeed, we found this intra-subject measure
to be more informative and compelling than a comparison of gross PNN densities between the
hM4Di and tdTomato groups, especially given the qualitative nuances of PNN assemblies and
the subjective measures such as thresholding invoked in their quantification. Taken together,
these results demonstrate that chronic, but not acute, ACtx PV inhibition rescues retrieval
behavior in PVMHETSs, and the resulting ACtx PV network assumes a more plasticity-

favorable configuration featuring PNN disassembly.
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Figure 4.5: Chronic ACtx PV inhibition in PVMHETS leads to disassembly of PNNs.
A) Representative photomicrographs taken of the ACtx of a Cre-dependent tdTomato-
injected (left column) and Cre-dependent hM4Di-injected (right column) PVMHET
surrogate. Surrogates were delivered CNO via drinking water for the duration of the
experiment (approx. P-1 through P5) to achieve chronic inhibition of the ACtx PV
population. Sections are stained for PNNs (i, green), and either tdTomato or the mCherry
tag on the hM4Di construct (ii, red). The composite image is shown in (iii) with white arrows
indicating cells engulfed by PNNs. B) Histogram comparing the intensity of PNNs engulfing
neurons with and without expression of tdTomato. C) Histogram comparing the intensity of
PNNs engulfing neurons with and without expression of hM4Di. D) Comparison of mean
PNN intensity for virally transduced vs non-transduced neurons. Each dot-dot pair represents
one animal. hM4di-transduced cells had less developed PNNs surrounding them compared
to their non-transduced neighbors (paired t-test, ***p<0.001).
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4.3 Chronic ACtx PV Inhibition Increases Low Frequency
Fluctuations in PVMHETSs

At this point, we have shown that chronic ACtx PV inhibition ameliorated the retrieval
deficits in PVMHETSs, and disassembled PNNs surrounding ACtx PV neurons. We
hypothesized that these changes were also accompanied by the appearance of the signature low
frequency PV fluctuations that were previously only seen in wild type surrogates that
successfully performed the retrieval behavior (see Chapter 2). To test this hypothesis, we
expressed both the inhibitory hM4Di construct and GCaMP7s in the ACtx PV population of
PVMHET surrogates. These surrogates underwent the same chronic ACtx PV inhibition
paradigm as previously described, with CNO dissolved in the drinking water of the home cage.
We used fiber photometry to record from the ACtx PV population in these surrogates every
day from PO — P5. Consistent with a gradual transition from a high to low PV network state as
hM4Di-mediated ACtx PV inhibition accrued over time, we saw that the power of low
frequency fluctuations (<0.5 Hz) in the ACtx PV signal modestly increased over the course of

postnatal days (Figure 4.6).
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Figure 4.6: Chronic ACtx PV inhibition in PVMHETs modestly restores low frequency
fluctuations. A) Experimental schematic of chronic ACtx PV inhibition achieved by dissolving CNO
in the home cage drinking water. B) Representative ACtx PV fiber photometry traces recorded from a
PVMHET surrogate under the chronic inhibition paradigm at a naive timepoint (left) and on P5 (right)
C) Same as in (B), but for a representative control PVMHET surrogate that received a tdTomato
injection in lieu of the inhibitory hM4di construct. D) Mean net change in ACtx PV low frequency
power for all recorded sessions across postnatal days for mice either expressing the inhibitory hM4di
construct (blue, N=8) or tdTomato (red, N=7) with CNO dissolved in their drinking water. ACtx
recordings from each animal included the 5 minute habituation period, the 5 minute retrieval period,
and an additional 5 minutes where the surrogate was alone in the cage. A Two-Way ANOVA revealed
no significant interaction between treatment condition and time with p=0.0555. A post hoc Sidak test
revealed a significant difference between the hM4di and tdTomato groups on P5 (p=0.0388).
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4 4 Discussion

4.4.1 A Time Course for PV Network Reconfiguration

Here we show that chronic, but not acute, ACtx PV network inhibition ameliorates
retrieval deficits seen in PVMHET surrogates. This raises the interesting possibility that
prolonged PV inhibition (and the resulting cortical disinhibition) is necessary for sufficient
network remodeling to accommodate increased plasticity demands. However, the molecular
and cellular underpinnings of such a reconfiguration, and the time course of its effects remain
to be elucidated. That being said, the cell-autonomous dissolution of PNNs surrounding
hM4Di-transduced cells (but not their uninfected neighbors) may provide some early insight.
Devienne and colleagues took a similar experimental approach and also reported a cell
autonomous dissolution of PNNs based on whether a given PV neuron was transfected with an
inhibitory DREADD (Devienne et al. 2021). However, in that study, CNO was administered
via 4 IP injections spaced 12 hours apart. This raises a critical question — what is the minimal
amount of PV inhibition needed to achieve such a network reconfiguration? The answer to this
question would also be intertwined with one regarding the dynamics of PNN assembly — how
quickly are PNNs able to assemble and disassemble in the context of experience-dependent
learning? Aberrantly heightened levels of PNNs in the ACtx of surrogates with an MeCP2 KO
restricted to PV neurons have been reported as early as P1, despite their presence being
indistinguishable from wild type at a naive timepoint (Rupert et al. 2023). This would suggest
that PNN reconfiguration is largely flexible and expedient (on the order of minimal days if not
quicker), which would be desirable for a network responsible for learning and solidifying new

information. The fact that the once daily IP injections in the current study (acute inhibition)
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were insufficient to incite such a reconfiguration may also point to the system’s resistance to
transient activity fluctuations that may reflect noise in the network. Therefore, future studies
may seek to identify the threshold for PV suppression that is required to alter the network
configuration and begin PNN disassembly in PVMHETs. Such a study coupled with
transcriptomic analyses of PV neurons may also identify key changes in gene expression
underlying this switch, the mechanisms by which PV neurons regulate their PNN assemblies,
and elucidate a more mechanistic understanding of how this network reconfiguration is

accomplished.

4.4.2 Technical Limitations

A significant technical limitation of the current study is that we were unable to quantify
the exact dosage of CNO received by each surrogate throughout the chronic ACtx PV
inhibition experiment. This was unavoidable given the nature of our experimental design in
which surrogates forgo physical pregnancy to mitigate confounds introduced by maternal
hormonal fluctuations. In this paradigm, surrogates must be co-housed with a dam and drink
from the same available water source (in which the CNO was dissolved). Because of this, more
traditional measures of DREADD efficacy and inter-subject variability are less informative.
For example, assessing the DREADD injection spread for insight into behavioral performance
would be relatively meaningless given that we do not know how much ligand was introduced
to the system and at what time intervals (water was available ad libitum). Nevertheless, given
the cell-autonomous disassembly of PNNs surrounding hMD4i+ neurons, we are fairly
confident that a sufficient level of chronic ACtx PV inhibition was achieved. In support of this

assertion, the same PV cell autonomous PNN disassembly resulting from DREADD-mediated
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PV inhibition has been previously described by Devienne and colleagues (Devienne et al.
2021). Furthermore, dissolving CNO in the animal’s drinking water served two purposes (Zhan
et al. 2019). First, it eliminated additional handling and injection stress for the animals that
would be introduced from multiple IP injections per day over the course of the multi-day
experiment. Second, it administered CNO at much lower levels than direct IP injections, which
mitigates the risk for some of the adverse effects seen following administration of high doses

of CNO (MacLaren et al. 2016).

4.4.3 Enzymatic Dissolution of PNNs in PVMHETSs

While it was encouraging that chronic ACtx PV inhibition appeared to tackle both
behavior and PNN architecture in PVMHET surrogates, its ability to induce the characteristic
low frequency fluctuations of wild types was modest. This could be for a number of reasons.
Primarily, we sought to monitor the activity of the very ACtx PV population that we were
constitutively inhibiting. Indeed, it is unlikely that such pronounced activity as that seen in
wild type surrogates would materialize under these conditions. In an attempt to circumvent this
issue, in a separate cohort of animals we enzymatically dissolved ACtx PNNs immediately
prior to maternal experience. This treatment has previously been shown to rescue retrieval
behavior in MeCP2"! surrogates, but no neural activity of any kind was monitored (Krishnan
et al. 2017).

To incorporate this additional layer of experimental complexity, surrogates underwent
two surgical procedures. The first involved the injection of Cre-dependent GCaMP7s into the
left ACtx delivered via AAV. 3 weeks later in a second surgical procedure, the enzyme

Chondroitinase ABC was bilaterally injected into the ACtx, and an optical fiber implant was
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inserted into the left ACtx (Figure 4.7). The different timescales on which the AAV and
enzymatic processes occur necessitated this two-tiered process — the AAV required sufficient
time to express before imaging, but the Chondroitinase ABC enzyme needed to be introduced
as close to maternal experience as possible so PNNs would be dissolved during the perinatal
period. Therefore, surrogates were paired with dams that were about to give birth immediately
following their second surgery, and pups were born anywhere from 1-3 days later. However,
we ran into numerous challenges attempting to perform fiber photometry in animals with such
recent surgical history. Namely, mice typically exhibited very little measurable ACtx PV
activity. Interestingly, in the few animals that did display adequate signal, the strength of the
signal would increase over the course of postnatal days. Animals with barely any USV-evoked
headfixed responses on the first few days post-surgery would exhibit measurable USV-evoked
responses by P5 (Figure 4.7). Encouragingly, in this small subset of surrogates that exhibited
auditory-evoked responses, we found low frequency ACtx PV fluctuations similar to those
seen in wild types (Figure 4.7). However, because of the emerging nature of the signal, we
were hesitant to attribute the presence of any low frequency fluctuations specifically to PNN
degradation - it was impossible to disentangle the source of their onset from simply the overall
improvement in signal quality as time went on.

We believe that the reason for the lack of signal, or emerging signal, in this group of
animals stems from a combination of inflammation following surgery, and the Chondroitinase
ABC itself which introduced a significant volume of fluid into the ACtx around the onset of
imaging epochs. Because of these factors, we determined that the signal integrity from these
experimental animals was not sufficiently reliable to draw any meaningful conclusions. That

being said, slice electrophysiology may be the most technically feasible strategy to assess the
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direct effect of PNN degradation on ACtx PV activity in PVMHETs. Indeed, a protocol written
by Tewari and Sontheimer outlines optimal experimental parameters for monitoring
Chondroitinase ABC — induced PNN degradation in real time using this approach (Tewari and
Sontheimer 2019). While this technique would not be able to ascertain information concerning
population level dynamics and overall ACtx PV fluctuations, single unit changes in neural
activity patterns following PNN disassembly in PVMHETSs would offer valuable insight into
how interneurons comprising this subpopulation would differentially behave in the presence

and absence of PNNSs.
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Figure 4.7: Enzymatic dissolution of PNNs is not conducive to stable recordings. A) Experimental
timeline. The different timescales on which AAV and enzymatic processes occur necessitated two
surgical procedures. The first surgery injected Cre-dependent GCaMP7s via AAV into the ACtx of
PVMHETs. After 3 weeks (to allow sufficient time for GCaMP7s expression), a second surgery
injected the enzyme Chondroitinase ABC (or penicillinase for controls) bilaterally into the ACtx. For
our purposes, we wanted PNNs to be dissolved around the time of pup birth when retrieval behavior
was being learned and assayed. Given that enzymatic processes occur on the order of days, surrogates
had to be paired with expectant dams that were about to drop around the time of the surrogate’s second
surgery. This typically resulted in surrogates beginning retrieval assays anywhere from 1 day to 3 days
after surgery. B) ACtx PV activity recorded with fiber photometry during a retrieval session in a control
surrogate, and a C) Chondroitinase ABC-injected surrogate. D) ACtx PV activity from a surrogate
alone in the home cage and E) in response to a pup USV stimulus set comprised of 20 repetitions of 8
recorded pup USVs, prior to maternal experience. F) and G) show the same recording conditions from
the same animal, this time recorded on P5. It is critical to note that both auditory responses and low
frequency fluctuations appear to emerge over time (in the small portion of animals that would
eventually develop signal following the second surgical procedure).
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Chapter 5: Materials and Methods

5.1 Experimental Subjects

All animal procedures and experiments were conducted under the National Institutes
of Health’s Guide for the Care and Use of Laboratory Animals and approved by the Cold
Spring Harbor Laboratory Animal Care and Use Committee. All experiments were performed
in adult female mice (7-12 weeks of age) that were maintained on a 12h-12h light-dark cycle
and received food and water ad libitum. CBA/Cal females were used as dams for all studies -
pregnant CBA/Cal females were transferred to a cage with surrogates (experimental subjects)
approximately one week before expected pup drop. Additional mouse lines used were PV-ires-
Cre (B6;129P2-Pvalbtm1(cre)Arbr/J; referred to as “PV-Cre” throughout), and Mecp2h
(C57BL/6 background; B6.129P2(C)-Mecp2tm1.1Bird/J; referred to as “Mecp2he®”
throughout, in which exons 3 and 4 of the MeCP2 gene are deleted (Guy et al. 2001). For
studies in which PV interneuron activity was monitored or manipulated in the Mecp2"et
background, “PVMHET” females were used as experimental subjects. PVMHET females were
generated by crossing homozygous PV-Cre males and Mecp2® females (heterozygous for the
MeCP2 loss of function allele). Mendelian genetics dictate all offspring to be PV-Cre
heterozygous, and 50% of offspring to have the desired Mecp2"® genotype. PCR based
genotyping was performed on all offspring to select females that both express Cre in PV cells
and are heterozygous for the loss of function MeCP?2 allele that defines the Rett Syndrome
mouse model. For brevity, females that meet these criteria are referred to as PVMHET females.
The offspring without the desired Mecp2"® genotype (Mecp2™) resulting from this cross were

used as wild type littermate controls.
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5.1.1 Genotyping Procedures

All animals were genotyped via ear punch at the time of weaning (approximately 3-4
weeks old). Genotyping was carried out both in house, and occasionally, by an external
genotyping service (TransnetYX). Table 5.1 lists the primers, recommended by Jackson

Laboratories, that were utilized for genotyping purposes.

Table 5.1: Primer sequences used for genotyping mouse lines

Genetic Allele Forward Primer Sequence Reverse Primer Sequence
Mouse Type
Line

PV-Cre Wild GCAGAATTCTCCACTCTGGTG | GACTGAGATGGGGCGTTG

type

PV-Cre Mutant | TCTAATTCCATCAGAAGCTGGT | GACTGAGATGGGGCGTTG

MeCP2-het Wild AAATTGGGTTACACCGCTGA CTGTATCCTTGGGTCAAGCTG

type

MeCP2-het | Mutant | AAATTGGGTTACACCGCTGA CCACCTAGCCTGCCTGTACT
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5.2 Maternal Pup Retrieval Behavior

In order to eliminate potential confounds introduced by hormonal fluctuations in
mothers, experimental subjects were given maternal experience via co-habitation with a
pregnant dam and her pups. A female with this maternal experience is referred to as a
“surrogate” throughout. Beginning approximately one week prior to pup drop, two surrogates
were co-housed with a pregnant dam. Every day from postnatal day 0 (P0O) through PS5,
surrogates underwent a pup retrieval assay. First, the surrogate is habituated in the home cage,
inside of a soundproof box, for 5 minutes. Subsequently, pups were placed in the nest with the
surrogate in the cage for 5 minutes. Finally, the pups were removed from the cage for 2
minutes, and then scattered around the 4 corners of the cage. The surrogate had a maximum of
5 minutes to gather the pups to the nest. After the standard retrieval assay, 4 ‘single pup trials’
were performed, where only 1 pup was placed in the cage at a time and the surrogate was given
1 minute to retrieve. We incorporated these trials in an effort to disambiguate the source of
individual pup USVs, and observe how surrogates interacted with the specific pup that was
vocalizing. In some instances, wild type surrogates became so proficient at retrieval, that they
would retrieve the single pup within the first few seconds of the assay. To combat this, we
constructed a small cardboard ‘door’ attached to a pulley system that would conceal the pup,
and allow the experimenter to reveal the pup without opening the door to the behavior box
after the session had begun. All behavior assays were performed in the dark, during the dark
cycle, and in the subject’s home cage. Videos were recorded in the dark under infrared light

using a Logitech webcam (¢920) with the infrared filter removed.
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5.2.1 Ultrasound Recording during Pup Retrieval Behavior

During pup retrieval assays, ultrasonic vocalizations were recorded using a polarized
condenser ultrasound microphone (CM16/CMPA Avisoft Bioacoustics) that was positioned
12 inches directly above the center of the cage. The microphone digitally sampled at 200kHz
via a National Instruments DAQ (NI-USB 6211) using custom MATLAB software. Onsets
and offsets of pup ultrasonic vocalizations were confirmed manually using custom MATLAB

software.

5.2.2 Analysis of Maternal Pup Retrieval Behavior

Each maternal pup retrieval behavior assay was assessed using a latency retrieval score.
The normalized latency of each mouse to gather the scattered pups was calculated using the
following formula, where n=# of pups outside the nest, to = start of trial, t, = time of n'" pup

gathered, L = trial length.

latency index = [(t; — to) + (f2 — fo) + ... + (tn — t0)]/(nXL)

The resulting latency index score is a number from 0 to 1 where a smaller number indicates a
more expedient, efficient retrieval.

To assess event evoked responses during retrieval behavior in fiber photometry
experiments, behavioral ethograms were created using BORIS (Behavior Observation
Research Interactive Software) (Friard and Gamba 2016). A trained experimenter manually

annotated retrieval assay videos for the onset and offset of behaviorally relevant events. The
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behavioral ethograms generated in BORIS were subsequently exported to MATLAB for

further analysis. A complete list of the annotated behavioral events is found in Table 5.2.

5.3 Linear Encoding Model

To assess the unique sensory and behavioral contributions to the overall PV interneuron
activity, we trained a linear encoding model similar to that employed by Musall et al. (Musall
et al. 2019). Behavioral epochs were deemed as point (single time bin) or state (spanning
multiple time bins) events, and manually annotated using BORIS software (Friard and Gamba
2016). Each time bin was 1 second. A complete list of the input variables to the model are
found in Table 5.2. Instantaneous velocity was calculated using positional markers labeled with
DeepLabCut (Mathis et al. 2018). Briefly, the center of the mouse’s head was tracked for the
duration of each video, and its positional changes through the session were used to calculate
the mouse’s instantaneous velocity (per second resolution) using custom MATLAB software.
A separate model was trained for each animal using all freely moving data collected from that

mouse across postnatal days.
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Table 5.2: Linear Encoding Model Covariates

Covariate name

Description

Event Type

Initial pup contact

The first frame that the surrogate
contacts the pup to be returned to
the nest

Point event

Pup contact

The first frame when the pup is
lifted off of the ground to be
returned to the nest

Point event

Pup investigation

The surrogate sniffs/licks the
pup, but does not return the pup
to the nest

State event

Pup drop

The pup is retrieved and dropped
down in the nest

Point event

Enter nest

The surrogate crosses into the
nest with a pup (counted as the
first frame there is overlap with
any part of the surrogate’s body
and the nest)

Point event

Leave nest

The surrogate leaves the nest to
retrieve a pup (counted as the
first frame to lack overlap with
any part of the surrogate’s body
and the nest)

Point event

Door

For single pup trials, when the
door was lifted to reveal a pup

Point event

Nesting

The surrogate engages in nesting
behavior (either collecting
material to build the nest or
rearranging material in the
existing nest)

State event

Grooming

The surrogate grooms herself

State event

Rearing

The surrogate rears onto her hind
legs

State event

Ultrasonic vocalization

Ultrasonic vocalization train
occurs

State event

Instantaneous velocity

Surrogate’s instantaneous
velocity binned per second

Continuous event
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5.4 Surgical Procedures

Prior to all surgical procedures, mice were initially anesthetized with an intraperitoneal
injection (1.25ml/kg) of an 80:20 mixture of ketamine (100mg/ml) and xylazine (20mg/ml)
prior to being stabilized in a stereotaxic frame (KOPF). Anesthesia was subsequently
maintained throughout by vaporized isoflurane (1-2% as needed), and the depth of the
anesthesia was assessed by both monitoring the animal’s respiration and by performing
periodic toe pinches. Preoperative analgesia was given in the form of a subcutaneous
meloxicam injection (2mg/ml). An ophthalmic lubricant was applied to the eyes and
maintained throughout the duration of the surgical procedures. An incision was made to expose
the bregma and lambda sutures of the skull, and the brain was levelled in the stereotax such
that the sagittal suture was centered, and lambda was +0.15mm — 0.30mm dorsal/ventral

relative to bregma.

5.4.1 Viral Injections

After the brain was levelled in the stereotax, a craniotomy was drilled over the ACtx,
and the dura mater was removed. Depending on the specific experiment, one or more adeno-
associated viruses were injected into the ACtx craniotomy. Injection coordinates for the ACtx
were informed by the Allen Brain Atlas: Anterior/Posterior -2.3mm, 2.6mm, and -2.9mm from

bregma, Medial/Lateral 4.0mm and 4.5mm from bregma for 6 unique injection sites.
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Table 5.3: Viral Constructs for Injection

Construct

Purchasing Information

AAV9-syn-FLEX-jGCaMP7s-WPRE

Addgene Plasmid #104491

AAV9-syn-FLEX-PSAM4-GlyR-IRES-EGFP

Addgene Plasmid #119741

AAV9-hSyn-DIO-hM4D(Gi)-mCherry

Addgene Plasmid #44362

GFP; AAV9-synP-DIO-EGFP-WPRE-hGH

Addgene Plasmid #100043

AAVI9-FLEX-tdTomato

Addgene Plasmid #28306

AAV9 hSynl-SIO-stGtACR2-FusionRed

Addgene Plasmid #105677

AAV9-hSyn-DIO-GRAB Ach3.0

WZ Biosciences
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5.4.1.1 Procedures for Fiber Photometry Experiments

For fiber photometry experiments, Cre-dependent GCaMP7s (AAV9-syn-FLEX-
jGCaMP7s-WPRE; Addgene Plasmid #104491) was injected into the left ACtx of either PV-
Cre or PVMHET females at the injection site coordinates listed above in 5.4.1 Viral Injections.
At each injection site, 90nL of virus was expelled at a depth of -0.830mm from the cortical
surface. A 200um optical fiber (0.39NA, ThorLabs) was implanted in the center of the injection
site craniotomy at a depth of -0.780mm from the cortical surface. The optical fiber and a
titanium head fixation bar were secured to the skull using Metabond dental cement, and the
scalp was sutured shut. Micropipettes for viral injections were prepared using a P-97 horizontal
micropipette puller, and tips were manually clipped at a width of 20-30 microns (Sutter

Instruments).

5.4.1.2 Procedures for Chemogenetic Experiments

Chemogenetic experiments required bilateral injections of adeno-associated viruses
into the ACtx. Therefore, craniotomies were opened over both the left and the right hemisphere
ACtx. Injection sites were similarly determined as in the fiber photometry experiments
described above, with the exception that virus was expelled at 3 distinct depths within each
injection site so as to more comprehensively cover the dorsal/ventral span of the ACtx. Here,
45nl of virus was expelled at dorsal/ventral coordinates of -1.00mm, -0.550mm, and -0.350mm
from the cortical surface. For acute chemogenetic manipulation of PV interneurons, an
inhibitory Cre-dependent PSAM receptor AAV was bilaterally injected (AAV9-syn-FLEX-

PSAM4-GlyR-IRES-EGFP; Addgene Plasmid #119741) into the ACtx of either PV-Cre or
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PVMHET females. For chronic chemogenetic manipulation of PV interneurons, an inhibitory
DREADD (Designer Receptors Exclusively Activated by Designed Drugs) was bilaterally
injected (AAV9-hSyn-DIO-hM4D(Gi)-mCherry; Addgene Plasmid #44362) into the ACtx of
PVMHET females. Depending on the experiment, control animals for chemogenetic studies
were injected with either Cre-dependent green fluorescent protein (GFP; AAV9-synP-DIO-
EGFP-WPRE-hGH, Addgene Plasmid #100043), or Cre-dependent tdTomato (AAV9-FLEX-

tdTomato, Addgene Plasmid #28306).

5.5 Chemogenetic Manipulation of PV Interneurons

5.5.1 Acute Chemogenetic Manipulation of PV Interneurons

Acute chemogenetic manipulation of PV interneurons was achieved using an inhibitory
PSAM/PSEM system (AAV-syn-FLEX-PSAM4-GlyR-IRES-EGFP, Addgene Plasmid
#119741; PSEM 308 hydrochloride, Tocris Bioscience). 20 minutes prior to a daily pup
retrieval assay, surrogates received an intraperitoneal injection of PSEM (3mg/kg dissolved in
sterile saline). Control animals received the same PSEM injection prior to each retrieval assay,
but expressed GFP in PV interneurons as opposed to PSAM. To validate the efficacy of the
PSAM/PSEM system, PV-Cre females received a dual injection of both Cre-dependent
GCaMP7s and Cre-dependent PSAM into the left ACtx, along with a 200um optical fiber to
allow for fiber photometry experiments. PV activity was monitored using fiber photometry

before and 20 minutes after an intraperitoneal PSEM injection.
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5.5.2 Chronic Chemogenetic Manipulation of PV Interneurons

A DREADD system was implemented for chronic chemogenetic inhibition of PV
interneurons (AAV9-hSyn-DIO-hM4D(Gi)-mCherry, Addgene Plasmid #44362) (Sternson
and Roth 2014; Krashes et al. 2011; Roth 2016). To chronically suppress PV activity, CNO
(the DREADD receptor agonist) was dissolved in the subject’s drinking water beginning at
approximately P -1 and continuing through PS5 at a desired dose of 1mg/kg as described by
Zhan et al. (Zhan et al. 2019). A fresh solution was made daily, and bottles were wrapped in
aluminum foil to shield it from the light. This delivery strategy was particularly advantageous
as it omitted the need for continual intraperitoneal injections (eliminating additional stress and
handling confounds), and allowed for a low enough effective dose to mitigate adverse
behavioral effects from the CNO, given that CNO is not entirely pharmacologically inert (Zhan
et al. 2019; MacLaren et al. 2016). The exact effective dose could not be determined for each
subject because water was shared amongst all mice in a cage (two surrogates and the dam).
Note that a subset of the surrogates shown in Figure 4.4b were also used for the experiment
described in Figure 4.6 (8/19 hM4Di and 7/16 tdTomato injected surrogates were also injected
with GGaMP7s to monitor the emergence of low frequency ACtx PV fluctuations resulting
from chronic ACtx PV inhibition). Since both groups received the same chronic ACtx PV
inhibition and were not significantly different from each other, we combined them for the

analysis of the behavioral effect of prolonged ACtx PV inhibition on retrieval performance.

5.6 Optogenetic Manipulation of PV neurons
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A Cre-dependent, blue light sensitive, soma-targeted anion-conducting
channnelrhodopsin (stGtaCR2; AAV9 hSyn1-SIO-stGtACR2-FusionRed; Addgene Plasmid
#105677) was employed to inhibit PV cells in the ACtx (Mahn et al. 2018). Bilateral injections
were made in the ACtx as described above for chemogenetic manipulation of ACtx PV neurons
(See 5.4.1.2 Procedures for Chemogenetic Experiments). In addition to the bilateral viral
injections, 200um tapered optical fibers were implanted in each hemisphere at a depth of -
1.10mm from the cortical surface (Optogenix), and cemented in place with Metabond. Unlike
blunt optical fibers that emit light only from the fiber tip, tapered fibers emit light down the
length of the implant, effectively increasing the illuminated cortical area (ideal to maximize

light delivery to large cortical regions such as the ACtx).

5.6.1 Optogenetic Stimulation Paradigm

The output power of a 473nm laser (MBL III, 100mW) was measured immediately
prior to all experimental sessions using a compact power and energy meter console (Thorlabs,
PM100D), and refined until 10mW was emitted at the tip of each optical fiber. Dual fiber optic
patch cords for bilateral stimulation (NA=0.22) and rotary joints were obtained from Doric
lenses. Using a ceramic mating sleeve, surrogates were attached to the dual fiber optic patch
cord and, following the protocol for maternal pup retrieval assays described above, allowed to
habituate to the home cage alone for 5 minutes before pups were removed for 2 minutes. Then,
the 473nm laser was turned on, and pups were scattered around the nest for the 5 minute
retrieval session. The 473nm light was delivered constantly during the 5 minute retrieval. The
stGtACR2 construct was specifically chosen for these experiments due to the construct’s

favorability for temporally extended manipulations (those on the order of minutes to hours).
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Indeed, favorable stoichiometry allows for a more light sensitive, efficient silencing that
reduces the risk of heat-induced tissue damage from prolonged laser exposure (Mahn et al.

2018).

5.7 Electrophysiological Validation of Optogenetic Silencing

5.7.1 Single Cell Loose-Patch Electrophysiology

The electrophysiology recording rig is equipped with a sound-attenuation chamber and
installed air table, digital oscilloscope (Tektronix), audio monitor (Grass), 1401 power board
I/0 (CED), BA-03x intracellular amplifier and pressure injector (NPI), Master 8 multichannel
pulse stimulator (AMPI), Microelectrode AC amplifier — extracellular (AM Systems),
piezoelectric micromanipulator (Sutter Instrument SOLO/E-116), and Spike 2 software
(version 7; Cambridge Electronic Design) for playback of auditory stimuli.

Before recording sessions, mice were anesthetized with an 80:20 mixture (1.25ml/kg)
of ketamine (100mg/ml) and xylazine (20mg/ml), and a small craniotomy was opened above
the left ACtx. Micropipettes were pulled from borosilicate glass filaments (BF150-86-10,
Sutter Instruments) using a horizontal micropipette puller (P-97, Sutter Instruments).
Micropipettes were back-filled with intracellular solution comprised of 125mM potassium
gluconate, 10mM potassium chloride, 2mM magnesium chloride, and 10mM HEPES (pH 7.2)
for a final resistance of 10-30 MQ. Isolated single unit activity was recorded with a BA-03X
bridge amplifier (npi), low-pass filtered at 3kHz, digitized at 10kHz, and acquired using Spike2

software. Recording depth was determined with a piezoelectric micromanipulator (Sutter
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Instrument SOLO/E-116), and all recorded neurons were located between 300um and 1200pum

from the cortical surface (encapsulating layers I11-VI of ACtx).

5.7.2 Presentation of Auditory Stimuli

Individual unit responses to a series of pup ultrasonic vocalizations and pure tones were
compared in the presence and absence of optogenetic PV inhibition. Auditory stimuli were
presented using one of the output channels on a Power1401 ADC/DAC board (Cambridge
Electronic Design), low-pass filtered at 100kHz, and amplified using a custom filter and
preamp (Kiwa Electronics). Output was sent through an electrostatic speaker driver powering
an electrostatic speaker (ED1/ESI, Tucker-Davis Technologies) positioned 4 inches in front of
the mouse’s head. All auditory stimuli were calibrated to RMS of 65dB SPL at the mouse’s
head using a sound level-meter (Ex-Tech, model 407736). Stimuli consisted of 7 log-spaced
pure tones from 4-32 kHz in frequency, and 8 pup ultrasonic vocalizations recorded from
CBA/Cal mouse pups in-house on either postnatal day 2 (calls 1-4) or postnatal day 4 (calls 5-
8). Auditory stimuli were presented for 100ms with an inter-stimulus interval of 4 seconds,
with each unique stimulus occurring 10 times in a session in a pseudorandomized order. All
electrophysiology data was subsequently manually spike sorted into single unit spike trains

with Spike2 (CED).

5.7.3 Optogenetic Inactivation During Electrophysiological Recordings

In vivo single cell loose-patch electrophysiology was performed in the left ACtx of PV-
Cre females expressing the Cre-dependent inhibitory optogenetic construct used for

optogenetic silencing of PV neurons during retrieval behavior (stGtaCR2; AAV9 hSyn1-SIO-
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stGtACR2-FusionRed; Addgene Plasmid #105677). To optogenetically silence PV neurons
during electrophysiology recording sessions, the tip of a 400um optical fiber (NA 0.39,
ThorLabs) was positioned directly over the surface of the craniotomy and held in place by a
micromanipulator such that light shone directly on the cortical surface. Laser (473nm, MBL
III 100mW) power was 30mW measured at the tip of the optic fiber. Based on this
configuration, the light intensity would have an estimated power of 2-10mW/mm? at a depth
of 300-100mm from the cortical surface, where electrophysiological recordings were made
(Yizhar et al. 2011). Recordings for each single neuron (a session of 10 stimulus repetitions)

were collected twice — once with the laser off and once with the laser on with continuous light.

5.8 Fiber Photometry

5.8.1 Fiber Photometry Acquisition system

Experiments were performed using a custom-built two-color fiber photometry system.
The output from two LEDs (470nm and 565nm, Thorlabs M470F3 and M565F3) was focused
into a fiber launch holding a 200um optical fiber (0.37 NA, Doric) which was coupled to the
implanted optical fiber via a lightweight, flexible cable and ceramic mating sleeve (Thorlabs).
The two LEDs were sinusoidally modulated 180 degrees out of phase at 211 Hz by LED drivers
(Thorlabs, LEDD1B), and the emitted green and red light was collected from the optical fiber.
The two color channels were separated, bandpass filtered, and detected by distinct
photoreceivers (#2151, Newport Corporation). The signal from each photoreceiver was
digitized at a sampling rate of 6100 Hz and acquired via a National Instruments DAQ device

(NI-USBB6211). Mice attached to the patch cord for imaging were afforded free movement
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within the cage via connection with an optical swivel (Doric). Light delivered to the brain was
measured at ~30mW at the fiber tip before each imaging session using a digital handheld

optical power and energy meter console (Thorlabs, PM100D).

5.8.2 Fiber Photometry Data Analysis

AF/F (change in fluorescence over fluorescence) signals from the output of the fiber
photometry acquisition system were calculated with custom written MATLAB software. The
value at each peak in the sinusoidal signal for both color channels was detected, resulting in an
effective sampling rate of 211 Hz. Each signal was low-pass filtered with a Butterworth filter
at 15Hz and fit to a double exponential decay function, which was subtracted to correct for
photobleaching that may have occurred over the course of the recording session. The red
channel was used to correct for any movement artifact in the signal during freely moving
recording sessions. To achieve this, a robust regression was used to compute a linear function
for predicting the activity-independent component of the green signal based on the red. This
prediction was then subtracted from the actual green channel signal. Finally, the result was
mean subtracted and divided by the mean to calculate AF/F. AF/F signals from each mouse
were Z-scored across all recording sessions from that mouse to compare activity across
postnatal days (denoted as Zdff for “Z-scored AF/F”). For freely behaving event associated
responses (Figure 2.5, Figure 2.6), Zdff responses were background subtracted (background
taken was the period 10 seconds before event onset to 5 seconds before event onset). This range
for background subtraction was chosen so as to not interfere with any pre-event activity (we
had noticed that responses to pup contact in particular would tend to ramp up before the actual

event). Headfixed responses to pup USV presentation were used to confirm signal in
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experimental subjects. Paired t tests of the average Zdff ACtx PV activity 2 seconds before
and 2 seconds after each stimulus onset were used to determine if subjects demonstrated

sufficient signal to be included in further analysis.

5.9 Low Frequency Fluctuations in Fiber Photometry Signal

The percentage of power in the 0 to 0.5Hz frequency band of the fiber photometry Zdff
signal for each recording was used to quantify the presence and absence of fluctuations in fiber
photometry traces of PV-Cre and PVMHET surrogates, respectively. The 0 to 0.5Hz frequency
range was chosen to incorporate the distinctive, low frequency fluctuations in the PV-Cre
surrogate’s traces, as an initial manual inspection of the traces determined that these
fluctuations had durations on the order of 2-3 seconds. Total power in the signal was capped
at 20Hz for computations of the percentage of total power, given anything above this frequency
exceeds the imaging limitations set by the use of Cre-dependent GCaMP7s. The built-in
MATLAB function “bandpower” was fed the Zdff traces of individual sessions as input, and
calculated the average power within the specified frequency band. A single value was reported
for each animal, and was comprised of the average value for all recorded trials across all

postnatal days for that mouse (trials included “alone in cage”, “pups in nest habituation”, and

“full retrieval”).

5.10 Presentation of Ultrasonic Vocalizations

During headfixed fiber photometry sessions, two auditory stimulus sets were presented

to experimental subjects. The first was a set of tones, consisting of 7 log spaced pure tones
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from 4-32 kHz in frequency, and the second consisted of 8 pup ultrasonic vocalizations
recorded from CBA/CalJ mouse pups in-house on either postnatal day 2 (calls 1-4) or postnatal
day 4 (calls 5-8). Auditory stimuli were presented in a pseudo-random order over 20 trials with
a 10 second inter-stimulus interval. A National Instruments DAQ (NI-USB 6211) was used to
trigger auditory stimuli during simultaneous acquisition of fiber photometry data using custom
written MATLAB software. Stimuli were triggered through an electrostatic speaker driver to
an electrostatic speaker (ED1/ES1, Tucker-Davis Technologies) positioned 4 inches behind
the animal’s head. Stimuli were low-pass filtered and amplified at 100kHz using a custom filter
and preamp (Kiwa Electronics). A sound level meter (Extech Model 407736) was used to
calibrate the RMS for all stimuli to 70 dB at the position of the animal’s head. The head fixed
data shown in Figure 2.2E was taken from Rupert et al., 2023 and includes results from 9 PV-
Cre and 8 PVMHET surrogates (Rupert et al. 2023). Since the publication of that pre-print,
additional animals have been used for freely-moving behavior studies (PV-Cre, N=12 total (3
additional); PVMHET, N=10 total (2 additional)). These animals were also subject to the
headfixed USV playback paradigm to ensure sufficient fiber photometry signal, but are not

included in Figure 2.2E.

5.11 Fiber Photometry and Chondroitinase ABC Removal of PNNs

In order to determine if directly disassembling PNNs would result in low frequency
ACtx PV fluctuations in PVMHETsSs, we used the enzyme Chondroitinase ABC to dissolve
PNNs while monitoring ACtx PV activity using fiber photometry. The differing timescales for
enzymatic and viral processes necessitated a two-tiered surgical approach — experimental mice

underwent 2 procedures that occurred 3 weeks apart. First, PVMHET females were injected in
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the left ACtx with Cre-dependent GCaMP7s as previously described in section 5.4.1.1
(Procedures for Fiber Photometry Experiments). 3 weeks later in a second surgical procedure,
the enzyme Chondroitinase ABC (0.3ul of 50 U ml! per site, 6 sites per hemisphere, in 0.1%
BSA/0.9% NaCl solution; Sigma Aldrich) was bilaterally injected into the ACtx, and an optical
fiber implant was inserted into the left ACtx. Control animals were subject to the same
procedures, but instead were injected with the control enzyme penicillinase (0.3ul of 50 U ml
! per site, 6 sites per hemisphere, in 0.1% BSA/0.9% NaCl solution; Sigma Aldrich). The
different timescales on which the AAV and enzymatic processes occur necessitated the
separate surgical procedures— the AAV required sufficient time to express before imaging, but
the Chondroitinase ABC enzyme needed to be introduced as close to maternal experience as
possible so PNNs would be dissolved during the perinatal period. Therefore, surrogates were
paired with dams that were about to give birth immediately following their second surgery,
and pups were born anywhere from 1-3 days later. Following pup birth, surrogates were subject
to the same freely moving and headfixed fiber photometry experiments as described in Figures

2.2 and 2.3.

5.12 Pupillometry Setup

Pupil activity was monitored during headfixed fiber photometry sessions to assess the
relationship between ACtx PV interneuron activity and pupil diameter (an established proxy
for arousal and attention) (Bradley et al. 2008; Reimer et al. 2016, 2014; McGinley et al. 2015;
Steinhauer et al. 2004; Tursky et al. 1969; Zekveld et al. 2018; Privitera et al. 2010; Lisi et al.
2015; Zhao et al. 2019; Zekveld et al. 2010; Winn et al. 2015; Poulet 2014; Vinck et al. 2015;

Bala and Takahashi 2000). The pupil was captured using a DCC1545M High-Resolution
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CMOS camera with 10Hz resolution (ThorLabs), and the pupillometry video was synced to
the simultaneously acquired fiber photometry data using a time-locked infrared light flash
visible in the pupillometry video that was automatically triggered at the onset of the fiber
photometry data acquisition. Each pupillometry session consisted of a series of trials in the
following sequence: no stimulus (5 minutes), pure tones playback (12 minutes), pup ultrasonic
vocalizations playback (12 minutes), tactile stimulus (5 minutes, experimenter would touch the
mouse on the back with a cotton swab at approximately 30 second intervals), no stimulus (30
minutes), no stimulus (5 minutes). The Pearson’s R value for each mouse was the average of
the Pearson’s R value of all trials for that subject. Pupillometry experiments were conducted
while either monitoring PV interneuron activity in the ACtx (AAV9-syn-FLEX-jGCaMP7s-
WPRE; Addgene Plasmid #104491), or ACh detection in the ACtx (AAV9-hSyn-DIO-
GRAB Ach3.0, WZ Biosciences).

In addition to monitoring the pupil and acquiring fiber photometry data, the mouse’s
locomotion was also tracked based on wheel movement. To assess whether pupil diameter was
only correlated with ACtx PV activity while the subject was running, the time vector of the
experiment was binned into seconds, and wheel movement was binarized into movement or no
movement bins. The correlation between the two signals was computed and compared between

the entire duration of the session, and the session with the movement epochs removed.

5.13 Pupil tracking with DeepLabCut

The machine learning software package, DeepLabCut was implemented to track pupil
diameter in the acquired pupillometry videos (Mathis et al. 2018). 4 markers were used to train

the model — the top edge of the pupil, the right edge of the pupil, the bottom edge of the pupil,
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and the left edge of the pupil. 15 frames from each video were used to train the model to ensure
a robust and diverse training set. The labeled data, where the 4 edges of the pupil are
represented as coordinates in each frame of every video, was exported to MATLAB for further
analysis. Pupil diameter was calculated in units of pixels, based on the linear distance between
the top and bottom edge of the pupil in each frame. In rare cases where one or both of these
markers was obscured throughout the video recording (ex. under the eyelid), the linear distance

between the left and right edges of the pupil was used to calculate the pupil diameter.

5.13.1 Correlation of Pupillometry and PV Interneuron (or Acetylcholine)
Activity

Given the sampling rate of 211Hz for fiber photometry data acquisition, and the 10Hz
sampling rate for the acquired pupillometry video, both signals were down sampled to a
common denominator of seconds. At this resolution, the relationship between Zdff and pupil
diameter were compared, and a Pearson’s correlation coefficient between the two was
computed for each trial. The Pearson’s correlation coefficient for all trials from a mouse were

averaged to yield a single value per mouse.

5.14 Histology

Immediately following the maternal pup retrieval assay on P5, mice received a lethal
dose of pentobarbital (Euthasol), and were transcardially perfused with PBS followed by 4%
paraformaldehyde. Following the perfusion, the brain was immediately extracted and post-
fixed overnight at 4°C. Brains were then transferred to a solution of 30% sucrose in PBS and

stored at -4°C. Brains were sectioned in the sagittal plane on a freezing microtome (Leica) at
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a thickness of 50um and stored in cryoprotectant (a combination of sucrose (.3g/ml), polyvinyl-
pyrrolidine (.01g/ml), and ethylene glycol (.5ml/ml) in .1 M in PB) at -20°C. For visualization
of GCaMP7s expression from fiber photometry animals, brain sections were first incubated
with a primary antibody raised against GFP in chicken diluted 1:1000 in PDT (0.5% normal
donkey serum, 0.1% Triton X-100 in PBS) at 4 degrees overnight, and then stained with a
secondary anti-chicken Alexa 488 fluorophore raised in goat and diluted 1:500 in PDT for 2
hours at room temperature.

For immunolabeling of perineuronal nets and the quantification of DREADD spread
for the chronic inhibition of PV interneurons experiment, brains were cut in half down the
midline at the time of sectioning and separated into the left and right hemispheres before
acquiring sagittal sections. Right hemisphere sections were stained for perineuronal nets and
the mCherry tag on the DREADD construct. Left hemisphere sections were stained for GFP
(to visualize GCaMP7s expression), and the mCherry tag on the DREADD construct. For right
hemisphere sections, brain sections were first incubated with primary antibodies raised against
Lectin in Wisteria floribunda with biotin conjugate (WFA) diluted 1:500, and against mCherry
in rabbit diluted 1:1000 in PDT (0.5% normal donkey serum, 0.1% Triton X-100 in PBS) at 4
degrees overnight. The next day they were stained with a secondary Alexa 488 conjugate
fluorophore and a secondary anti-rabbit Alexa 594 fluorophore raised in goat, both diluted
1:500 in PDT for 2 hours at room temperature. Left hemisphere sections were stained for GFP
(to visualize GCaMP7s expression), and the mCherry tag on the DREADD construct. Left
hemisphere brain sections were first incubated with primary antibodies raised against GFP in
chicken diluted 1:1000, and against mCherry in rabbit diluted 1:1000 in PDT (0.5% normal

donkey serum, 0.1% Triton X-100 in PBS) at 4 degrees overnight. The next day they were
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stained with a secondary anti-chicken Alexa 488 fluorophore raised in goat and a secondary
anti-rabbit Alexa 594 fluorophore raised in goat, both diluted 1:500 in PDT for 2 hours at room
temperature. All antibodies are from Thermo Fisher Scientific, except for the primary antibody
against lectin which is from Sigma-Aldrich. Sections were mounted onto slides using

Fluoromount (SouthernBioTech), coverslipped, and stored at -4°C.

5.15 Fluorescence Microscopy

For all imaging excluding that involving PNN analysis, slides were imaged under an
epifluorescence microscope (Olympus BX43) at either 4x or 10x magnification. For images
used to analyze PNNs, 20x magnification Z-stack images were taken on a 710 confocal
microscope (Zeiss) in line scan mode. The spectra for each channel were adjusted to optimize
the signal to noise ratio from representative sections. Settings included: bit depth =12 bit; laser
power = 1%; gain = 700 for green channel, 750 for red channel; pin hole size = 1 airy unit; full
dynamic range 1024x1024 smoothness; averaging = 4; image tiling set to a 2x3 configuration
for acquisition. Tiled images were stitched together using ZEN software (2012 SP5) before

being exported to FIJI for further analysis.

5.16 Quantification of Perineuronal Nets

Confocal images from the right hemisphere ACtx of animals from the chronic PV
inhibition experiments were acquired as described above. Images were subsequently exported
to FIJI for PNN quantification (Schindelin et al. 2012). 4 sagittal images were taken from

similar anterior/posterior planes of section from each mouse, guided by the Allen Brain Atlas
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(Lein et al., 2007). Z stacks were collapsed to generate a maximum projection image for each
color channel. 10 PNNs were randomly selected from the same dorsal/ventral location within
ACtx, and were categorized as either surrounding hM4Di/tdTomato-positive cells or not
surrounding hM4Di/tdTomato-positive cells. The intensity of each PNN was determined by
manually outlining the structure and applying the area integrated density function in FIJI.
Background fluorescence intensity for each section was subtracted from each PNN intensity

value.

5.17 Statistical Analysis and Figure Generation

GraphPad Prism was used for all statistical analysis. Throughout the thesis, the following
notation style is used: p<0.05 (*), p<0.01 (**), p<0.001(***). Figures were generated either
in MATLAB or Python, and experimental schematics were created using BioRender and

Adobe Illustrator.
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Chapter 6: Conclusions and Perspectives

Through this work, we endeavored to reveal the real-time contributions of the ACtx PV
network to maternal pup retrieval behavior, and any aberrations that may underlie retrieval deficits
in a mouse model of Rett Syndrome (RTT). Previous studies implicating the ACtx PV network as
a key site of dysregulation during the perinatal period were limited in their ability to address this
question — either revealing ACtx PV abnormalities in postmortem histology, or monitoring single
unit activity in a headfixed experimental set up (Krishnan et al. 2017; Lau et al. 2020; Rupert et
al. 2023). These restrictions have so far impeded our understanding of the real-time ACtx PV
network contributions to retrieval, and the direct behavioral consequences of its dysregulation in
the RTT model. Here, for the first time, we have monitored ACtx PV activity during retrieval
behavior over the course of the postnatal period. Our results provide hitherto unequaled insight
into ACtx PV dynamics in freely behaving animals, and a cell-type specific network underlying
adult experience-dependent plasticity. Our findings have contributed several key results towards
our understanding of this complex, learned behavior and the network-level processes that facilitate
it:

- Using fiber photometry to monitor the ACtx PV population in both wild type and RTT
model surrogates, we discovered a lack of low frequency ACtx PV fluctuations in RTT
model surrogates that were a characteristic signature of wild type ACtx PV activity
(Chapter 2).

- For a primary sensory cortex, ACtx PV activity in wild type surrogates reflected far more

than merely sensory information (Chapter 2).
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- Low frequency ACtx PV fluctuations were tightly coupled with pupil size, a proxy for
arousal and attention. This observation gave rise to the possibility that the ACtx PV
fluctuations are reflective of a network state that facilitates adult experience-dependent
plasticity and learning (Chapter 3).

- Chronic, but not acute, ACtx PV inhibition in the RTT model rescued pup retrieval
performance, disassembled PNNs in a PV cell autonomous fashion, and induced the

emergence of modest low frequency ACtx PV fluctuations (Chapter 4).

6.1 Where Does the ACtx PV Network Fit into the Overall Execution of
Maternal Pup Retrieval Behavior?

For the first time, we directly monitored ACtx PV activity in freely moving animals as they
engaged in maternal pup retrieval behavior. In doing so, we were able to elaborate on the role of
the ACtx PV network for learning during a naturally occurring period of adult experience-
dependent plasticity. However, our focus on this limited inhibitory subpopulation is merely one
piece of an elaborate puzzle that supports the complex social behavior that is pup retrieval.

As key integrators and orchestrators of neural activity, the ACtx PV population exerts
considerable influence on local microcircuit dynamics. Indeed, restricting MeCP2 knockout to
distinct subpopulations (namely PV, VIP, SST, or EMX neurons) has revealed that only MeCP2
knockout in PV or EMX-positive neurons is sufficient to disrupt retrieval behavior (Rupert et al.
2023). When considering the relative proportion of neurons that each of these populations
represent (PV comprising ~20% of all cortical neurons, EMX the ~80% of cortical excitatory
neurons), it is impressive that such a small population of inhibitory interneurons is capable of

achieving the same overall effect on behavior as the manipulation of 80% of the neocortex
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(Markram et al. 2004; Petilla Interneuron Nomenclature Group et al. 2008; Tremblay et al. 2016;
DeFelipe et al. 2013). However, the cell-type specific effects of MeCP2 mutation and how the
resulting aberrations to activity patterns of individual subpopulations may feed into each other and
alter dynamics within the ACtx microcircuit remain unclear. Indeed, it is particularly difficult to
disentangle and pinpoint wholly disparate sources of dysregulation within such an interconnected
circuit.

Zooming out from the ACtx microcircuit, a larger question remains as to exactly how the
ACtx may be supporting the retrieval behavior, and how ACtx PV activity may influence ACtx
output that is utilized by downstream targets for additional computations. Through the current
work, we have contributed to the ever-growing body of evidence that the ACtx is capable of much
more sophisticated computations apart from mere sensory processing. Indeed, we have shown that
ACtx PV activity not only reflects non-auditory events (Chapter 2), but also may be more
intimately linked to the animal’s overall state of arousal which may aid in pup retrieval (Chapter
3). One of the early indications that the ACtx was not exclusively reflecting auditory information
came in the 1950s when Hubel and colleagues discovered what they coined “attention units” in
the cat ACtx. These single units would only be responsive if a cat was “paying attention” to the
sound source (Hubel et al. 1959). Indeed, the idea that there could be some neural representation
of attention in the ACtx is a particularly attractive idea for the interpretation of our findings from
Chapter 3 in which we propose the ACtx PV network fluctuations may in some way reflect
attention given their close coupling to pupil diameter. In further support of this idea, we propose
that the exceptionally strong response that we see in the ACtx PV population to the door opening
during single pup retrieval trials may also reflect an event that engages the animal’s attention as it

signals the start of a retrieval trial. Apart from attention, the events, processes, and states that ACtx
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activity appears to encode has only grown over time— many far removed from pure sensory
processing. Several studies have now demonstrated that the ACtx plays a role in perceptual
decision-making, performs multisensory integration, and reflects locomotion (Tsunada et al. 2016;
Francis et al. 2018; Niwa et al. 2012; Znamenskiy and Zador 2013; Hackett and Schroeder 2009;
Werner-Reiss et al. 2003; Ghazanfar and Schroeder 2006; Lakatos et al. 2007; Zatorre et al. 2007;
Yavorska and Wehr 2021; Kuchibhotla and Bathellier 2018; Schneider and Mooney 2018). Thus,
ACtx may serve as a critical circuit node linking sensory representations with behavioral variables.
This status lends credence to our initial hypothesis proposing its role in the regulation of the
sensory-driven behavior that is pup retrieval.

With regards to the retrieval deficits we report in the PVMHET surrogates, it is difficult to
pinpoint the local ACtx PV network as the definitive site for behaviorally disruptive dysregulation.
Indeed, pup retrieval is an incredibly complex, multisensory behavior with many brain regions
implicated in its successful execution — the MPOA, LC, ACC, amygdala, and VTA to name a few
(Fang et al. 2018; Dvorkin and Shea 2022; Xie et al. 2023; Corona et al. 2022; Nowlan et al. 2022).
How aberrant ACtx PV network activity in the PVMHETSs impacts overall ACtx output and
projections to other key regions implicated in the behavior is unknown. The global penetrance of
the MeCP2 mutation and its mosaic expression pattern resulting from random X chromosome
inactivation in these surrogates further exacerbates this issue, as dysregulation in other regions and
their relative MeCP2 mutational burdens is likely also reflected in retrieval performance. However,
prior work by Rupert et al. have restricted the MeCP2 knockout specifically to ACtx PV neurons
in adulthood with a temporally and spatially restrictive viral strategy, and show that this
manipulation delays the acquisition of pup retrieval (Rupert et al. 2023). Taken together, these

results support the claim for the ACtx PV population as a critical node in the overall network
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contributing to the learning and execution of pup retrieval, but we are currently unable to
disentangle the unique contribution of ACtx PV network activity from that of downstream targets

when it comes to their ultimate influence on behavior.

6.2 How We Think About PV Neurons in Plasticity Periods

Much of the discourse regarding the role for PV neurons in regulating critical periods for
plasticity surrounds their maturity and concomitant engulfment by PNNs. Indeed, PV activity
positively regulates PNN formation, and PNNs have been shown to lock encapsulated PV neurons
into high firing rate activity patterns (Briickner et al. 1993; Hértig et al. 1999; Wingert and Sorg
2021; Reimers et al. 2007; Favuzzi et al. 2017). Therefore, we propose that chronically elevated
ACtx PV activity is a plasticity deterrent, and reflective of a network state that is not conducive to
learning. We are not the first to hypothesize the existence of such a state; indeed, both ‘low’ and
‘high’ PV network configurations have been described in the hippocampus based on PV activity
levels. These PV network designations in the hippocampus are tied to learning and memory, and
the PV network state reconfigures from a low-PV activity to a high-PV activity state upon learning
completion (Donato et al. 2013). This shift following learning is consistent with our conceptual
framework — we propose that PVMHETSs have a premature ‘high-PV state’ at the onset of maternal
experience that impairs learning. Interestingly, pharmacological hippocampal PV inhibition to
induce the ‘low-PV-network configuration’ enhances memory consolidation and retrieval, similar
to how chronic ACtx PV inhibition rescued PVMHET retrieval behavior in the current study
(Chapter 4). Importantly, the pharmacological inhibition paradigm in both cases was designed so
as to not capture the acute effects of agonist administration and PV network silencing during

learning and memory tasks, but to reconfigure the PV network prior to testing (Donato et al. 2013).
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Taken together, our proposed model for a PV network state shares many similarities with that
described in the hippocampus by Donato and colleagues, and essentially suggests that elevated PV
network activity is not conducive to learning (Donato et al. 2013).

While we and others have shown that PV activity cell-autonomously regulates PNN
assembly, the population level consequences of widespread PNN assemblies on PV network
activity are much less understood (Devienne et al. 2021; Hartig et al. 1992; Pizzorusso et al. 2002;
Dityatev et al. 2007; Reimers et al. 2007; Favuzzi et al. 2017). The modest emergence of low
frequency fluctuations in the ACtx PV activity following chronic PV inhibition (and the resulting
degradation of PNNs) in PVMHETSs suggests that PNNs do alter population-level PV activity
dynamics. However, whether the emergence of these fluctuations is due to changes in synaptic
connectivity following PNN disassembly, or coincident changes in the activity patterns of large
groups of individual PV neurons remains unclear. The heightened PNN presence in PVMHETSs
may also affect PV-orchestrated gamma oscillations (cortical rhythms that typically emerge during
periods of heightened arousal or attention). Indeed, both enzymatic degradation of PNNs by
Chondroitinase ABC and PNN destabilization in mice deficient in a key extracellular matrix
component critical for PNN formation have been shown to increase gamma power (Lensjo et al.
2017; Gurevicius et al. 2004; Wingert and Sorg 2021). Disrupted gamma oscillations in PVMHETSs
may also negatively impact retrieval behavior by limiting surrogates’ attentional capacities.

While, to our knowledge, we are the first to report these low frequency fluctuations (and
the lack thereof in MeCP2"**), we are currently only able to speculate as to their functional
significance and the underlying network computations that they reflect. We propose that, like the
distribution of PNNSs, this characteristic activity pattern represents a signature of a ‘PV network

state’ that is equipped to meet plasticity demands as they arise. Indeed, these fluctuations are
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consistently seen in freely behaving mice, are context-independent, and even precede the onset of
maternal experience (Chapter 3). Clearly, these fluctuations are not required for the acute
performance of pup retrieval, as pharmacological ACtx PV inhibition did not impair retrieval
performance in wild type surrogates (Chapter 2). It may be that the bulk of the learning necessary
to execute the behavior occurred during natural interactions with pups when the ACtx PV network
was online (outside of the 15 minute retrieval assay). In this time, a more efficient motor program
may have been consolidated and stored outside of the ACtx that allowed the surrogate to
successfully execute the behavior during retrieval assays when the ACtx PV population was
pharmacologically inhibited. Taken together, it appears that low frequency ACtx PV fluctuations
are critical for successful learning to occur (although not necessarily needed during the
performance of the behavior itself), and that their presence may reflect a network state prepared to
meet plasticity demands in adulthood.

Given the tight coupling between pupil size (an established proxy for attention and arousal)
and ACtx PV activity, we propose that the presence of low frequency fluctuations in the ACtx PV
activity may either reflect or influence phenomena like cortical state transitions. Indeed,
heightened attentive states may facilitate successful retrieval by allowing surrogates to more
readily attend to pups in need. More specifically, an elevated attentional capacity may allow for
more reliable detection of pup USV distress cries and increase the likelihood of retrieval. Given
the strong thalamic and neuromodulatory (specifically cholinergic) inputs onto ACtx PV neurons,
future work may look to understand their interaction and coordination with respect to cortical state
transitions. Inhibitory interneurons often show both context and state-dependent activity
modulation, although it is unclear whether this is a driving factor in state transitions, or a byproduct

of such a cortical state change (Pakan et al. 2016; Petersen and Crochet 2013; Vinck et al. 2015).
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However, the large magnitude of the low frequency fluctuations seen in ACtx PV activity with
fiber photometry would suggest that there is strong reciprocal connectivity and synchronous
activity within the PV network. Such a connectivity pattern is critical for the generation of cortical
gamma rhythms which appear during times of heightened attention (Galarreta and Hestrin 1999;
Sohal et al. 2009; Cardin et al. 2009; Bartos et al. 2007; Borgers et al. 2008; Bosman et al. 2012;
Kim et al. 2016, 2015). Therefore, the low frequency fluctuation signature may also reflect a PV
network state capable of strong gamma rhythm generation to facilitate attention and successful

learning.
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Figure 6.1: Proposed model for lack of ACtx PV low frequency fluctuations in MeCP2"! mice.
We propose that the well-documented strong PV-PV connectivity in wild type mice results in highly
synchronous ACtx PV neural activity. Such synchronous population activity is reflected in the
pronounced peaks of the wild type fiber photometry signal. In contrast, we propose that the
overexpression of PNNs in MeCP2"! surrogates impairs PV-PV connectivity. This weakened PV-
PV connectivity results in less synchronous PV population activity, which is reflected in the lack of
ACtx PV low frequency fluctuations.
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6.3 Future directions

The results reported in this thesis shed significant light onto the role of the ACtx PV
network in facilitating periods of adult experience-dependent plasticity, and the consequences of
this network’s dysregulation. Furthermore, our findings have bolstered the case for PV network-
targeted therapeutic interventions for neurodevelopmental disorders such as RTT that are
characterized by neural plasticity aberrations. Specifically, our results suggest that the timing of
such interventions is critical, and would be optimal during periods of heightened plasticity
demands. However, by no means do our findings leave us with a complete picture of how the ACtx
PV network regulates critical periods for plasticity. While we have proposed various additional
experiments to complement our current results throughout this thesis, here we will outline several
broad directions for future study to address some of the outstanding ambiguities:

- How does aberrant ACtx PV activity affect other neuronal subpopulations within the ACtx
microcircuit, and ACtx projections to downstream targets?

- How generalizable are the low frequency ACtx PV fluctuations? Are they specific to the
ACtx, or are they seen in other cortical regions?

- How is PV-mediated inhibition modulated by behavioral states such as attention, arousal,
or emotional salience, and how might the PV population may play a role in these state
transitions?

- What are the cell-autonomous molecular events that relate PV activity and PNN assembly,

and what role may MeCP2 play in this molecular cascade?
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Taken together, investigations into these questions and more will help to refine our understanding
of the ACtx PV network’s role in facilitating adult experience-dependent plasticity, and the

network and behavioral-level consequences of its dysregulation in the disease context.

Fin
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