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ABSTRACT OF THE DISSERTATION

Developmental dysregulation of sensory-induced responses

in the somatosensory cortex of Fmrl KO mice

Erica Darlene Arroyo

Doctor of Philosophy in Neuroscience

University of California, Los Angeles, 2018

Professor Carlos Portera-Cailliau, Chair

Autism spectrum disorders (ASD) are associated with atypical sensory processing and sensory
hypersensitivity, which lead to maladaptive behaviors, such as tactile defensiveness, and possibly
contribute to symptoms of inattention, anxiety and learning disabilities. Disruptions in experience-
dependent maturation of circuits during early brain development could give rise to altered sensory
perception in ASD, but this has not been thoroughly investigated. Focusing on Fragile X
Syndrome (FXS), the most common inherited form of autism, I tested the hypothesis that neural
circuits in primary somatosensory (S1) cortex do not mature properly in response to sensory inputs.

during critical and sensitive periods. Cortical dendritic spines in adult FmrI knockout (KO) mice,
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a model of FXS, are known to be unstable and insensitive to sensory input deprivation, but when
this begins in development is not known. I used chronic in vivo two-photon microscopy to image
layer 2/3 of S1 cortex of wild type (WT) and Fmrl KO mice. Exposing 2-week-old WT mice to
a brief (overnight) period of dramatically enhanced sensory experience led to a significant increase
in spine density, whereas the numbers of spines in Fmr/ KO mice did not change. Next, I tested
whether manipulations of inhibition could rescue cortical circuit defects in Fmrl/ KO mice. I
imaged intrinsic signals and found that single whisker maps in S1 cortex were abnormally large in
Fmrl KO mice starting at 2 weeks of age. Early intervention with the NKCCI1 inhibitor,
bumetanide for 2 weeks starting at birth corrected the size of whisker maps, even up to adulthood.
I conclude that Fmrl KO mice are unable to modulate post-synaptic dynamics in response to
increased sensory input, at a time when sensory information processing first comes online in the
cortex, which could play a role in altered sensory processing in FXS. Strategies that enhance

inhibition could potentially rescue such circuit defects in FXS.
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Introduction



Sensitive and critical periods during development

Early brain development involves a well-orchestrated series of events by which circuits are
assembled and refined through experience, ultimately giving rise to sophisticated
computations necessary for a variety of basic autonomic functions as well as complex
cognitive tasks. These complex cascades of events are controlled by transcriptional programs
and epigenetic interactions that, together, serve as instructions for building the brain by
generating a myriad of interconnected molecular pathways (Lambroso and Rubenstein, 1998;
Jessell and Sanes, 2000; Tam et al., 2016; Cariaga-Martinez et al., 2018). The gross
architecture of the brain is constructed in many developmental stages, including cell
proliferation, signal-guided navigation of cells, neuronal process extension and pathfinding
via guidance and avoidance cues, and activity-dependent refinement of short- and long-range
circuit connectivity (Jessell and Sanes, 2000; Pencea et al., 2001; Rash and Grove, 2006;
Ghashghaei et al., 2007; Bystron et al., 2008; Tau and Peterson, 2010). As individual neurons
pair with their appropriate synaptic partners, the basic organization of circuitry emerges,
followed by synaptic refinement and maturation (Molliver et al., 1973; Fiala et al., 1998;
Tashiro et al., 2003). In the somatosensory cortex, the latter steps depend on sensory input
(Landers and Sullivan, 1999; Erzurumlu and Gaspar, 2012; Begum and Sng, 2017). Critical
periods are defined as distinct windows of time during which specific circuits become “hard-
wired” in the brain, such that disruptions after the window has closed lead to irreversible
consequences (Hensch, 2005; Meredith, 2015). The classic example of this phenomenon is
detailed in the Hubel and Wiesel’s elegant studies wherein the authors sutured one eye of a
cat during development. This led to preferential ocular dominance columns associated with

the open eye, and demonstrated that after critical window was closed, opening of the sutured
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eyelid could not reverse ocular dominance (Hubel and Wiesel, 1970). Similarly, sensitive
periods are characterized by important windows of time when developmental trajectories
associated with massive changes occur, such as elevated synaptic plasticity, but whose
repercussions are less well understood and may or may not be irreversible (Knudsen, 2004;
Meredith et al., 2012; Meredith, 2015). How and when these sequential events unfold have
significant consequences, as slight perturbations of genetic and epigenetic components, even
if only transiently, can lead to lifelong dysregulation of brain function (Hensch, 2005;
Cariaga-Martinez et al., 2018). Therefore, the brain is especially vulnerable to genetic and

environmental deviations during certain epochs of development (Meredith et al., 2012).

Neurodevelopmental disorders and autism spectrum disorders

Symptoms of neurodevelopmental disorders, such as autism spectrum disorders (ASD) and
intellectual disability (ID), emerge in early childhood and are characterized by a series of
developmental delays including in motor learning, language development and cognitive
functions (Filipek et al., 1999). Because the succession of developmental milestones in
typically developing individuals is thought to reflect neural circuit maturation across brain
regions (Tau and Peterson, 2010), ASDs are collectively thought of as disorders of circuit
function arising from altered developmental trajectories (Belmonte et al., 2004; Fagiolini and
Leblanc, 2011). Furthermore, ASD exhibit a wide-range of phenotypes (and severities
thereof) including sensory hyper — and hypo — sensitivity, social communication impairments,
restricted interests, repetitive behaviors and epilepsy. ASD also often shows comorbidity

with other disorders such as depression, anxiety and attention-deficit hyperactivity disorder
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(ADHD), which has the highest co-occurrence (30-50%) (Leitner, 2014). Although the
hallmarks of ASD appear variegated, they share an underlying commonality of circuit
dysfunction. One such manifestation of circuit dysfunction is sensory hypersensitivity, which
is one of the most prominent features across different forms of ASD (Belmonte et al., 2004;
Cascio, 2010). Sensory hypersensitivity is also one of the first indications of ASD beginning
in childhood and coincides with a period of development when external sensory information
instructs the refinement of sensory circuits required for proper integration (Miyazaki et al.,
n.d.; Leekam et al., 2007; Cascio, 2010; Tau and Peterson, 2010). Sustained sensory
processing deficits therefor indicate problems with circuit assembly during early critical and

sensitive periods.

In light of sensitive and critical periods, delays in circuit maturation likely have profound
ramifications that extend beyond development into adulthood (Knudsen, 2004; LeBlanc and
Fagiolini, 2011; Meredith, 2015). Determining the most efficacious treatment options for
ASD and ID may therefore require early time-specific interventions (Filipek et al., 1999;
Winarni et al., 2012; Gliga et al., 2014). But which brain circuits are affected in ASD and ID
is poorly understood. Moreover, even less is known about how circuit assembly and

refinement is affected in ASD.

Of particular interest is Fragile X Syndrome (FXS), which is a neurodevelopmental disorder
characterized by ID, hyper-activity, hypersensitivity to sensory stimuli, and behavioral symptoms
associated with idiopathic ASD such as social communication and interaction deficits, language

delay and repetitive motor behaviors (Smith et al., 2012; Chang et al., 2013). FXS is one of the



most common inherited forms of ASD and shows comorbidity prevalence in 7-25% of individuals
with FXS (Gabis et al., 2011), although more recent estimates are as high as 15-52% (Bailey et al.,

2008; Hernandez et al., 2009).

Fragile X Syndrome is a disorder of synapses

FXS is caused by the silencing of the Fmrl gene, which encodes a translational repressor, the
fragile X mental retardation protein (FMRP). Silencing is caused by an expansion of CGG repeats
inthe 5° UTR of the Fmrl gene (Fuetal., 1991; Verkerk et al., 1991). When the repeat expansion
exceeds 200 repeats, hypermethylation of the gene leads to near complete silencing across brain
regions (Malter et al., 1997). FMRP expression is developmentally regulated and is widely thought
to be critical for proper synapse development both structurally and functionally. It also plays a
role in synaptic plasticity: in response to the glutamatergic receptor (mGlur) 1/5 activation,
FMRP forms complexes with ribonucleoproteins within which it negatively regulates the
expression of key synaptic targets such as MAP1B, PSD-95, and CamKII (Lu et al., 2004; Zukin
et al., 2009; Darnell et al., 2011). Notably, FMRP targets may comprise as much as 30% of the
post synaptic density (PSD) proteome (Darnell et al., 2011; Darnell and Klann, 2013). Because
FMRP is silenced in FXS, excess translation of synaptic protein occurs (Penagarikano et al., 2007;
Darnell and Klann, 2013), which likely leads to persistent alterations in synaptic plasticity.
Likewise, other forms of ASD and ID are also considered synaptopathies (Won et al., 2013). More
specifically, pathways regulated by FMRP have been implicated in other ASD (Nomura et al.,
2008; Jiang et al., 2013; Abekhoukh and Bardoni, 2014) suggesting that FXS and ASD likely share

a suite of common endophenotypes.



The main neuro-anatomical defect observed in human FXS brains is the presence of immature,
filopodia-like, dendritic spines (Rudelli et al., 1985; Hinton et al., 1991; Irwin et al., 2000).
Similarly, cortical neurons of the best-studied mouse model of ASD and FXS, Fmrl knockout
(KO) mice, also show immature spines and reduced concentrations of mushroom-like spines,
which tend to be more stable (Dutch-Belgian Fragile X Consortium, 1994; Comery et al., 1997;
Yuste and Bonhoeffer, 2001; Irwin et al., 2002). Previous work from our lab and others have
shown that dendritic spines of neocortical pyramidal neurons in FXS mutant mice are also
abnormally unstable during both early postnatal development (Cruz-Martin et al., 2010) and in
adulthood (Pan et al., 2010; Padmashri et al., 2013). The same phenotype appears to occur in other
ASD mouse models (Isshiki et al., 2014). Because the dynamics of dendritic spines are regulated
by sensory experience (Holtmaat and Svoboda, 2009), it is conceivable that one problem with
Fmrl KO mice is that their spines are not modulated by changes in sensory inputs. Unfortunately,
to date no study has investigated the role of sensory experience in shaping synapses in Fmrl KO

mice during early postnatal development.

In one study where adult wild type (WT) mice were exposed to environmental enrichment (EE),
an increased rate of new spine generation was observed in layer (L) 2/3 and L5 pyramidal neurons
in S1 cortex (Yang et al., 2009; Jung and Herms, 2014). In contrast, L5 spines in adult Fmrl KO
mice do not show a response to changes in sensory experience (Pan et al., 2010). This failure of
spine modulation and maturation in response to sensory experience could potentially give rise to
hyper-excitability and sensory hypersensitivity, which arguably contribute to the most problematic
symptoms of FXS, including ID (Miller et al., 1999; Knoth et al., 2014). Furthermore, dysfunction

in structural (and functional) spine dynamics could lead to alterations in how neurons respond to



sensory input (experience-dependent plasticity), meaning that elevated turnover of spines and
altered plasticity may be intricately connected. However, little is known about how individual
spines respond to sensory stimulation both structurally and functionally. Given the important role
of spine dynamics in experience-dependent plasticity and learning (Knott and Holtmaat, 2008; Yu
and Zuo, 2011), the increase in spine turnover in cortical pyramidal neurons of the somatosensory

cortex could lead to alterations in sensory perception and cognition.

Another possibility is that presynaptic sites on axons, or ‘en passant’ boutons (EPB), contribute to
sensory dysregulation, although little is known about EPB dynamics in the neocortex. In rodents
during early development, when axonal processes extend and navigate to their proper destinations,
FMRP is expressed at the growth cones and along the shaft in puncta near synapses (Antar 2005,
Christie 2009, Akins 2012). At the growth cones, FMRP is thought to play a role in motility and
actin dynamics since in its absence, hippocampal growth cones are less motile and have more
filopodia extensions as compared to WT mice (Antar 2006). During early synapse development,
FMRP is first expressed in dendritic spines and later appears in axonal EPBs suggesting potential
roles in synaptic maturation (Till et al., 2012). After the first two post-natal weeks, FMRP is
massively down-regulated, although it continues to be expressed at pre (and post) synaptic sites
throughout adulthood suggesting additional roles in synaptic plasticity in EPBs. Indeed, studies
in the hippocampus, cortex and amygdala suggest that EPB dysregulation may also contribute to
errors in plasticity in FXS mice (Ruthazer and Stryker, 1996; Hanson and Madison, 2007; Akins
et al., 2009; Suvrathan et al., 2010; Deng et al., 2013; Ferron et al., 2014; Wang et al., 2014).
Given the localization and involvement in synaptic plasticity, FMRP function appears to be

necessary for proper synapse maturation at both pre- and post-synaptic elements during



development (Till et al., 2012) and later in synaptic plasticity. Thus, spine immaturity/instability
and presynaptic hyperexcitability in FXS likely have far-reaching effects, from cell-to-cell
communication, to circuit establishment/maintenance, and to behavior, making the study of
synaptic structures a critical facet in understanding FXS pathology, and one with potential broader

implications for ASD in general.

The fact that synaptic maturation may be delayed in FXS could of course explain the myriad
neurological and psychiatric symptoms of affected individuals. But it remains a mystery how
subtle defects in such a profoundly important developmental milestone that takes place throughout
the brain (i.e., synaptogenesis) could lead to specific symptoms, such as anxiety, attention deficit,
or impaired learning. One possibility is that different symptoms are caused by specific synaptic
defects in different brain regions (e.g., amygdala, neocortex, hippocampus). Hence, during my
thesis, I focused on a specific symptom in FXS (hypersensitivity to sensory stimuli) and set out to

identify how sensory experience shapes synapses in the somatosensory cortex.

Sensory over-reactivity in Fragile X Syndrome and autism

A common feature between ASD, FXS and other neurodevelopmental disorders is aberrant sensory
processing (Tomchek and Dunn, 2007) that often manifests (but is not limited to) as tactile
defensiveness. In fact, a majority of young children with autism respond inappropriately to
sensory stimulation (Leekam et al., 2007; Ben-Sasson et al., 2009); and in FXS, virtually all

patients have tactile defensive behaviors (Rogers et al., 2003; Baranek et al., 2008). For example,



FXS patients may show over-reactivity to tactile sensory stimuli, such as human touch or contact
with certain textures (Cascio, 2010). Tactile defensiveness may have other implications since
touch is the first sense to develop (Pihko and Lauronen, 2004) and because the tactile modality is
important for motor control development associated with posture / walking (Metcalfe et al., 2005)
and for fine motor movements, such as grasping and tool manipulation (Soechting and Flanders,
2008). It is possible that problems with sensory processing and sensory hypersensitivity (auditory
and somatosensory) contribute to delays in language development. Prior to verbal communication,
social communication transpires primarily through touch, suggesting tactile defensiveness may
also infringe upon early social bonding with caregivers (Cascio, 2010), in which case, tactile
defensiveness could manifests as an early form of a social deficit. Furthermore, recent studies
evaluating the intersection between sensory processing abnormalities and social/behavioral
irregularities, suggest that rather than occurring independently, sensory and behavioral phenotypes
are the product of cooperative interplay (Gliga et al., 2014; Ronconi et al., 2016; Thye et al., 2018).
The fact that sensory processing abnormalities exacerbate social and behavioral problems suggests

that targeting and correcting sensory abnormalities may have non-linear ameliorative outcomes.

The Fmrl knockout mouse model of FXS:

Because symptoms of FXS (including sensory overreactivity) begin in childhood, it is reasonable
to look for cortical abnormalities in brain development when meaningful activity patterns are being
established in response to sensory inputs. However, studying the precise circuits that encode
sensory information is not possible in humans given the limitations of brain imaging resolution.

Aforementioned, a prominent phenotype in FXS is the overabundance of immature cortical
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dendritic spines, which can only be studied in humans’ post mortem. Notably, imaging studies
reveal similar spine phenotypes in Fmrl KO mice (Dutch-Belgian Fragile X Consortium, 1994;
Comery et al., 1997; Yuste and Bonhoeffer, 2001; Irwin et al., 2002), which serves as a more
effective way to study circuit development due to: relative ease of genetic manipulation, ability
to study behavior, and because the brain can be interrogated using combinations of genetic
tools and in vivo imaging techniques. In addition to phenocopying spine abnormalities in
FXS, Fmrl KO mice exhibit many behaviors that correlate to FXS behaviors in humans
including learning and memory deficits, task inflexibility, social interaction abnormalities,
and heightened sensory responsiveness, making it an ideal model to study sensory processing

abnormalities in ASD.

Our lab recently showed that tactile defensive behaviors are present in early post-natal Fmrl KO
mice (He et al., 2017), around the time when mice begin exploratory behavior. This is a sensitive
period when cortical cell populations transition from highly correlated firing patterns to
desynchronized patterns, and when sensory stimuli-dependent processing first comes online
(Golshani et al., 2009; Rochefort et al., 2009; Frye and MacLean, 2016). This study also showed
maladaptive responses of layer 2/3 excitatory barrel cortex neurons during whisker stimuli:
repeated stimuli lead to a gradual reduction in neuronal firing (adaptation) in WT mice but not in
Fmrl KO mice. This suggests that aberrant cortical sensory processing is already present at the

onset of initial sensory integration, specifically around the second post-natal week.

Fmrl KO mouse model studies have provided invaluable insights into some of the major

molecular mechanisms that are, at least in part, responsible for circuit defects. One of the
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central dogmatic theories in FXS is that activation of the metabotropic glutamate receptor,
mGluR, leads to secondary messenger-dependent initiation of translation of synaptic proteins
(Bear et al., 2004; Matta et al., 2011). This activation of translation is counterbalanced with
FMRP translation repression. In FXS, however, excessive translation occurs in the absence
of FMRP, which leads to errors in synaptic plasticity (Bear et al., 2004; Muddashetty et al.,
2007; Nakamoto et al., 2007; Bassell and Warren, 2008). These studies championed the
notion that targeting mGluR pharmacologically would yield potential therapeutic options for
the treatment of FXS. Despite early success in mouse models and somewhat promising pre-
clinical trials, these strategies have not yielded viable treatments due to trials ending either
due to lack of phenotypic improvement and, in some cases, due to detrimental side effects
(Jacquemont et al., 2011; Bailey et al., 2016; Quiroz et al., 2016; Youssef et al., 2018).
Another parallel hypothesis is that hyperexcitability in FXS is caused by underperformance
of GABAergic interneurons, the main inhibitory neuronal population of cells (Rubenstein and
Merzenich, 2003; Belmonte and Bourgeron, 2006; Moy and Nadler, 2008; Lozano et al.,
2014). Although FMRP is thought of as a translational repressor, it also has non-canonical
functions and can lead to activation of translation (Willemsen and Kooy, 2017). In the
absence of FMRP, GABA receptor subunit (A) expression is reduced (D’Hulst et al., 2006;
Gantois et al., 2006) while catabolism of GABA is increased (Maravall et al., 2000; Adusei
et al., 2010) leading to an overall decrease in GABAergic inputs throughout the brain, which
is thought to underpin hyperexcitability. Indeed, evidence in the amygdala and subicular
neurons demonstrates that postsynaptic inhibitory GABA currents are reduced in Fmrl KO
mice (Curia et al., 2009; Olmos-Serrano et al., 2010). Importantly, as has been the case with

mGIluR antagonists, clinical trials targeting GABA have been unsuccessful (Berry-Kravis et
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al., 2012; Erickson et al., 2017; Ligsay et al., 2017). The reasons preclinical trials and animal
studies have yet to translate into treatment options have been heavily debated, with reasons
ranging from unreliable outcome measures due to parental reporting, to issues with dosage.
Another possibility is that these targets are too far upstream and whose antagonism interferes
with molecular cascades important for circuit function. It is also possible that targeted early
intervention in combination with the pharmacological tools can reverse synaptic phenotypes.
What is clear is that the impact of these studies has ushered in a new chapter in FXS research,
wherein new targets must be identified and new paradigms for animal studies must be
generated. I propose that studies focused on development will be the key to future treatment
of FXS both for predictions of treatment efficacy and to provide insights into timing-

dependent circuit dysfunction.

The second post-natal week is important for development of sensory modalities in the

rodent cortex

The second post-natal week is an important time for proper maturation in the somatosensory
cortex. By P14, eyes are (newly) opened and integration of sensory information necessary for
sensorimotor coordination begins - as mice start actively exploring their environments.
Exploration is primarily mediated by movement of vibrissae on their snout, a.k.a., whisking, which
is perhaps not surprising given rodents are nocturnal animals and have poor vision. Whisking is a
tactile behavior used to detect objects, interpret surroundings and interact socially (Wolfe et al.,
2011; Bobrov et al., 2014). Although non-patterned whisking occurs prior to eye opening, P14

coincides with the onset of oriented high-frequency active whisking (Arakawa and Erzurumlu,
12



2015), which is necessary for scanning surfaces and texture delineation (Zucker and Welker, 1969;
Arakawa and Erzurumlu, 2015). Active whisking is also required for object recognition and
perisomatic spatial interpretation, key aspects of navigation. Thus, sensory feedback at P14 is

important for mature whisking behaviors, which is vital for navigation.

Another study that points to the second post-natal week as being a sensitive period suggests that a
developmental switch occurs, during which spike timing-dependent plasticity (STDP) properties
undergo significant changes wherein timing-dependent LTP (t-LTP) becomes less dominant.
STDP is thought to be a strong contributor to sensory evoked activity responses, indicating that
this window is important for the proper developmental circuit organization (Itami and Kimura,

2012).

Significance of thesis work

The breadth of this work was conducted to address outstanding questions and to develop strategies
so that future work can be done in early post-natal mice. The 3 major achievements presented here
can be described as follows: 1.) evidence that early intervention is a viable strategy for treatment
of FXS, 2.) establishment of a novel structural synaptic phenotype related to sensory experience
in early neonates, and finally 3.) a detailed protocol for imaging activity in neonatal mice, which
was previously hampered by technical limitations of mouse lines and traditional plasmid

transduction techniques.
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A strength of my work is that it focuses on early cortical development precisely because FXS is a
neurodevelopmental disease. The bulk of prior rodent studies were conducted using adult mice,
and while those experiments were important for developing treatments of symptoms of FXS in
adolescents and adults, understanding how FXS originates and progresses is important for precise
timing-specific target options for early intervention, a strategy that has already shown merit in

individuals with FXS (Winarni et al., 2012).

In chapter 1 I show that an early intervention strategy that targets NKCC1 (whose down-
regulation during a sensitive period in WT mice serves as a switch for GABA polarity but remains
abnormally high in Fmrl KO mice) is sufficient to rescue the abnormally large size of whisker-
evoked barrel field maps in the second post-natal week and in adult mice. This empirical evidence
suggests that targeted early intervention can potentially lead to long-lasting reversal of a FXS

phenotype thought to contribute to sensory hypersensitivity.

In chapter 2 I show that two-week old Fmr/ KO mice are insensitive to a brief period of novel
sensory experience (enriched environment). Establishing early sensory-related synaptic
phenotypes is crucial for FXS and ASD research because they elucidate specific types of sensory
dysfunction, timing of dysfunction for future targeting, and may provide unbiased measures that
can be used in the future as readouts of treatment efficacy (since a battery of behavioral tests is not

possible in neonates).

In chapter 3 I present a research protocol that facilitates early post-natal in vivo calcium imaging

of neuronal and synaptic activity. Given the many technical challenges inherent to neonatal
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experiments, the importance of protocol-sharing and improvement is vital for building a
foundation on which neurodevelopmental disorder research can be built. That only a few labs are
capable of performing neonatal in-vivo imaging experiments reflects the need for resource-sharing.
By generating this protocol, the hope is that others will implement our strategies, develop

additional strategies and help move the field forward in a unified effort.
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Chapter 1

Rescue of expansive whisker-responsive maps in early post-
natal FXS mice: empirical support for early intervention

efficacy
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As discussed in the introduction, FXS is characterized be a series of developmental delays in the
neocortex. One of particular importance is the delay in the maturation of the GABAA receptor
equilibrium potential (Ecasa) (He et al., 2014). Ecasa sets the efficacy of GABA transmission and
the immature depolarized reversal potential has been proposed to have trophic effects on the
developing central nervous system (CNS) (Wang and Kriegstein, 2009). EcaBa becomes
increasingly hyperpolarized in many neuronal types with age, which affects the driving force
through GABAA receptors (Ben-Ari et al., 2007). This developmental change is mediated by
alterations in intracellular chloride [ClinT which is maintained by the expression of two CI” co-
transporters; Na“™-K'-Cl" co-transporter (NKCC1) is expressed early in development and elevates
[CI'TinT, and K*-CI co-transporter (KCC2) expresses at increasing levels later in development and
which extrudes Cl” from the cell (Kaila et al., 2014). Fmr! KO mice have an abnormally high
expression of NKCCl in the cortex at P10 (He et al., 2014). This high expression of NKCCI1 could
primarily drive the prolonged depolarized EcaBa in layer IV neurons. Because GABA-mediated
depolarization can directly induce synaptogenesis and the maturation of glutamatergic synapses
(Chancey et al., 2013; Oh et al., 2016), mistimed maturation of EcaBa may cause the aberrant
development of glutamatergic synapses in Fmrl KO mice. But as yet, it has not been demonstrated
whether the prolongation of a depolarized Ecasa is causally related to the altered development of
excitatory synapses in the somatosensory cortex in Fmrl KO mice. This work demonstrates that
daily administration of the NKCC1 inhibitor, bumetanide, to Fmr/ KO mice early in development
corrected the enlarged whisker response maps in barrel cortex in early post-natal mice and

persisted through adulthood.
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Whisker evoked responses in the cortex are normalized by repeated bumetanide treatment

during early post-natal development

Prior work has demonstrated that there is a heightened neural response in the adult barrel cortex
of Fmrl KO mice to tactile whisker stimuli (Arnett et al., 2014; Zhang et al., 2014; He et al.,
2017). We used optical imaging of intrinsic signals (OIS) to measure the cortical response to
single whisker stimulation in order to determine whether sensory responses were affected by

recurring bumetanide treatment during the neonatal development (Fig. 1).

Figure 1: Scheme of OIS mapping of D2 whisker.

Barrel cortex maps of primary whisker D2 generated by OIS. The D2 whisker is stimulated
with a piezo electric actuator. Tactile responsive maps are generated by contrast imaging of

the barrel cortex though a cranial window.

Fmrl KO and littermate Fmr! WT mice were administered bumetanide (0.2 mg/kg) or vehicle

during the first two postnatal weeks when Ecasa is more depolarized in Fmrl KO mice than
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WT littermates (He et al., 2014) (daily from P 0-14; Fig. 2a). At P14, mice underwent surgeries
to implant cranial windows over the somatosensory cortex and imaging was first performed at
P 16/17 and then again at 2 months of age (in the same animals). The sensory representation
map evoked by high frequency (100 Hz, 1.5 s) stimulation of the D2 whisker was measured in
all the groups. At P16/17, the vehicle-treated Fmrl KO group had a significantly larger cortical
response (thresholded area) compared to vehicle-treated Fmrl WT controls (2396 =336 vs.
1124 +£311 um?, respectively, p=0.003, two-way ANOVA with Bonferroni adjustment;
Fig. 2B-D), demonstrating that the previously reported increase in map size in 3-month-
old Fmrl KO mice (Arnett et al., 2014) is already apparent by 2 weeks of age. In the
bumetanide-treated Fmrl KO group the cortical whisker response was significantly reduced
and indistinguishable from that of either the vehicle- or drug-treated WT animals
(892 +£68 um? p=0.992 vs WT two-way ANOVA with Bonferroni adjustment; Fig. 2B-D).
Therefore, the enhanced sensory response in early post-natal Fmr/ KO mice can be normalized
by bumetanide treatment. To determine whether drug administration during the first two post-
natal has long-lasting effects on cortical responses, I also measured the whisker-evoked intrinsic
signals in the same animals at 2 months of age. Vehicle-treated adult Fmr! KO mice also had
abnormally large cortical representations of whisker responses in comparison to the vehicle-
treated Fmrl WT mice (p=1 x 107, two-way ANOVA with Bonferroni adjustment; Fig. 2E—
G). However, in the group treated with bumetanide, the OIS neural activity map was no
different from the WT groups (map area WT bumetanide vs KO bumetanide, p =0.21, two-way
ANOVA with Bonferroni pairwise comparisons). Therefore, bumetanide treatment during the
early cortical development corrects the circuit response to sensory whisker stimulation, an

effect that persists through adulthood despite cessation of drug administration.
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Figure 2: Long lasting correction of cortical whisker evoked responses
after critical period treatment with bumetanide
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Figure 2: Long lasting correction of cortical whisker evoked responses after critical period

treatment with bumetanide

(A) Schematic representation of time-course of OIS experiments.

(B) Top: vasculature of S1 somatosensory cortex of P16-17 Fmrl WT and Fmrl KO mice;
Bottom: corresponding cortical excitation maps collected during D2 whisker stimulation.
Calibration: 0.5 mm

(C) Map area measured in P16-17 Fmrl WT and Fmrl KO mice in vehicle (black) and bumetanide
(red).

(D) Map intensity ratio measured in P16-17 mice.

(E) Vasculature and cortical excitation maps for mice older than P60; same representative mice as
shown in (B). Calibration: 0.5 mm

(F) Map area measured in adult mice

(G) Map intensity ratio measured in adult mice. Significance was determined using two-way

ANOVA with Bonferroni correction *p < 0.05 ** p <0.01.
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METHODS FOR CHAPTER 1

Reagents

All reagents were from Sigma-Aldrich unless otherwise noted.

Drug Administration

Animals were housed in trio breeding with a male FmrI™¥ and two FmrI”* females. Births of new
litters were monitored daily to ensure treatment started on the day of birth (P 0). Intraperitoneal
(i.p.) injections were made of bumetanide (0.20mg/kg), furosemide (20mg/kg), mannitol
(750mg/kg). The vehicle used in for bumetanide was 0.9% saline and 0.1% ethanol, and for
furosemide and mannitol experiments the vehicle was 0.9% saline. Minimal handling of pups and
use of nestlets in cages was used to avoid disruption to new litters. For electrophysiology
experiments, pups were injected daily from PO until the day of experimentation. For OIS and mass

spectrometry experiments, pups were injected from PO to P14.

Cranial Windows

Chronic glass-covered cranial windows were implanted as previously described ** >4, Briefly, P 14
mice were anesthetized with isoflurane (5% induction, 2% maintenance via nose cone) and placed
in a stereotaxic frame over a warm water re-circulating blanket. Dexamethasone (0.2 mg/kg;
Baxter Healthcare Corp.) and carprofen (5 mg/kg; Pfizer) were administered subcutaneously to
reduce brain edema and local tissue inflammation. A 2-3 mm craniotomy was performed with a

pneumatic dental drill. The center of the craniotomy was placed over the left hemisphere barrel
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cortex. A sterile round 5 mm glass cover slip (#1; Electron Microscopy Sciences) was gently laid
over the dura matter and glued to the skull with cyanoacrylate-based glue. Dental acrylic was then
applied to the skull surface and up to the wound edges. A titanium bar (0.125 x 0.375 x 0.05 inch)
was embedded in the dental acrylic to secure the mouse on to the stage for imaging. Following

recovery for ~1 h, mouse pups were returned to their cages with their dam and littermates.

Optical intrinsic signal imaging

Rodents rely on whiskers sensory feedback for navigation of their surroundings by utilizing a
sensory information from of active whisking and from passive whisker deflection. This provides
information about distance and texture of the objects over which the whiskers deflect as they move
through space. This sensory information is relayed through the VPM to the thalamus and
ultimately to the neocortex in a somatotopic organization called the barrel field. Whisker-evoked
tactile response maps can be visualized through cranial windows by stimulating whiskers and using

contrast imaging in a procedure called optical imaging of intrinsic signals (OIS). (Fig 1).

Optical intrinsic signal (OIS) imaging of the D2 whisker (D2W) sensory receptive field was done
at two different time points in the same mice: P16-17 and at 2 months (not all mice were imaged
at both times due to window clarity issues). Whiskers surrounding the D2W were gently trimmed
with Vannas scissors (down to a length of ~2 mm) just prior to imaging to facilitate single whisker
stimulation. OIS imaging was performed through the cranial window on mice under light
anesthesia with 0.5-0.75% isoflurane and a single dose of chlorprothixene (3 mg/kg, i.p., Sigma-
Aldrich). The cortical surface was illuminated by green (535 nm) and red (630 nm) light-emitting
diodes (LEDs) mounted around a ‘front-to-front’ tandem arrangement of objective lenses (135 mm

and 50 mm focal lengths, Nikon). The green LEDs were used to visualize the superficial
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vasculature and the red LEDs were used for IOS imaging. The microscope was focused to ~350
pum below the cortical surface for 2-month mice and about ~300 um for P16-17 mice. Imaging
was performed at 10 Hz using a fast camera (Pantera 1M60, Dalsa), frame grabber (64 Xcelera-
CL PX4, Dalsa) and custom routines written in MATLAB. Each session consisted of 30 trials (at
10 s intervals) of mechanical stimulation for 1.5 s (100 Hz) using a glass micropipette coupled to
a piezo bender actuator (Physik Instrumente). Frames 0.9 s before the onset of stimulation
(baseline) and 1.5 s after stimulation (response) were collected. Frames were binned 3 times
temporally and 2 x 2 spatially. Stimulated cortical areas were identified by dividing the response
signal by the averaged baseline signal (DR/R) for every trial and then summing all trials. Response
maps were then thresholded at 50% of maximum response to get the responsive cortical areas for
D2W. For a subset of mice and time points, maps at different depths were averaged to account

for slight variations in signal.

Analysis for OIS

Cortical sensory representation map sizes were defined by ImagelJ software (National Institutes of
Health, Bethesda, MD). To compute statistical differences between genotype and treatment
interactions, two-way ANOV As were performed followed by 2-tailed pairwise comparisons with
Bonferroni corrections. For comparisons between WT bumetanide - Fmr! KO vehicle and WT
vehicle — Fmrl KO bumetanide groups, T-Tests for independent samples with Bonferroni
correction (alpha = 0.05 / 2; confidence level = 97.5%) were used to compute statistical
differences. All statistical tests were conducted in SPSS 23 software (IBM Corporation, USA).
All data are presented as the mean + standard error of the mean. Significance was set at p < 0.05%,
p <0.001**, p < 0.0001***,
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Chapter 2

Dendpritic spines in early postnatal FXS mice are insensitive to
novel sensory experience: an early post-natal phenotype
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One way to understand how sensory experience modulates synapses, is to image dendritic spines
in vivo before and after a period of sensory deprivation (Trachtenberg et al., 2002; Holtmaat et al.,
2006; Hofer et al., 2009; Pan et al., 2010; Miquelajauregui et al., 2015). Spines in adult FmrI KO
mice are also less responsive to sensory deprivation and motor learning (Pan et al., 2010;
Padmashri et al., 2013), which might reflect an inability to make and maintain stable synapses.
But whether spines in FXS are insensitive to new sensory experiences has never been tested in
vivo during development. To address this, I used a brief period of dramatic novel sensory

experience environmental enrichment (EE) in P14 mice.

For chronic two-photon imaging of synaptic structures, in utero electroporation (IUE) was
performed at embryonic day (E) 16 to express green fluorescent protein (GFP) in L2/3 pyramidal
neurons of S1 cortex (Fig. 3A). To ensure sparse labeling of GFP-expressing and minimal
overlap of their apical dendrites and axons in L1 (Fig. 3B), a low concentration of pCAG-GFP
(500 ng/uL) was injected into the lateral ventricle during the IUE procedure. At P10-12, cranial
windows were implanted over the barrel field of S1 cortex. Only mice with windows that were
optically transparent with no signs of bleeding or dural damage were used for subsequent
imaging (Fig. 3C). Starting at P14, mice were anesthetized and head-fixed to the stage of a two-
photon microscope for longitudinal in vivo imaging of dendrites and axons of L2/3 neurons (Fig.

3D, E).
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Figure 3: Embryonic day 16 in utero electroporation and in vivo imaging of somatosensory
L2/3 neurons at P14

Cartoon of E16 IUE scheme. The lateral ventricle is injected with pCAG-GFP (left panel) and

electroporated with the positive electrode over the filled ventricle (right panel).

A. GFP expression localized at S1 in L2/3 pyramidal cells. Coronal slice of 2mo. old WT brain
that underwent E16 IUE with pCAG-GFP (green) and counterstained with DAPI (blue).

B. Cranial window implanted over the somatosensory cortex at postnatal day (P) 12 and imaged
at P14 (photo taken just prior to imaging). Notes: photo was taken through the microscope
eyepiece while the window was illuminated with a green light; the line transecting the window
is a ruler bar on the eye piece.

D1. Low magnification of a L2/3 neuron imaged in vivo at an x-y (top-down) view. Image z-stack
was collected at Spum steps and 3D projection in FIJI.

D2. Low magnification of a L2/3 neuron (same as D1) imaged in vivo at an z-y (orthogonal) view.
Image z-stack was collected at Sum steps and 3D projection in F1JI.

D3. Max projection of representative L2/3 apical dendritic segment. Zoomed in view of inset in
Dl1.

E. Best projection of representative L2/3 axon
27



High resolution in vivo imaging of L2/3 dendrites was performed at P14 (Fig. 4A) in n= 81 cells
of 18 WT mice and n= 73 cells of 15 Fmrl KO mice. I found that spine density was the same in
WT and Fmrl KO mice (0.68 + 0.014 spines/mm vs. 0.65 £ 0.015 spines/um respectively; Fig.
4B), which is in agreement with several prior in vivo imaging studies during development and
adult (Cruz-Martin 2010, Pan 2010; Padmashri 2013). Because immature dendritic protrusions
are often longer and thinner (filopodia-like) than their mature counterparts (Portera-Cailliau The
Neuroscientist 2012), I also compared the length of spines in both genotypes. I find that spines in
Fmrl KO mice at P14 were significantly longer than those of WT mice, though the difference was

rather small (1.5 + 0.03 pm vs. 1.38 + 0.028 um; p = 0.005; Fig 4C).

FMRP is expressed in axons at the growth cones where it plays a role in growth cone navigation
in the hippocampus (Antar 2005, Christie 2009, Akins 2012). Also, as discussed in the
Introduction, Fmr/ KO mice exhibit defects in synaptic plasticity in many brain regions
(Ruthazer and Stryker, 1996; Hanson and Madison, 2007; Akins et al., 2009; Suvrathan et al.,
2010; Deng et al., 2013; Ferron et al., 2014). Therefore, I also imaged axons of L2/3 neurons
coursing through L1 at P14 in n=33 cells from 8 WT mice and n=27 cells from 6 Fmr! KO mice
and did not find any significant differences in EPB density between WT and Fmr/ KO mice (Fig.

4D; 0.12 + 0.008 EPBs/ um vs. 0.11 = 0.009 EPBs/ um, respectively).

A previous study of wild-type (WT) mice, where EPBs were imaged in vivo with two-photon
microscopy, suggests that there’s a positive correlation between EPB volume and network activity
(Grillo et al., 2013). There is also indirect evidence of links between EPB volume and activity:

release probability of neurotransmitter is intimately tied to the size of the active zone of the EPB,
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which in turn shows a weak positive correlation with EPB volume (Holderith et al., 2012).

Because there is evidence of altered presynaptic plasticity in FXS (see the Introduction section),

I investigated the possibility that plasticity errors are accompanied by volumetric differences in

FXS EPBs. At baseline, Hippocampal CA3-CA1 EBPs have normal release properties in FXS

mice but following repeated stimuli, the release probability becomes abnormally high (Patel et al.,

2013). I therefor expected to detect no differences in EPB volumes in FXS mice at baseline. I

imaged n/N =43/13 in WT animals and n/N = 38/10 Fmr1 KOs, averaged EPB EPBs for each cell

and found no differences between genotypes (data normally distributed, one-way ANOVA).

Figure 4: Spine density of L.2/3 neurons is equal
in WT and Fmrl KO mice at P14 but Fmrl KO
spines are longer.

A.

Representative in vivo two-photon images of
dendrites in WT and Fmrl KO mice were
acquired at P14. Scale bar is 10 pm.

Density of spines in L2/3 neurons in WT is not
different than Fmrl KO L2/3 dendrites. I
analyzed n=81 cells in 18 WT mice and n=73
dendrites in 15 Fmrl KO mice (one-way
ANOVA; normally distributed data).

Fmrl KO spines are 11% longer than WT spines
in L2/3 dendrites. I analyzed 77 neurons from 19
WT mice and 74 neurons from 16 mice. One-
way ANOVA was wused for statistical

significance; normally distributed data.

. Fmrl KO EPB density appears normal in L2/3

neurons. | imaged n=33 cells from 8§ WT mice

and n=27 cells from 6 Fmrl KO mice. Data were
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not normally distributed. For statistical significance testing, the Mann-Whitney U test was
used.

E. Volumes of EPBs in FXS are not statistically significant from WT. I imaged n=43 cells from
13 WT mice and n=38 cells from 10 Fmrl KO mice. One-way ANOV A was used for statistical

significance testing; normally distributed data.

Rather than finding alterations in the density of dendritic spines in juvenile or adult Fmrl KO
mice, previous in vivo imaging studies have revealed a significant increase in spine turnover (Cruz-
Martin 2010, Pan 2010; Padmashri 2013). I interpreted this synaptic instability to mean that
neurons in Fmrl KO mice are unable to respond to new sensory inputs related to novel sensory
experiences or learning (He CX & Portera-Cailliau, Neuroscience, 2013). To test the hypothesis
that heightened sensory input affects synaptic dynamics, mice were placed in either an enriched
environment (EE) overnight at P14-15 or kept in their standard environment (SE) cage (Fig. 5).
The EE cages provided a dramatic novel sensory experience across visual, auditory and, especially,
tactile modalities (Fig. 5). Dendrites were imaged at P14 twice, 4 h apart, and then placed

overnight in either EE or SE cages, and then imaged again at P15 twice, 4 h apart (Fig. 5).
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Figure 5: Experimental time line for environmental enrichment experiments

At P14, mice are imaged twice with four hours inter-imaging intervals, then placed overnight
(O/N) in either a standard cage (left), which is smaller and only contains bedding and nesting pads
or in and enriched environment (right). Enriched environments contain many elements chosen to
engage in different sensory modalities including bright colors (vision), variegated shapes, sizes
and textures (whisking) and a running wheel (sensorimotor). At P15, mice were returned to their
home cages and the same field of views were imaged again twice with 4 hours between each

imaging session.

As far as axons, | imaged axons before and after EE or SE (Fig. 6A). I find that neither the turnover
rate (ToR) nor EPB density were significantly different in 32 axons from 10 WT mice or 32 axons
from 8 F'mrl KO mice housed in EE vs. 33 axons in 8 WT mice and 27 axons in 6 Fmrl KO mice
housed in SE (Fig. 6B, data were not normal, statistical tests used: Wilcoxon signed ranks tests for

density; Kruskal-Wallis H test for ToR).
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Figure 6: EPB volume and spine density of L2/3 neurons is equal in WT and Fmrl KO
mice at P14 but Fmrl KO spines are abnormally long

A. In vivo two-photon images of axonal EPBs in WT mice were acquired at P14, (t1). Animals
were then housed overnight (for 8-10 h) either in standard environment (SE) or in an enriched
environment (EE) and imaged again at P15, (t2). Subsets of representative EPBs are tracked
with arrows: yellow indicates persistent EPBs, magenta indicates lost EPBs and green
indicates newly formed EPBs (with respect to overnight period).

B. Density of EPBs does not change from P14 to P15 regardless of genotype and or housing
condition. Top: density of EPBs in L2/3 neurons of WT mice housed overnight in SE or EE
(repeated measures mixed-design ANOVA; normally distributed data). Each line represents
the spine density for an individual neuron. Green, magenta and yellow lines indicate an
increase, a reduction or no change in EPB density, respectively. Black lines represent the
average for all the cells. I analyzed n=33 cells from 8 WT mice in SE and 32 cells from 10
WT mice in EE. Bottom: Density of EPBs in L2/3 neurons of Fmrl KO mice housed
overnight in SE or EE at P14. There was no significant change in spine density after EE or
SE. For Fmrl KO mice, I analyzed n=27 cells from 6 mice in SE, and 32 cells from 8 mice

in EE.

32



C. Turnover of axonal EPBs of L2/3 neurons in WT mice (top) and FmrI KO mice (bottom) in
SE and EE mice. No statistical difference was found among all four groups, although there
seems to be a trend for WT EE EPB turnover to be lower than WT SE EPB turnover but not
in Fmrl KO animals. I analyzed n=34 cells from 8 WT mice in SE and 33 cells from 10 WT
mice in EE and n= 27 cells from 6 Fmrl KO mice in SE, and 32 cells from 8 Fmrl KO mice
in EE (two-way ANOVA).

When I examined spine density in 40 cells from 9 WT mice in SE and 40 cells from 9 WT mice in
EE, I found a significant increase in spine density in WT mice following the novel sensory
experience in EE (from 0.66 + 0.02 spines/um to 0.70 + 0.02 spines/um; mixed-model repeated
measures ANOVA was used to compare across all groups, p-values reported were corrected via
Bonferroni, p= 0.023 for WT EE; Fig. 7B, top) but not in WT after standard housing. The spine
density in WT following enrichment was also significantly higher than both Fmrl KO groups (p
= 0.02 compared to Fmrl KO SE, p = 0.044 compared to Fmr! KO EE, data not shown). In
contrast, the density of spines in 32 cells from 7 Fmrl KO mice in SE and 41 cells from 8 Fmrl
KO mice in EE did not significantly increase at P15 (0.636 + 0.21 spines /um to 0.609 + 0.022
spines /um, for Fmrl KO SE; and 0.643 + 0.018 spines /um to 0.621 + 0.019 spines /um, for Fmrl
KO EE,; Fig. 7B, bottom). Although the increase in spine density with EE in WT mice was subtle
(~6 %), the vast majority (67.5%, 27/40 cells) of the neurons analyzed added spines with this
relatively brief period of novel sensory experience, whereas the majority of neurons in WT mice
that remained in impoverished sensory experience (SE), showed a decrease in spine density

(62.5%, 25/40 cells) (Fig. 7B, top).
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Changes in spine density are due to changes in the rates at which spines are added or eliminated,

and/or to changes in their lifetime. Thus, the higher spine density in WT mice after a novel sensory

experience (EE) could arise from a gain in new spines or from a loss of preexisting spines. [

calculated the rates of spine formation and spine elimination before and after EE and in WT mice

and discovered that spine generation was 16% higher following EE (from 0.14 = 0.01 spines/um

before vs. 0.16 + 0.01 spines/um after EE; signed-rank test, p = 0.035; Fig. 7C). In contrast, the

rate of spine gains remained constant in WT mice that remained in SE (0.14 £ 0.01 spines/um at

P14 and 0.15 £+ 0.01 spines/pum, signed rank test, n.s.). Fmrl KO mice housed overnight in EE

showed no change in the rates of spine formation or elimination; (formation: 0.155 + 0.01

spines/um before vs. 0.143 £ 0.01 spines/um, signed rank test; n.s.); Fig. 7C, bottom; elimination:

Fig. 8). Together, these data indicate that neurons in Fmrl/ KO mice are insensitive to novel

sensory stimuli at P14.
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Figure 7: Spine density of L 2/3 neurons in WT mice increases after environmental

enrichment at P14 but not in Fmrl KO mice.

A. Invivo two-photon images of dendritic spines in WT mice were acquired at P14, 4 h apart (t0

and t1). Animals were then housed overnight (for 8-10 h) either in a standard environment

(98]
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(SE) or in an enriched environment (EE) and imaged again twice at P15, 4 h apart (2 and t3).
Subsets of representative spines are pseudo-colored: yellow indicates persistent spines,
magenta indicates lost spines and green indicates newly formed spines (with respect to
overnight period).

. Density of spines in L2/3 neurons of WT (top) and FmrI KO (bottom) mice housed overnight
in SE or EE. Note the significant increase in spine density after EE in WT mice (*p = 0.023;
repeated measure mixed-design ANOVA with Bonferroni correction; normally distributed
data). Each line represents the average of all ROIs for an individual neuron. Green, magenta
and grey lines indicate an increase, a reduction or no change in spine density, respectively,
for individual cells. Black lines represent the average for all the cells. I analyzed n=40 cells
(1,738 spines) from 9 WT mice in SE and 40 cells (2,225 spines) from 9 WT mice in EE. For
Fmrl KO mice I analyzed n= 33 cells (1671 spines) from 7 mice in SE, and 41 cells (1760
spines) from 8 mice in EE.

. Rates of formation and elimination of dendritic spines of L2/3 neurons in WT mice (left) and
Fmrl KO mice (right). Note that the rate of spine formation was significantly higher in WT
mice immediately after environmental enrichment (*p = 0.035 signed rank test; normal data),
but not in Fmrl KO mice or WT mice housed in standard cages. I analyzed n=41 cells from
9 WT mice in SE and 45 cells from 9 WT mice in EE. For Fmrl KO mice I analyzed n= 34

cells from 7 mice in SE, and 41 cells from 8 mice in EE.
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Figure 8: Spine elimination rate is not different in Fmrl KO mice and is not affected by
EE

Elimination of spines before and after SE or EE is the same in WT and Fmr! KO mice. A mixed-
design repeated measures ANOVA was used to determine statistical differences with significance
set at p < 0.05 (n=44 cells from 10 WT mice in SE, n=45 cells from 9 WT mice in EE, n=34 cells

from 7 Fmrl KO mice in SE, and n=44 cells from 8 FmrI KO mice in EE).
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METHODS FOR CHAPTER 2

Reagents:
The plasmid vector pCAG-GFP was obtained through Addgene (Plasmid #11150). All other

reagents were from Sigma-Aldrich unless otherwise noted.

Experimental animals:

All experiments followed the U.S. National Institutes of Health guidelines for animal research,
under an animal use protocol (ARC #2006-016) approved by the Chancellor's Animal Research
Committee and Office for Animal Research Oversight at the University of California, Los Angeles.
I used male and female C57/BL6J mice (HSD C57BIl/6NHsd) housed in a vivarium with a 12-h
light-dark cycle and food/water ad libitum. Imaging was performed during the light cycle and
enrichment experiments were performed during the dark cycle. Animals were housed with their

dam until P21-22.

In utero electroporation for GFP expression in L2/3 pyramidal cells:

In utero electroporation was performed as previously reported (Cruz-Martin et al., 2010; Cruz-
Martin et al., 2012). Briefly, pregnant female mice at gestation day E16 were anesthetized with
isoflurane (5% induction, 1.5-2% maintenance vol/vol). Under sterile conditions, a medial
incision was made along the abdomen to expose the uterine horns were. Using ringed forceps to

gently hold embryos, I pressure injected a plasmid encoding pCAG-GFP (500ng/ul) into the left
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lateral ventricle with a Picospritzer (Parker; 40 PSI, 10 ms pulses). A set of 3 square pulses (50
ms duration, 35 V, with 500 ms between each pulse) was administered to each embryo via a
custom-built electroporator with the positive electrode paddle placed over the left somatosensory
cortex. Throughout the procedure, the embryos were frequently irrigated with warm saline (37°C).
The embryos were placed back inside the mother and the dam’s abdominal wall was sutured with
absorbable sutures (muscle: Surgical specialties LOOK, nylon 0.7 metric, 1279B) and nylon
sutures (skin: Surgical specialties LOOK, polysyn 0.7 metric, 492B). The dam was observed for

2 hours following the surgery to monitor full recovery.

Cranial window surgery for chronic in vivo two-photon microscopy:

I followed a previously described protocol (Cruz-Martin et al., 2010; Cruz-Martin and Portera-
Cailliau, 2010; Mostany and Portera-Cailliau, 2008). In short, pups (P10-12) were anesthetized
with isoflurane and placed in a stereotaxic frame. A 2.5 mm diameter circular craniotomy was
performed over the electroporated somatosensory cortex in the left hemisphere and covered with
a 3 mm glass coverslip (Electron Microscopy Sciences). The coverslip was secured to the skull
with Krazy Glue and dental cement. At P14 a small titanium headbar was attached to the skull

with dental cement in order to secure the animal to the microscope stage for imaging.

Histology:

2-month old mice were perfused intracardially with ice-cold 4% paraformaldehyde in 0.1 M
phosphate buffer. The brains were harvested and post-fixed overnight at 4°C and then sliced (100
um-thick sections) on a vibratome. Sections were then stained with DAPI (Life Technologies)

and mounted onto coverslips with Gold-Mount media. Sections were imaged with a structure
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illumination Zeiss Apotome microscope and 10x objective. Images were acquired and stitched via

ZEN.

In vivo two-photon imaging:

Structural synaptic imaging was performed on a custom-built two-photon microscope with a
Chameleon Ultra II Ti:Sapphire laser (Coherent), a 40X objective (0.8 NA, Olympus), and
Scanlmage software (Pologruto et al., 2003). Mice were anesthetized for imaging sessions with
isoflurane (1-2% maintenance vol/vol) and kept warm with an electric heating blanket (Harvard
Apparatus). Throughout imaging, mice were monitored for taxed breathing and proper coloration
of paws/ears. Z-stacks with 1 um steps were collected at 512 x 512 pixels and a digital zoom of
1x for low magnification images (0.71 pm/pixel x 0.73 pm/pixel) (Fig. 3) and 5x for dendrite and
axon imaging (0.153 um/pixel x 0.154 um/pixel) (Fig. 5,6,7). Imaging sessions were performed
in the evening at P14 and in the morning at P15 after being housed with their dam and littermates

in either standard cages or enriched cages (see Environmental enrichment).

Environmental enrichment:

Animals were housed in their home cages for standard enrichment or in enriched cages overnight
(8-10 hours) between P14-15 during the dark cycle when rodents are most active and awake.
Standard cage dimensions were 13-1/4” x 7-1/8” x 5-7/16” with two pads for nest-building and a
layer of bedding. Enriched environment cage dimensions were 13-1/4” x 16-19/32” x 7-3/8" (1800
Moue Cage, Lab Products) and contained brightly-colored balls and plastic tunnels, a running
wheel, beaded necklaces strewn from the top of the cage, and a variety of toys, multiple nest pads

and a layer of bedding (Fig 4).
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Measurement of axonal bouton volume:

Z-stacks with 1 um steps were collected at 512 x 512 pixels and a digital zoom 5x for imaging
(0.153 um/pixel x 0.154 pm/pixel) (Fig. 5). Raw images were sum-projected and were manually
binarized prior to skeletonization. Then, the signal baseline along the skeleton was estimated on
the projected images using the asymmetric least squares smoothing algorithm by Eilers and
Boelens (unpublished manuscript). Peaks along the skeleton of the axon were detected utilizing
the Fast 2D Peak Finder algorithm. The volume of boutons was defined as the sum of the pixel
intensities of the sub-regions segmented by the Fast 2D Peak Finder algorithm, divided by the
baseline local value for normalization. Statistical analysis was performed using MATLAB

(Mathworks®, Natick, MA, USA) for each peak along the axonal shaft.

Experimental design and statistical analysis:

Spine imaging data were analyzed using the semi-automated Scanlmage (1r3.8RC4) spine analysis
software in MATLAB. With the exception of brightness and contrast toggling, raw images were
used for the analysis. If a time point was missing or one or more imaging sessions was poor
quality, the field-of-view was eliminated from analysis for time-series calculations. Spines longer
that 5 um were categorized as filipodia and excluded from analysis. Dendritic and axonal
segments were analyzed in: 1) regions at a distance of at least 10 um from branch points and
process tips, 2) if the segment was at least 15 um in length, and 3) if the segment was isolated
(minimal overlap with other processes). The average length of dendritic segments analyzed per
cell was 37.74 +/- 2.25 um, 43.97 +/- 2.59 um, 42.5 +/- 2.82 um and 43.22 +/- 1.97 um for WT
SE, WT EE, Fmrl KO SE, Fmrl KO respectively. For axonal EPB experiments, custom-written

MATLAB code was used to determine EPB volume.
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All statistical tests and pertinent values are listed in table 1. In all experiments, n represents the
number of neurons analyzed and N represents the number of animals used. All statistical analysis
where ANOVAs were used, data were distributed normally as determined by the Shapiro-Wilk
test for normality (with the p-value set at < 0.05) and met the criteria for Levene’s test of
homogeneity of variances in each group. Outliers were defined as data that were more or less than
two standard deviations from the mean. For baseline length, density and turnover of WT and Fmrl

KO spines, One-way ANOVAs were used. Turnover was calculated as follows:

(lost spines+gained spines)

—. All pairwise comparisons were corrected for multiple comparisons with
(2 x total number of spines)

the Bonferroni method. For baseline density of WT and Fmrl KO EPB, data were non-normal,

so comparisons were made using the Mann-Whitney U test.

For environmental enrichment spine imaging experiments, mixed-design or split plot repeated
measure ANOVAs (SPANOVAs) were used with Bonferroni-corrected pairwise comparisons
across all groups with the exception of spine formation rate at P14 vs. P15 (Fig. 7D). Because the
Fmrl KO SE group was not distributed normally, comparisons for all groups were determined
using the non-parametric signed ranks test (with significance set at p < 0.05, two-tailed). For EE
EPB analysis, data were non-normal; Kruskal-Wallis H tests were used for ToR comparisons
between groups. For within group comparisons of EPB density, Wilcoxon signed-rank tests were
used (with significance set at p < 0.05, two-tailed). All statistics were performed with SPSS 24
(IBM). Graphs were generated using Microsoft Excel 2017 and SigmaPlot 13 (Systat). In box
and whisker plots, error bars indicate SEM and horizontal bars indicate medians. Figures were
generated with SPSS 24 (IBM), Microsoft Excel 2017, FIJI (ImageJ), Adobe Photoshop 2018 and

Adobe Ilustrator 2018.
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Statistical test n value /
Figure Comparison . Grou, Test statistic -value
g P Normality * P N value P
4B Spine density one-way ANOVA WT 81/18 F (1, 152) = 1.61 0.21
normal Fmrl KO 73 /15
4C Spine length one-way ANOVA WT 89 /18 F (1,165) = 8.069 *0.005 @
normal Fmrl KO 78/15 *0.005 ®
4D EPB density Mann-Whitney U WT 33/8 U=408 0.58
non-normal Fmrl KO 27/6
6B EPB density ~ Wilcoxon signed ranks WT SE 33/8 Z=-155¢ 0.124
(within group) non-normal WT EE 32/10 Z=-1.06¢ 0.294
Fmrl KO SE 27/6 Z=-1.66¢ 0.096¢
Fmrl KO EE 32/8 Z=-0.096¢ 0.924
6C EPB ToR Kruskal-Wallis H WT SE 33/8 ¥ (3)=1.97° 0.584
(between group) non-normal WT EE 32/10
Fmrl KO SE 27/6
Fmrl KO EE 32/8
7B! Spine density Split-plot ANOVA Group * time F (3, 147) =194¢ *0.045 &
(SPANOVA) Within groups
normal WT SE 40/9 F (3 ]47) =246 fg 0.065
WT EE 40/9 F (3 ]47) =296 fg *0.034
*(.023 bh
Fmrl KO SE 32/7 F (3’ 147) =278 /¢ *0.043 d
Fmrl KO EE 41/8 F (3, 147) = 2.46 /2 0.066
between groups
t0 F (3, 149) =0.54¢ 0.66
tl F(3,149) =039 0.76
12 F(3,149) =371 *0.013
t3 F (3, 149) =2.58¢ 0.056
WT: EE vs. SEJ 0.33°
WT EE vs. KO SE J *0.020 °
WT EE vs. KO EEJ *0.044 °
7C Spine formation Signed ranks WT SE 44 /9 Z=-0.16 0.87 4
(within group) non-normal WT EE 45/9 zZ=-211 *#0.035 4
Fmrl KO SE 34/7 Z=-0.19 0.859
Fmrl KO EE 44 /8 Z=-111 0.27 4
8 Spine Split-plot ANOVA Group * time F(3,163)=0.74 1 0.53
elimination (SPANOVA)
normal WT SE 44 /9
WT EE 45/9
Fmrl KO SE 34/7
Fmrl KO EE 44 /8
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Table 1: Detailed statistical reports for Chapter 2

¥ Data were considered normal if they passed the Shapiro Wilk’s test (significance was set at p
<0.05)
* The difference is significant at the .05 level.

Univariate test

s R

Post-hoc pairwise comparisons with Bonferroni adjustment

Based on positive ranks

& D

Asymptotic significance (2-sided test)
The test statistic is adjusted for ties.
Multivariate test

Exact statistic

S S

Comparisons between t1 — t2

e

Post-hoc pairwise comparisons with Bonferroni adjustment not significant (p = 1, 0.053,
0.080, 0.447, 0.730)
J-  Comparisons at t2

k. Pillai's Trace
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Chapter 3

Post-natal day 1 GCaMP6s viral injections: a method to image
cortical activity in early post-natal mice
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The first three postnatal weeks in the mouse brain are of great interest to neuroscientists because
they coincide with critical periods of experience-dependent plasticity (Hensch, 2005) and a phase
of massive synaptogenesis (Micheva and Beaulieu, 1996; Holtmaat et al., 2009; Cruz-Martin et
al., 2012). In particular, the time period around postnatal day (P) 12 is one of drastic sensory
transitions as mice open their eyes, start whisking, and begin to actively explore their environment
(Arakawa and Erzurumlu, 2015; van der Bourg et al., 2016). These developmental processes are
critically important for understanding the causes of circuit dysfunction in a variety of

developmental brain disorders, such as autism, schizophrenia, epilepsy and intellectual disability.

In the last two decades, we have witnessed a large number of technological innovations for
investigating neural circuits, from optogenetics and chemogenetics to rabies virus tracing and
tissue clearing methods for fluorescence microscopy. Two of the most notable advancements have
been the development of novel fluorescent calcium and voltage sensors, which allow researchers
to record neuronal activity with synaptic resolution (Grewe and Helmchen, 2009), and the
enhanced microscopy capabilities for imaging the anatomy and function of circuits across time in
behaving animals (Wilt et al., 2009). These developments, combined with the ability to use a
growing array of genetically encoded fluorescent molecules (e.g., fluorescent proteins, channels,
pumps, etc.) via mouse genetics or viral transduction, now make it possible to trace the inputs and
outputs of individual neurons and to record activity of specific neuronal cell populations in awake

behaving mice.
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The development of the ultrasensitive fluorescent genetically encoded calcium indicators (GECls),
especially GCaMP6 (Chen et al., 2013), has dramatically improved the action potential detection
capability of two-photon calcium imaging. When combined with Cre-Lox genetics, this approach
is particularly well suited for chronic recordings of neural activity in awake, behaving animals at
the single cell level, and in identified neuronal populations. The conventional approach for in vivo
two-photon calcium imaging with GECIs typically consists of injecting a recombinant adeno-
associated virus (rAAV) encoding the sensor at the time of implanting a cranial window over the
desired cortical region. Imaging is typically performed 2-4 weeks after surgery to allow for
sufficient expression of the virus (Tian et al., 2009; Chen et al., 2012, 2013; Zariwala et al., 2012).
Unfortunately, this delay between injection and optimal GCaMP expression precludes calcium

imaging experiments during the early postnatal period in rodents.

Overcoming this technological limitation would allow investigations to investigate how
experience shapes circuits during the first postnatal weeks and other important developmental
milestones in the mouse brain. For example, previous calcium imaging studies demonstrated that
sensory cortices undergo a rapid desynchronization of network activity at postnatal day (P) 12
(Golshani et al., 2009; Rochefort et al., 2009; Siegel et al., 2012). However, those studies
employed synthetic calcium indicators that could only be imaged acutely for a few hours. Thus,
the approach we outline here, which makes it possible to express GECIs (or other proteins) during
early postnatal development and allows longitudinal imaging over several days to weeks in the

same animals (for example, before and after P12), is a significant advance.
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An alternative to the rAAV injection-based approach presented here is to use transgenic mice that
express GCaMP. Unfortunately, in popular genetic mouse lines that drive expression of GCaMP,
the promoters come online after this developmental period. For example, Thy/-GCaMP6 mice
show stable expression of GCaMP6 in multiple cortical regions across months without apparent
toxicity, but only after the third postnatal week (Dana et al., 2014). Similarly, the Ai38 mouse line
expresses GCaMP3 when treated with tamoxifen at P7, but showed very low expression at 4 weeks
of age (Zariwala et al., 2012). A different problem may occur when you drive neuronal GCaMP6s
expression too early, during embryonic development, namely toxicity. For example, when we
tried using in utero electroporation at embryonic day 16 with plasmids encoding GCaMP6s, we
were able to visualize a few synchronously active neurons at around P7-P9, but just a few days
later all expression was lost, presumably due to neuronal cell death (unpublished observations).
We surmise that the expression of GCaMP6s at early stages of neuronal differentiation or
migration is irreversibly toxic to neurons, and therefore, a transgenic mouse line taking advantage
of a promoter that would drive GECI expression during embryonic development is likely to be

toxic to neurons.

Here we describe a novel protocol for neonatal injection of rAAV encoding GCaMP6s at P1, which
enables in vivo two-photon imaging of cortical neurons as early as P10. At P1, a modified burr
hole surgery was used to inject the rAAV encoding GCaMP into the desired cortical area, and then
at P7 or later, a cranial window was implanted over the previously injected area. Starting at day
P11, repeated in vivo two-photon calcium imaging of layer (L) 2/3 neurons was possible with
adequate GCaMP expression that persisted for weeks. We demonstrate the major advantage of

this approach to chronically image the same population of neurons from P11 through young
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adulthood, allowing us to characterize the developmental desynchronization of cortical network
activity and the evolution of sensory-evoked network during this critical period. We believe this
approach will be valuable to the neuroscience community because the same neonatal viral injection
approach could be used to express other genetically encoded calcium and voltage indicators,
chemogenetic or optogenetic actuators, rabies virus tracers, or a variety of other fluorescent

proteins, in different brain regions.

We performed intracranial rAAV-hSyn-GCaMP6s injections in anesthetized mouse pups at P1

through a small burr hole over primary somatosensory cortex (Fig. 9 and Fig. 10).
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Figure 9: P1 injection setup and procedure (drawings by Kim Battista)
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Figure 9: P1 injection setup and procedure

C. Dissecting microscope with goose-neck illumination.

D. Positioning of P1 pup with blunt ear bars, isoflurane delivery and exhaust tubes, pneumatic
dental drill, forceps, iridectomy scissors, fine forceps, sterile saline vial, sterile cotton swab,
and petri dish with Gelfoam sponges soaking in sterile saline.

E. Creating a 3-4 mm triangular skin flap over the desired injection area.

F. Folding back the skin flap and covering with wet Gelfoam to prevent the skin flap from
drying out.

G. Light drilling of exposed skull to crack the bone slightly.

H. Injection of rAAV-GCaMP with glass micropipette.

I. Sealing of injection site with VetBond.

J. Sealing of skin flap with VetBond.

Figure 10: Surgical photographs of P1 injection procedure.

A. Creating a 3-4 mm triangular skin flap over the desired injection area.
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B. Folding back the skin flap and covering with wet Gelfoam to prevent the skin flap from drying
and shrinking.

C. Covering the skin flap with wet Gelfoam to prevent drying and shrinking; exposed skull is dry

after light scraping with dental drill.

Small crack in skull after drilling.

Injection of rAAV-GCaMP with glass micropipette.

Sealing of injection site with VetBond.

Replacement of skin flap.

T o™ mo

Sealing of skin flap with VetBond.

To confirm that neonatal GCaMP6 expression does not have cytotoxic effects on neurons, we used
patch-clamp recordings in acute brain slices from two P16-17 pups that had been injected at P1,
and two uninjected littermates at the same age, as previously described (Goel and Buonomano,
2016). We did not find statistically significant differences in either the input resistance (Rm) or
the resting membrane potential (Vm) between GCaMP-expressing cells and cells from uninjected
controls (p=0.51 and p=0.12, respectively; unpaired rank-based comparisons with bootstrapping;
n= 6 cells per group) (Fig. 11), suggesting that neonatal GCaMP expression does not have adverse

effects on the neurons.

To assess the suitability of neonatal viral injections for investigating cortical circuits in early
postnatal mice, I used in vivo two-photon calcium imaging to record neuronal activity. I
specifically chose to perform an experiment that could not have been possible without neonatal
viral injections. We and others have previously demonstrated that cortical network activity
undergoes a major network transformation at around the 2" postnatal week, such that neuronal

activity becomes desynchronized (Golshani et al., 2009; Rochefort et al., 2009; Siegel et al., 2012;
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Goncalves et al., 2013). However, those studies had recorded from different mice at different ages,
so to this date, it had not been possible to record form an identified ensemble of neurons across
time in a single animal. In order to achieve this, I injected three mice at P1 with rAAV-hSyn-

GCaMP6s. Next, I permanently implanted glass-covered cranial windows at P10, following
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Figure 11: L2/3 neurons expressing GCaMP6s since P1 show normal electrophysiology.

A. Input resistance (Rm) during whole-cell recordings of L2/3 neurons from P16-17 mice injected
with AAV-GCaMP6s at P1, or from uninjected littermates (n=2 mice each). Each circle
represents data for one cell, bars represent group medians, and p-values are from unpaired
rank-based two-group comparison with 10,000 resamples.

B. Resting membrane potential (Vm) for the same comparison.

protocols we have previously established (Portera-Cailliau et al., 2005; Cruz-Martin et al., 2010;

Cruz-Martin et al., 2012). There are, however, important considerations when performing cranial
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window implants in mice previously injected with rAAV at P1. For example, the P1 injection can
cause scarring in the injected area, which can make the subsequent cranial window surgery more
difficult and reduce experimental efficiency. Scarring can be minimized by the following
considerations during the virus injection: 1) a rapid surgical procedure with carefully calibrated
anesthesia levels; 2) gentle burr hole drilling (with the drill at a 45° angle to the skull) that produces
only a small crack in the skull through which the glass pipette can be smoothly inserted, without
any visible signs of bleeding; 3) careful cleaning of the periosteum prior to and after the injection
to prevent granulation tissue from forming at the site of injection, which would otherwise soften
the bone and make the cranial window surgery more difficult; 4) careful application of the minimal
amount of VetBond to seal the drilled area and, separately, the skin edges so that the skull and skin
are not glued to each other. Injections done at P2 or later will drastically increase the chances of
scarring. If there is scarring, then the subsequent cranial window surgery may be much less
successful, reducing the experimental success rate. In the Table 2 in the Methods section, we also
provide recommendations for ensuring that windows remain clear for repeated imaging in

previously injected neonatal mice (Fig. 12).

P15

Figure 12: Cranial windows implanted at P10 remain optically transparent for weeks.
Photographs of the cranial window at P11, P15, and P30 for a representative mouse injected with
rAAV-GCaMP6s at P1.

53



In order to more easily identify the same ensemble of neurons over time (Fig. 14A), [ used in utero

electroporation to express Td-Tom in L2/3 neurons in S1 cortex (Fig. 13).

GCaMP6s tdTomato

P11

P15

P30

Figure 13: Td-Tomato expression to help identify same GCaMP6s field of view for calcium
imaging.

Representative fields of view of GCaMP6s and Td-Tom expressing neurons in barrel cortex of a
mouse at three different postnatal ages. This animal was electroporated in utero at E16 with a

plasmid encoding the red fluorescent protein, Td-Tomato and then was injected with rAAV-
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GCaMP6s at P1. Expression of Td-Tom allowed us to identify the same field of view throughout
postnatal development because of stable expression of clusters of neurons in the red channel

(yellow doted ellipses).

I performed in vivo calcium imaging of spontaneous network activity in slightly sedated, head-
retrained mice from P11 to P30. At P11, L2/3 neurons in barrel cortex exhibit large but infrequent
spontaneous calcium transients that are synchronous across the bulk of the neurons (Fig. 14B).
These giant network depolarizations are the same early network oscillations that were originally
described in acute cortical slices (Garaschuk et al., 2000) and in vivo (Golshani et al., 2009;
Rochefort et al., 2009; Siegel et al., 2012; Goncalves et al., 2013). In contrast, by P15, activity
has become largely desynchronized and this sparse firing of neurons prevailed at P30. To quantify
the magnitude of this change in network behavior, I computed pairwise Pearson’s correlation
coefficients for all possible pairs of neurons that had been imaged at all 3 ages from their
deconvolved calcium traces (Fig. 14C, D). The mean correlation coefficient of all cell pairs
decreased significantly from 0.24 + 0.01 at P11 to 0.06 £ 0.01 at P15 and 0.02 + 0.01 at P30 (Fig.

14D).

I also recorded whisker-evoked activity at these same postnatal ages and observed clear whisker
evoked activity as early as P15 (Fig. 14E). At P11, bursts of activity during ENOs were so broad
(sometimes lasting several seconds) that it was not possible to determine whether neurons were
indeed responding to tactile stimulation. I calculated the proportion of L2/3 neurons that
responded to whisker stimulation in a time-locked fashion, as previously described (He et al.,
2017) and found that the fraction of L2/3 neurons with activity that is time locked to the epochs of
whisker stimulation appears to decrease from P15 to P30 (Fig. 14H).
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Figure 14: Developmental desynchronization of network activity in barrel cortex
A. Example field of view for a two-photon imaging recording of GCaMP6s-expressing layer

(L) 2/3 neurons in barrel cortex from a representative in vivo experiment at P11, P15, and
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P30 (xyt standard deviation projection of 1,040 consecutive frames at 7.8 Hz). Example
cells that could be identified at all three ages are labeled by yellow circles and numbers. For
some of these cells, the corresponding fluorescence calcium traces are shown in panels B
and E.

. Spontaneous activity AF/F calcium traces of 8 individual L2/3 neurons from the same field
of view as in 4, at P11, P15, and P30.

. Correlation matrices displaying the correlation coefficients between the deconvolved
calcium traces of all possible pairs of cells (n=24) shown imaged in 4.

. Pair-wise correlation coefficients across developmental ages for 3 different mice. The bold
line indicates data from the example recording shown in panels A4-C and E). ** p < 1073, ***
p <107

. Whisker-evoked activity AF/F calcium traces of 8 individual L2/3 neurons from the same
field of view as in panel 4, at P11, P15, and P30. Vertical gray bars represent epochs of
whisker deflection (10 Hz, 1 s duration, 5 s i.s.1.)

. Magnitude of spontaneous activity (as determined by average Z scores of calcium traces). In
panels F & G, the bold line indicates data from the example recording shown in panels 4-C
and E. *** p <107,

. Magnitude of whisker-evoked activity (average Z scores). *** p < 107,

. Percentage of all L2/3 neurons imaged whose activity was time-locked to epochs of whisker

stimulation (see Methods) for all 3 mice (n=296, 401 and 248 neurons respectively).

The neonatal viral injection approach also allowed us to record GCaMP6 signals in individual

dendrites and dendritic spines of L2/3 neurons in early postnatal mice. I find that even by P15,

individual dendritic spines display whisker-evoked activity (Fig. 15). Interestingly, amongst

neighboring spines within the same dendritic shaft some exhibited whisker signals, while others

did not. Hence, this approach will be useful to unravel the role of individual dendritic spines in

local circuit computations during early postnatal development.
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Time (s)

Figure 15: Imaging of GCaMP6s signals in dendritic spines of L2/3 neurons in barrel
cortex at P15

A. Field of view of apical dendrites from a representative experiment in a P15 mouse injected
at P1 with rAAV-GCaMP6s (xyt st-dev projection of 80 slices over ~80 sec). Time-lapse
images of calcium recording of spines 1 and 2 (circles) and dendrite 4 (boxed region) are

shown in B and C.
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B. Time lapse imaging sequence of dendritic spines 1 and 2 shown in 4 over 5 consecutive
whisker stimulations (vertical gray bars). Each image is one frame (0.98 Hz image
acquisition). Asterisks for each spine in B correspond to those in panel D.

C. Time lapse imaging sequenced of the dendrite shown in 4 (box 4) over several seconds and
a whisker stimulation (gray bar). Each image is one frame (0.98 Hz image acquisition).
The asterisk above the time frame at 36 s corresponds to the asterisk in panel D.

D. AF/F traces for the calcium fluorescence signals for the dendritic spine and dendrite shaft

regions of interest 1-4 shown in 4, over 10 sequential whisker stimulations.
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METHODS FOR CHAPTER 3

Detailed protocol for P1 injections:

Set-up

e Pipette preparation for injection: Pull a custom micropipette from a 1.5 mm outer diameter, 0.86
mm inner diameter glass capillary tube so that the length of the tapered tip is approximately 8
mm. Break pipette tip slightly by gently touching the tip to the side of sterilized forceps. The
o.d. of the tip should be 12.5-25 um. If the tip is too wide, the viral vector may reflux around
the needle during the injection.

e Gelfoam preparation: Use sterilized scissors to cut small pieces of Gelfoam, approx. 1 x 1 mm.
Soak them in a small petri dish filled with sterile saline.

e Surgical instruments: Sterilize instruments in a glass bead sterilizer and spray with ethanol before
use.

e Heating blanket: Turn on the water recirculating heating blanket 15 min before start of each

surgical procedure.

Step-by-Step Procedures:

rAAY injection at P1 (timing 15-20 min)

1) Preoperative care: Administer Carprofen (5 mg/kg BW, s.c.) to the mouse. Note: we do not

use dexamethasone for the virus injection in newborn pups.
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2)

3)

4)

5)

6)

7)

8)

Anesthetize the mouse with 5% isoflurane for induction, followed by 1.5-2% isoflurane for
maintenance (vol/vol, via nosecone).

Use blunt ear bars to position the mouse on the stereotax so that the desired injection area is as
flat as possible (Fig. 9B). Ensure that the mouse pup remains warm (on the heating pad)
throughout the procedure, and monitor breathing carefully, including tail and toe pinches. The
ear bars should prevent movement of the pup during subsequent manipulations, without
applying excessive pressure to its soft skull. Ensure that the heating blanket is functioning
correctly. Note: Newborn pups can stop breathing suddenly, making close monitoring under
anesthesia crucial.

Sterilize operating field using three alternating wipes of betadine and 70% alcohol.

Using the scissors, make one snip to create a 3-4 mm triangular skin flap over the desired
injection area (Fig. 9C, Fig. 10A). Fold back the skin flap and cover it with a piece of saline-
soaked Gelfoam to prevent the skin from drying (Fig. 9D, Fig. 10B-C).

Immediately apply a small drop of lidocaine/epinephrine onto the exposed skull. After 30 s,
dry the surface of the skull with sterile cotton swab or dry Gelfoam.

Using the pneumatic dental drill, gently stroke the drill bit tip onto the skull surface to clear
the periosteum. Use Gelfoam soaked in saline to clean the area of bone dust, then let the area
dry. Note: do not push hard on the skull or the drill bit might pierce the bone and damage the
dura/brain.

Once the exposed skull is clear of periosteum and dry, apply repeated light touches of the drill
bit tip at the desired injection site until the bone has cracked enough to permit insertion of the
glass micropipette (Figs. 9E, Fig. 10D). Clean up any bleeding with moist Gelfoam. Ideally,

there should be no bleeding. Note: If a large hole in the skull is created during the drilling it
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will likely delay healing and result in a larger scar, which will make the later cranial window
surgery less successful. The animal will likely not be suitable for imaging.

9) Load glass micropipette with approximately 200 nL of rAAV-GCaMP (working titer 2E13)
with FastGreen and position for injection at a 45° angle to the skull surface.

10) Lower pipette until its tip has pierced through the cracked bone and into superficial cortex
(Figs. 9F, Fig. 10E). Inject rAAV using the Picospritzer using approximately 30 puffs of 3-5
ms durations at 40 PSI. Leave the pipette in place for 15 s and then withdraw pipette. Note:
If fluid comes out of the skull surface around the pipette after withdrawal, it is an indication
that its tip was not sufficiently small. The animal will likely not be suitable for imaging.

11) Using a needle tip (e.g., 18-gauge), apply a very small drop of VetBond to the injection site
(just enough to seal the cracked area but not enough to reach the skin edges) and let dry
completely (Figs. 9G, Fig. 10F).

12) Replace the skin flap and seal the skin edges with a small amount of VetBond (Figs. 9G, Fig.
10G-H).

13) Allow VetBond to dry before placing mouse in warm recovery cage. After the mouse
completely recovers from anesthesia, return it to the litter. Carefully monitor the dam to ensure
reintegration of the post-operative pup(s). Minimize rearrangements of the litter in the cage to
minimize stress on the dam and reduce the possibility of cannibalism. Placing a small

cardboard shed in the cage can also reduce stress for the dam.
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Cranial window procedure at P8-P10 (timing 45 min — 1 hr) (modified slightly from Cruz-

Martin et al., 2010; Holtmaat et al., 2012)

1)

2)

3)

4)

5)

6)

7)

8)

9)

Anesthetize the mouse with 5% isoflurane for induction, followed by 1.5-2% isoflurane for
maintenance. Monitor anesthesia level throughout surgery by watching breathing, as well as
using tail and toe pinches, and ensure that heating blanket is functioning correctly.

Use rodent trimmer to shave from the neck to the eyes, being careful not to trim any whiskers.
Use blunt ear bars to position mouse on stereotaxic frame, with anesthesia nose cone. The ear
bars must be secured with just enough pressure such that the mouse’s head does not shift during
surgery. The skull is still soft at P10 and care must be taken not to excessively squeeze the
skull between the bars, as this will affect respiratory rate.

Administer Carprofen (5 mg/kg BW, s.c.) and dexamethasone (0.2 mg/kg BW, s.c.).

The original injection site should be apparent as a well-healed triangular scar on the skin, not
raised or inflamed. If a large plug of granulation tissue is present at the original injection site
and the skin is attached to the skull underneath, there is likely an excessive amount of scarring
that will preclude a successful window surgery. The animal will likely not be suitable for
imaging.

Sterilize the skin with three alternating wipes of betadine and 70% alcohol.

Using the scissors, remove the skin on top of the skull, as well as the periosteum. Apply
lidocaine/epinephrine to skin edges. After 30 s, dry the skull surface using cotton swabs.
Apply a small amount of cyanoacrylate glue to the skin edges, but do not apply glue over the
bony sutures.

Use a pneumatic dental drill to very lightly carve a circular craniotomy, 3 mm in diameter.

Apply lidocaine/epinephrine, let sit for 30 s, then dry skull. The skull at P10 is still very soft
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and the bone near the original burr hole may be particularly brittle. Drilling should proceed
with minimal pressure to reduce the chance of sudden penetration and excessive bleeding.

10) Continue to gently drill along a circular groove until bone has been cracked all around the
perimeter of the craniotomy. Clean up any bleeding on the bone with Gelfoam. The drilling
can stop when the skull at the center of the craniotomy gives way as one pushes gently on it
with the dental drill tip.

11) Soak the entire drilled area with saline using Gelfoam for at least 1 min. Then use fine-tipped
forceps to gently lift the skull flap. Use Gelfoam to wipe away any residual scar tissue from
the original burr hole and injection. Note: Apply Gelfoam to stop any minor bleeding on the
surface of the dura. Minimal bleeding at the edge of the window, if readily stopped with
Gelfoam, will not impede imaging that same day. However, significant bleeding, bruising, or
damage of the dura in the center of the window will preclude same-day imaging and, if severe,
may also preclude subsequent imaging.

12) After the skull is removed use copious saline to irrigate the surface of the dura to remove bone
dust. Note: If some bone dust remains, this will increase the chances of subsequent bone re-
growth under the glass window.

13) While the dura is moist with saline, gently position a 3 mm glass coverslip over the craniotomy.

14) Hold the coverslip by applying gentle pressure on the center of the glass with the wooden end
of a cotton swab (or with forceps) so that the glass is firmly resting against the bone edges.
With the other hand, apply small drops of cyanoacrylate around the edges of the coverslip at
two or three points, then drag it around the perimeter of the window. Cyanoacrylate should
not seep under the glass and onto the dura. Let cyanoacrylate dry completely. Note: if some

glue seeps under the glass, the animal will likely not be suitable for imaging.
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15) Mix dental acrylic and apply over the entire skull surface around the window, sealing the edges
of the coverslip. Use the same acrylic to secure a custom titanium headbar to an area of the
head cap that will not interfere with the positioning of the microscope objective during in vivo
imaging. The plane of the headbar should be parallel to that of the coverslip. Also use dental
acrylic to make a small well around the window to hold water for the 20X immersion objective.

16) Allow the dental acrylic to cure for 5-10 minutes, and then move the mouse to a warm recovery
cage. When the mouse has recovered from anesthesia completely, return to the litter. Monitor
the dam closely to ensure the pups are safely reintegrated. Placing a cardboard shed in the
cage can improve the dam’s caretaking of pups.

17) The mouse can be imaged later the same day, as long as the dental acrylic on the head cap and

head bar is fully cured.

Detailed materials list

e O tank

e Artificial Tears eye lubricant ophthalmic ointment (Henry Schein, cat no. 048272)

e Sterile NaCl (Addipak, Teleflex cat no. 200-59)

e AAV vector encoding GCaMP (U. Penn virus core), diluted to 2E13 concentration with 1% Fast
Green

e 70% ethanol (Sigma-Aldrich, cat no. R3154-1GA)

¢ Betadine (Purdue Products, NDC 67618-155-16)

e Sterile Gelfoam (absorbable gelatin sponge) (Ethicon, Devine Medical cat no. MED-ETH1975)

¢ Cyanoacrylate glue (Krazy Glue, Office Depot, cat no. 366490)
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¢ Ortho-Jet dental acrylic powder and liquid (Lang Dental, cat nos. B1330 and 1306)

Drugs

e Lidocaine HCI 2% + epinephrine 1:200,000 (Fresenius-Kabl, cat no. 480927)

e Dexamethasone 2 mg/mL (Henry Schein, cat no. 002459)

e Carprofen (Rimadyl, 50 mg/ml, Pfiezer)

e [soflurane (Henry Schein, cat no. 029405). Note: Procedures using isoflurane should be

conducted in well-ventilated areas and should follow relevant animal care guidelines.

Equipment

e Glass capillary puller (Narashige, model PC-10)

e Glass capillaries, O.D. 1.5 mm, .D. 0.86 mm (Sutter Instruments, cat no. BF150-86-10)

¢ Picospritzer injection device (Parker Hannifin, model Picospritzer I11)

¢ Glass bead sterilizer (Fine Science Tools, cat no. 18000-45)

e Water recirculating heating blanket (Stryker, cat no. 8002-062-012) and pump (Gaymar, cat no.
07999-000)

e Rodent trimmer (Wahl, cat no. 9962-717)

¢ Dissecting microscope (Zeiss, model Stemi 2000)

e Gooseneck light source (Dolan-Jenner MI-150, Edmund Optics cat no. 59-236)

e Stereotaxic frame and mouse adaptor (Kopf, cat nos. 900 and 926)

¢ Anesthetic vaporizer (Surgivet Classic T3) with airflow meter (Porter, cat no. GL-616)

e Induction chamber (VetEquip, cat no. 941443)
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e Pneumatic dental drill (Midwest Tradition, Henry Schein, cat no. 7726063) with FG %4 carbide
burr drill bits (Henry Schein, cat no. 100-7205)

e Dumont tweezers #4 and #5, straight dissecting scissors, 10 cm (World Precision Instruments
cat nos. 500231, 14098, 14393)

e Small petri dish (35-mm diameter, Fisher, cat no. FB0875711YZ)

e Sterile cotton swabs (Henry Schein, cat no. 100-9175)

e Glass coverslips, 5 mm (Electron Microscopy Sciences, cat no. 72195-05)

e Needle tips, 18-gauge (BD, cat no. 305195)

e Titanium head bars (custom design: (0.125 x 0.375 x 0.05 inches)

¢ 2-photon microscope (custom built) (Cruz-Martin et al., 2010)

e Tunable Ti:Sapphire laser (Chameleon Ultra II, Coherent)

e Objectives, 4x (0.8 NA) and 20x (0.95 NA) water immersion (Olympus, UPLFLN 4x,
XLUMPLFLN 20x)

e Scanlmage (Pologruto et al., 2003)

Animals:

All experiments followed the U.S. National Institutes of Health guidelines for animal research,
under an animal use protocol (ARC #2007-035) approved by the Chancellor's Animal Research
Committee and Office for Animal Research Oversight at the University of California, Los Angeles.
We used male and female FVB.129P2 WT mice (JAX line 004828) and C57/BL6J mice (HSD

C57BlI/6NHsd) housed in a vivarium with a 12-h light-dark cycle. Experiments were performed
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during the light cycle. Animals were weaned at P21-22 and afterward housed with up to five mice

per cage. Before P21, pups were housed with their dam.

Reagents:

All reagents were obtained from Sigma unless otherwise specified. All viral vectors were obtained

from the University of Pennsylvania Vector Core.

Virus injection at P1:

In figures 9 and 10, we provide detailed instructions for virus injections in newborn mice that have
been optimized for targeting of GCaMP6s to L2/3 neurons of barrel cortex for in vivo two-photon
calcium imaging of spontaneous and whisker-evoked activity starting in the 2" postnatal week.
Adjustments may be necessary for targeting deeper layers, different brain regions, or for injecting
different viral serotypes. Minimizing tissue damage and the resulting inflammation is key for
successful cranial window implantation and optimal window clarity within 10 days of viral

injection.

The pCAG-tdTomato plasmid was introduced to layer (L) 2/3 precursor cortical neurons via in
utero electroporation at E16. As we previously reported (He et al., 2017), for P1 injections we used
rAAV (AAV1.Syn.GCaMP6s.WPRE.SV40) (Chen et al., 2013) diluted to a working titer of 2E13
together with 1% filtered Fast Green FCF dye (to visualize the spread of the injection). Pups were

anesthetized with isoflurane (5% induction, 1.5-2% maintenance via a nose cone, vol/vol) and
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positioned in a stereotaxic frame (Kopf model 900 with adaptor model 926) (Fig. 10A-B). After
a subcutaneous injection of Carprofen (Rimadyl, Pfizer; 5 mg/kg) and scalp sterilization with
betadine and 70% alcohol, a small (2-3 mm) skin flap was made over the somatosensory cortex
(Fig. 10C). A dental drill was used to gently clear the periosteum under the skin flap. At the
intended injection site, the bone was lightly drilled to the point of a slight crack without exposing
the dura and without penetration by the drill (Fig. 10E). A pulled glass micropipette (Sutter
Instrument, 1.5 mm outer diameter, 0.86 mm inner diameter) was used to inject ~0.2 uL of rAAV
at a depth of 0.2 mm below the dura, using a Picospritzer (General Valve) (Fig. 10F). After pipette
removal, the injection site was cleaned gently with Gelfoam and sealed with VetBond (3M), and
the skin flap was replaced and also sealed with VetBond (Fig. 10H). After full recovery on a

warm water circulation blanket, the pup was returned to the dam.

Electrophysiology:

The brains were quickly removed and transferred to ice-cold artificial CSF (ACSF) containing (in
mM): 119 NaCl, 2.5 KCl, 1.3 MgS04, 1 NaH2PO4, 2.5 CaCl2, 26.2 NaHCO3, and 10 dextrose,
bubbled with oxygenated 95% 02 / 5% CO2 to a final pH of 7.4. Acute coronal brain slices
(300um) through the barrel cortex were cut on a vibratome (Leica VT1000S). The acute slices
were incubated at 37°C in oxygenated ACSF for 1 hour and then placed on a chamber maintained
at 35-37°C on the stage of an upright Olympus BX51 microscope. Slices were submerged in
ACSEF, perfused at a rate of 2-4 ml/min, and bubbled with 95% 02 / 5% CO2. L2/3 pyramidal
neurons were identified using differential interference contrast optics with a 60X 0.8 NA water

immersion objective (Olympus). Cells were patched for 15-30 min and recordings were performed
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using whole-cell patch-clamp technique in current clamp configuration (Axon Instruments,
Multiclamp 700B). Series resistances were manually compensated for standard patch pipettes (6—
9 MQ tip resistance) pulled on a Brown/Flaming microelectrode puller (Sutter Instruments, model
P-97). Pipettes were filled with an intracellular solution containing (in mM): 130 K-gluconate, 5
KCL, 2 MgCl12, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 10 phosphocreatine, and 2 Alexa-488,
adjusted to a final pH of 7.3. The ACSF solution in which slices were maintained was consistent
between recordings with the exception of the [KCl], which ranged from 1.25 mM to 5 mM. The
input resistance (Rm) or membrane potential (Vm) did not change more than 10% during the course
of recording for each cell. All electrophysiological recordings were sampled at 10 kHz, digitized
with custom written MATLAB software controlling an A-D board (National Instruments, PCI-
6723), and saved for off-line analysis. All analyses were performed using custom-written software

in MATLAB.

Cranial window surgery:

We followed a protocol that we have described extensively in previous publications (Cruz-Martin
et al.,, 2010; Cruz-Martin and Portera-Cailliau, 2010; Mostany and Portera-Cailliau, 2008).
Briefly, pups (P10-12) were anesthetized with isoflurane (5% induction, 1.5-2% maintenance
vol/vol) and placed in a stereotaxic frame. A 2.5 mm diameter craniotomy was performed over
the injected barrel cortex in one hemisphere and covered with a 3 mm glass coverslip (Electron
Microscopy Sciences). The coverslip was secured to the skull with Krazy Glue and dental cement.
A headbar was attached to the skull with dental cement in order to secure the animal to the

microscope stage for imaging.
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In utero electroporation:

In utero electroporation was performed as previously reported (Cruz-Martin et al., 2010; Cruz-
Martin et al., 2012). In short, pregnant female mice at gestation day E16 were anesthetized with
isoflurane (5% induction, 1.5-2% maintenance vol/vol). A medial incision along the abdomen was
made exposing the abdominal cavity. The uterine horns were gently exposed and each embryo
was pressure injected with a plasmid encoding pCAG-tdTomato (500ng/ul) in the left lateral
ventricle with a Picospritzer. A set of 3 square pulses (50 ms duration, 35 V with 500 ms between
each pulse) was administered to each embryo via a custom-built electroporator with the positive
electrode paddle placed over the left somatosensory cortex. Throughout the procedure, the
embryos were frequently irrigated with warm saline (37°C). The embryos were placed back inside
the mother and the dam’s abdominal wall was sutured with absorbable sutures (muscle) and nylon

sutures (skin).

Optical Intrinsic Signal (OIS) imaging:

After the cranial window placement, OIS imaging was used at P16 to obtain whisker-responsive
maps and confirm appropriate targeting of rAAV injection to the barrel cortex. Following a
protocol previously described (Johnston et al., 2012), the contralateral whisker bundle was
attached using bone wax to a glass needle coupled to a piezo-actuator (Physik Instrumente). Each
whisker stimulation trial consisted of a 100 Hz sawtooth stimulation lasting 1.5 s. In order to
delineate the cortical representation of whisker stimulation, the response signal was divided by the

averaged baseline signal, summed for all trials, then thresholded at 50% of maximum response.
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OIS signal intensities were used solely for localization during calcium imaging and were not

compared between animals.

In vivo two-photon calcium imaging in head-restrained mice :

Calcium imaging was performed on a custom-built two-photon microscope, with a Chameleon
Ultra II Ti:Sapphire laser (Coherent), a 20X objective (0.95 NA, Olympus), and Scanlmage
software (Pologruto et al., 2003). Mice were lightly sedated with chlorprothixene (2 mg/kg, 1.p.)
and isoflurane (0-0.5%), and kept warm with an electric heating blanket (Harvard Apparatus).
Isoflurane was manually adjusted to maintain a breathing rate ranging from 100-150 breaths/min
for P11-16 mice. Both spontaneous activity and whisker-evoked barrel cortex activity were
recorded in the same mice at three postnatal ages, P11, P15 and P30. Whisker stimulation was
delivered by bundling the contralateral whiskers (typically all macrovibrissae of at least ~1 cm in
length) to a glass needle coupled to a piezo-actuator with soft bone wax. Whiskers were stimulated
for 1 s at 10 Hz with 5 s interstimulus intervals (i.s.1.), for a total of 10 stimuli (Fig. 14) or with an
i.s.1. of 5 s (Fig. 15). Whole-field images were acquired at 7.8 Hz (1024 x 128 pixels down-
sampled to 256 x 128 pixels) for Fig. 14 and 0.98 Hz for Fig. 15 (512 x 512 pixels). Spontaneous

activity recordings lasted 60 s.

Data analysis for calcium imaging:

Calcium-imaging data were analyzed using custom-written MATLAB routines, as described (He
et al., 2017). All relevant data and MATLAB code are available upon request to the authors. X-Y

drift in the movies was corrected using a cross-correlation-based, non-rigid alignment algorithm
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(Mineault et al., 2016). The choice of registration algorithm did not affect the data analysis, since
the fluorescence data for each neuron was always normalized to its own baseline. A semi-
automated algorithm (Chen et al., 2013) was used to select regions of interest, each representing a
single cell body, and extract the fluorescence signal (AF/F) for each neuron. A “modified Z-score”
Z_F time series for each neuron was calculated as

F(t) — mean(quietest period)

Z_F(t) = std(quietest period)

where the quietest period is the 10 s period with the lowest variation (standard deviation) in AF/F.

All subsequent analyses were performed using the Z F(t) time series.

For analysis of aggregate activity within a particular time range, as in Fig. 14, the mean of Z F (t)
within that time range was calculated for each ROI, and for each animal imaged, these means were
compared across P11, P15, and P30. Only cells that had at least one calcium transient during the
recording at all three postnatal ages were analyzed. To define whether an individual cell was
“whisker-responsive,” i.e., showed time-locked responses to whisker stimulations (Fig. 14 C, F)
we used a probabilistic bootstrapping method, wherein we compared correlations between the
stimulus time-course vs. the Z F time series with correlations between the stimulus time-course
and 1,000 scrambles of all calcium activity epochs in Z_F(t) (epoch = consecutive frames wherein

Z F(t) > 3), as was previously described (He et al., 2017).

Statistical analyses:

Graphs in Fig. 14 show data from neurons that were active across all time points P11, P15 and

P30. For each ROI the Z F(t) averages were calculated. To calculate statistical significance,
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Friedman’s two-way analysis of variance (ANOVA) by ranks for related samples was used with
post-hoc pairwise comparisons corrected with Bonferroni adjustments. Pearson’s correlations
were determined using custom MATLAB code and Friedman’s two-way ANOV As by ranks were
determined using SPSS 24 software (IBM). Graphs in Fig. 14 show all data points, as well as
group medians. Based on the group sizes of n=6, we used unpaired rank-based comparisons with
bootstrapping (10,000 resamples), implemented using custom-written R code. Two-sided p-values

were calculated, and the threshold for significance was set at p<0.05.

Table 2: Troubleshooting for P1 injection and P10-13 cranial window

Problem Possible reason Solution
Mouse is moving | Insufficient 1. Check that isoflurane delivery system: Check
anesthesia all tubing, valves, vaporizer settings.

2. Ensure nose cone immediately adjacent to or
covering the nose.

3. Check that ear bars are not too tight and
uncomfortable for the animal.

4. Increase maintenance anesthesia to 2.5%

5. If mouse is still moving, remove the mouse
from the stereotax and re-induce at 5%, then
reposition on stereotax.

Mouse gasping or | Excessive 1. Adjust isoflurane level to ensure that mouse is
dies during | anesthesia, still breathing regularly, though slowly, during
surgery hypothermia, or | surgery, and without response to toe or tail
excessive  cranial | pinches.
pressure. 2. Keep duration of surgery (anesthesia time)

under 20 min.

3. Ensure that heating blanket temperature is
appropriate.

4. Check that ear bars are not too tight. Skull
should be immobile but only barely bulging
between the ear bars.

Bleeding during | Damaged blood | 1. Apply wet Gelfoam to the drilled area and let

drilling vessels, or the drill | sit for 30-60 s. If bleeding stops, then proceed
bit punctured the | with surgery. If bleeding does not stop, irrigate
dura. with sterile saline and then apply wet Gelfoam.

2. If the drill bit has clearly punctured through
the skull and into the dura, terminate the
experiment.
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Vector does not | The  pipette is | 1. Increase the Picospritzer pulse duration and
exit the pipette tip | clogged apply a single larger pulse of pressure to try and
unclog the pipette; then proceed with the
injection at lower duration.
2. If the pipette tip remains clogged, retract the
pipette and switch to a new pipette.
rAAV  solution | The pipette tip is too | 1. Avoid using pipettes with a large tip diameter;
refluxes around | wide Use minimal pressure to break the pipette tip or
pipette tip by gently touching to moistened Kimwipe.
emerges from 2. Reduce the Picospritzer pulse duration and
burr hole increase the pause time between pulses (i.e.,

reduce the volume injected per pulse), to allow
time for the injected solution to be absorb around
the pipette tip.

3. After injection is complete and the pipette is
retracted, use wet Gelfoam to thoroughly clean
the skull surface before applying VetBond.

Skin at injection
site has adhered

of too

bone,

Removal
much

1. If the skin at the injection site is adhered to the
skull, a good cranial window surgery can still be

to the skull | excessive VetBond | performed (i.e., the dura and skull may not be
(excessive application, or skin | adhered).
scarring) flap replacement | 2. If the skull flap cannot be lifted due to
before VetBond on | adhesion, terminate the surgery.
skull was dry
Bleeding occurs | Blood vessel | 1. Apply Gelfoam soaked in saline to the drilled
upon bone flap | damage or dura | area and let it sit for 30 s. If bleeding stops,
removal damage proceed with surgery. If bleeding does not stop,

irrigate with sterile saline and then apply wet
Gelfoam.

2. If the drill bit has clearly punctured through
the dura, or if the bone flap has ripped the dura,
terminate the surgery.
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Chapter 4

Discussion



Early intervention with bumetanide shows potential for a long-term rescue of network-

level sensory dysfunction in FXS mice

Many of the synaptic perturbations, either functional or morphological, that have been described
in the sensory cortex of Fmrl KO mice are present only during the first two post-natal weeks and
seem to normalize as mice mature (Nimchinsky et al., 2001; Cruz-Martin et al., 2010; Harlow et
al., 2010). However, circuit level defects and abnormal sensory-related behaviors persist in adult
mutant mice (Arnett et al., 2014; Zhang et al., 2014; He et al., 2017). It has been speculated that
the correct timing of the development of synapses during a critical period is required for the
refinement of the circuit early in development (Meredith, 2015). However, this has not been
formally tested. Therefore, I tested whether correction of the developmental profile of synapses
by manipulation of inhibition during the first two post-natal weeks was sufficient to restore the
circuit alteration in mature cortex of Fmrl KO mice. Specifically, I tested the drug bumetanide, a
NKCCI1 inhibitor that can reverse the delayed switch in GABA polarity that is seen in Fmrl KO
mice. [ chose bumetanide because it is an FDA approved drug (diuretic) that crosses the blood
brain barrier and because it shows promise for treating symptoms in children with ASD
(Hadjikhani et al., 2018). I found that administration of bumetanide to young adult Fmr! KO mice
limited to this time frame was sufficient to correct the enlarged whisker-evoked maps in the barrel
cortex, which could have therapeutic implications for the symptom of sensory hypersensitivity and
tactile defensiveness. It is important to note that the intrinsic optical signal is the integration of
many different responses of cortical neurons and interneurons. Therefore, the normalization of the
map size and intensity suggests that the overall cortical response is corrected by bumetanide
administered during a critical period. This provides strong evidence that correcting synaptic

maturation during development can have long lasting effects on the function of the circuit and
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supports the idea that the correct temporal refinement of synapses during early vulnerable periods
is important to the correct function of the adult circuit. Prior work that has targeted
metalloproteinases with minocycline to rescue dendritic spine development have also found that
treatment during early development produces a long lasting improvement in some behaviors in

Fmrl KO mice, further demonstrating the importance of early intervention (Dansie et al., 2013).

Excitatory neurons in the somatosensory cortex of FXS are insensitive to sensory stimuli

I set out to investigate whether L2/3 dendritic spines of Fmr! KO mice are affected by novel
sensory experience at a time during early post-natal brain development when sensory information
must begin to guide the behavior in terms of navigation, object recognition, social interaction and
sensorimotor function. This was an important question because, previously, in vivo imaging
studies of synaptic plasticity had focused only on sensory deprivation, which is not something that
happens during typical brain development. I used a very brief period (8-10 hours) of EE at P14.
Our main findings are that: 1. Spine density is normal in Fmr/ KO mice; 2. The density and size
of axonal EPBs are not different between genotypes and are unaltered by EE and; 3. EE leads to a
significant increase in spine density in WT mice, due to an increase in the rate of spine formation;

and 4. Dendritic spines of Fmrl KO mice are insensitive to EE.

The fact that spine density was normal in the somatosensory cortex of Fmr/ KO mice is in line
with several other in vivo imaging studies (Cruz-Martin 2010, Pan 2010, Padmashri 2013), and
helps support once again the notion that prior reports of higher spine density in mutant mice from
fixed tissue studies may have been due to sampling bias or selective effects of the Golgi method

(He & Portera-Cailliau, Neuroscience 2013).
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Even though some FMRP is also expressed presynaptically, I found that axon EPB density and
volume in L2/3 neurons of Fmrl KO and WT mice were comparable. This could mean that,
because of the relative abundance of FMRP in dendrites (compared to axons), dendritic spines are
selectively affected by its absence in Fmr! KO mice. However, because of much lower density of
EPBs compared to spines, it is conceivable that with a greater sample size (i.e., more mice), I might
have detected differences in EPBs in Fmr! KO mice. Indeed, during normal aging, in vivo imaging
studies have revealed significant changes in spine density but not in EPB density (Mostany 2013),

which again could be due to the smaller sample size.

Our previous work shows that between P10-12, L2/3 spine lengths in the barrel cortex in Fmrl
KO animals are comparable to that of WT mice, but that overall, spine length decreases from P7-
8 to P21-24 (Cruz-Martin 2010). Spine density was determined to be around 0.35 spine /um at
P10-12 but increases to ~1.0 /um by P21-24. Here, I show that by P14, spine density nearly
doubles from that of P10-12, reaching 0.68 spines /um in WT and 0.65 /um in Fmrl KO mice.
Because Fmrl KO spines are slightly longer than in WT at P14, but not P10-12 or P21-24, this
rapid increase in spine density in Fmrl KO neurons is due to generation of protrusions that appear

more morphologically immature.

The most significant and novel findings of our study are that a novel sensory experience leads to
new spines being added onto dendrites of L2/3 neurons in WT mice, but not in Fmrl KO mice. A
previous in vivo imaging study found that a period of EE for 2 days in 1 month old WT mice led
to a near doubling of spine formation (Yang et al., 2009), which is in line with our findings. Our

study is the first, however, to demonstrate that this effect of EE is already apparent during the
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critical period of L2/3 in barrel cortex development (P14) and requires only 8-10 h of novel
experience. A 6% increase in spine density may seem rather modest at first glance, but consider
the impact of similar daily increases over a 1 week or 2-week period. The Yang et. al (2009) study
showed that experience-induced spines persisted longer than spines formed during SE, indicating
that they were permanently incorporated into the circuit. Similarly, I found that spine density
significantly increased, albeit modestly after EE, suggesting that newly added spines are retained.
The fact that spines are added in response to new sensory inputs in early postnatal development is
a critical step in circuit wiring in the cortex. Indeed, the fact the inability of spines in Fmrl KO
mice to respond to novel sensory experiences may be a fundamental mechanism for circuit

dysfunction in FXS.

Our finding that spines in 2 week-old Fmrl KO mice are insensitive to novel sensory experience
is reminiscent of results in motor cortex of adult Fmr/ KO mice, where spines do not respond to
motor learning (Padmashri et al., 2013). This fits our theory that a central defect of dendritic spines
in FXS is their lack of plasticity (He & Portera-Cailliau, 2013). I do not rule out the possibility
that the defect is simply a delay in their responsivity to EE, and that if I had extended the period
of EE, Fmrl KO mice would have shown an increase in spine density. There is evidence that the
increased abundance of immature spines in L2/3 neurons is rescued when Fmrl KO mice reared
in EE (Restivo 2005, Nagaoka 2016). However, in that fixed tissue study, the authors did not
appreciate changes in spine density as a result of EE, and they were not able to assess spine

dynamics.
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In the future, it will be important to determine the functional impact of spine gains due to sensory
experience. For example, using in vivo two-photon calcium imaging in single spines, one could
test whether newly added spines in barrel cortex also have larger whisker-evoked signals in WT
mice. Thus, the protocol I developed for rAAV-dependent expression of the indicator GCaMP6s
in neonatal brain will be a significant resource for those experiments (see below). It is also fair
to assume that our EE paradigm would yield similar synaptic gains in other brain regions, including
visual or auditory cortex, as well as motor cortex, but that Fmr/ KO mice would not show those
changes. Because EE-induced improvements in synaptic and behavioral abnormalities have been
shown in other models of autism (Lonetti 2010, Yamaguchi 2017), I believe our results have broad

implications regarding the effects of EE in autism.

Our protocol detailing a method for imaging activity in early post-natal mice is ideally suited to
implement for follow-up experiments to the L 2/3 spine data presented in Chapter 2. Given that
spines are insensitive to environmental enrichment in FXS mice at P14, I would expect to see a
functional correlate of spine insensitivity to whisker stimulus. Pairing whisker stimulation with
L2/3 GCaMP6s imaging of spines in the barrel cortex will be an important set of experiments to
link structural dynamics to functional responsivity. I would hypothesize that similar to the
maladaptive responses in shown in L2/3 somata (He et al., 2017), calcium transients in spines
might also show lack of adaptation following repeated stimuli trains. But how spine individual
spine structures might change in response to repeated stimuli may be more nuanced given their

dynamic nature.
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Caveats for calcium imaging of spines

In the spirit of full disclosure, I would like to end by highlighting some specific challenges of

GCaMP6s spine imaging in early post-natal mice and offer and tips to mitigate the effect of these

obstacles:

The first challenge is that introduction of an additional fluorescent marker is crucial for
finding the same dendrites for longitudinal studies, otherwise locating the same dendrite
relies on activity and is akin to finding a needle in a field of haystacks. A suitable
fluorescent marker for structural imaging that is spectrally distinct from GCaMP6s is
tdTomato. A couple advantages of tdTomato are its brightness and resistance to
photobleaching. However, because tdTomato emitted fluorescence is so bright, it can
cause ‘bleed-though’ in the green channel, especially since in practice, GCaMP6s requires
higher laser power. Therefore, I would recommend obtaining high quality filters to
minimize this effect. An alternate approach would be to use a red-shifted calcium indicator

such as jJR-GECO and a green fluorescent protein to label dendritic structures.

Another, perhaps more significant challenge, is that imaging activity is done so on a single
plane of focus and finding a dendrite completely parallel to the imaging plane can be
difficult, especially for longitudinal studies. When imaging cell bodies, the focal plane has
a minimal effect given that their diameter is ~25 um. Dendritic spines, however, range in
length from about 0.5 um to 4 um, so finding the same imaging plane is essential for
longitudinal studies. Because the brain undergoes rapid enlargement during the first few
post-natal weeks, this can hinder the chances of locating the same dendritic segment over
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repeated imaging sessions. For chronic imaging over a single session, I recommend
keeping the animal on the imaging rig for the duration of the imaging protocol, as long as
the imaging period does not exceed more than 3 h. Removal from the rig will likely lead

to small, but significant variations of the imaging focal plane.

At P14, the skull is still slightly soft, so securing the head completely is not feasible.
Unfortunately, small movements elicited by arousal or gasping can affect the imaging
plane. I recommend using low levels of isoflurane (~0.5%) in conjunction with
chlorprothixene (see Chapter 3 METHODS) to help reduce motion of the animal without
affecting the excitability of neurons (which occurs with higher levels of isoflurane,
unpublished observations). Importantly, dams become anxious when 1.) mouse pups have
been removed from the home cage for extended periods of time (especially pups that have
been operated on) and 2.) when pups aren’t fully alert, so full recovery from
chlorprothixene is critical to minimize cannibalism. Recovery generally takes a minimum

of several hours.

Future directions

One of the challenges of early post-natal studies is the lack of behavioral paradigms. Learning and

memory tasks can take days to weeks in adult mice, which is not an option for mice at younger

As discussed in the Introduction, our lab recently demonstrated differences in tactile

defensiveness in early postnatal Fmr/ KO mice. Fmrl KO mice appear to actively avoid whisker

stimuli by turning away more so than WT mice. To address whether or not spine dynamic
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dysregulation contributes to sensory overreactivity one could perform structural imaging of spines
of L2/3 neurons before and after short-term EE and measure tactile defensive behavior in the same
mice. If errors in spine dynamics modulation underpin sensory over-reactivity, I would expect to
see a positive relationship between spine insensitivity to EE and aversive behavior. Furthermore,
if GCaMP6s imaging of cell bodies was also performed in the same mice, links between spine
dynamics, cell activity of microcircuits and behavior could be revealed, which is the next step in
parsing apart how sensory information processing deficits impact sensory hypersensitivity.
Similar sophisticated experiments illustrate the potential power of future studies but require initial
phenotypic discovery in young post-natal mice for initial experimental design. The work presented
in this thesis along with other studies from our lab are the first to use chronic two-photon
microscopy to elucidate possible sensory-related cortical disruptions in early post-natal Fmrl KO

mice.
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	1) Anesthetize the mouse with 5% isoflurane for induction, followed by 1.5-2% isoflurane for maintenance.  Monitor anesthesia level throughout surgery by watching breathing, as well as using tail and toe pinches, and ensure that heating blanket is fun...
	2) Use rodent trimmer to shave from the neck to the eyes, being careful not to trim any whiskers.
	3) Use blunt ear bars to position mouse on stereotaxic frame, with anesthesia nose cone.  The ear bars must be secured with just enough pressure such that the mouse’s head does not shift during surgery.  The skull is still soft at P10 and care must be...
	4) Administer Carprofen (5 mg/kg BW, s.c.) and dexamethasone (0.2 mg/kg BW, s.c.).
	5) The original injection site should be apparent as a well-healed triangular scar on the skin, not raised or inflamed.  If a large plug of granulation tissue is present at the original injection site and the skin is attached to the skull underneath, ...
	6) Sterilize the skin with three alternating wipes of betadine and 70% alcohol.
	7) Using the scissors, remove the skin on top of the skull, as well as the periosteum.  Apply lidocaine/epinephrine to skin edges.  After 30 s, dry the skull surface using cotton swabs.
	8) Apply a small amount of cyanoacrylate glue to the skin edges, but do not apply glue over the bony sutures.
	9) Use a pneumatic dental drill to very lightly carve a circular craniotomy, 3 mm in diameter.  Apply lidocaine/epinephrine, let sit for 30 s, then dry skull.  The skull at P10 is still very soft and the bone near the original burr hole may be particu...
	10) Continue to gently drill along a circular groove until bone has been cracked all around the perimeter of the craniotomy.  Clean up any bleeding on the bone with Gelfoam. The drilling can stop when the skull at the center of the craniotomy gives wa...
	11) Soak the entire drilled area with saline using Gelfoam for at least 1 min. Then use fine-tipped forceps to gently lift the skull flap.  Use Gelfoam to wipe away any residual scar tissue from the original burr hole and injection.  Note: Apply Gelfo...
	12) After the skull is removed use copious saline to irrigate the surface of the dura to remove bone dust.  Note: If some bone dust remains, this will increase the chances of subsequent bone re-growth under the glass window.
	13) While the dura is moist with saline, gently position a 3 mm glass coverslip over the craniotomy.
	14) Hold the coverslip by applying gentle pressure on the center of the glass with the wooden end of a cotton swab (or with forceps) so that the glass is firmly resting against the bone edges.  With the other hand, apply small drops of cyanoacrylate a...
	15) Mix dental acrylic and apply over the entire skull surface around the window, sealing the edges of the coverslip.  Use the same acrylic to secure a custom titanium headbar to an area of the head cap that will not interfere with the positioning of ...
	16) Allow the dental acrylic to cure for 5-10 minutes, and then move the mouse to a warm recovery cage.  When the mouse has recovered from anesthesia completely, return to the litter.  Monitor the dam closely to ensure the pups are safely reintegrated...
	17) The mouse can be imaged later the same day, as long as the dental acrylic on the head cap and head bar is fully cured.
	Detailed materials list
	 O2 tank
	 Artificial Tears eye lubricant ophthalmic ointment (Henry Schein, cat no. 048272)
	 Sterile NaCl (Addipak, Teleflex cat no. 200-59)
	 AAV vector encoding GCaMP (U. Penn virus core), diluted to 2E13 concentration with 1% Fast Green
	 70% ethanol (Sigma-Aldrich, cat no. R3154-1GA)
	 Betadine (Purdue Products, NDC 67618-155-16)
	 Sterile Gelfoam (absorbable gelatin sponge) (Ethicon, Devine Medical cat no. MED-ETH1975)
	 Cyanoacrylate glue (Krazy Glue, Office Depot, cat no. 366490)
	 Ortho-Jet dental acrylic powder and liquid (Lang Dental, cat nos. B1330 and 1306)
	Drugs
	 Lidocaine HCl 2% + epinephrine 1:200,000 (Fresenius-Kabl, cat no. 480927)
	 Dexamethasone 2 mg/mL (Henry Schein, cat no. 002459)
	 Carprofen (Rimadyl, 50 mg/ml, Pfiezer)
	 Isoflurane (Henry Schein, cat no. 029405).  Note: Procedures using isoflurane should be conducted in well-ventilated areas and should follow relevant animal care guidelines.
	Equipment
	 Glass capillary puller (Narashige, model PC-10)
	 Glass capillaries, O.D. 1.5 mm, I.D. 0.86 mm (Sutter Instruments, cat no. BF150-86-10)
	 Picospritzer injection device (Parker Hannifin, model Picospritzer III)
	 Glass bead sterilizer (Fine Science Tools, cat no. 18000-45)
	 Water recirculating heating blanket (Stryker, cat no. 8002-062-012) and pump (Gaymar, cat no. 07999-000)
	 Rodent trimmer (Wahl, cat no. 9962-717)
	 Dissecting microscope (Zeiss, model Stemi 2000)
	 Gooseneck light source (Dolan-Jenner MI-150, Edmund Optics cat no. 59-236)
	 Stereotaxic frame and mouse adaptor (Kopf, cat nos. 900 and 926)
	 Anesthetic vaporizer (Surgivet Classic T3) with airflow meter (Porter, cat no. GL-616)
	 Induction chamber (VetEquip, cat no. 941443)
	 Pneumatic dental drill (Midwest Tradition, Henry Schein, cat no. 7726063) with FG ¼ carbide burr drill bits (Henry Schein, cat no. 100-7205)
	 Dumont tweezers #4 and #5, straight dissecting scissors, 10 cm (World Precision Instruments cat nos. 500231, 14098, 14393)
	 Small petri dish (35-mm diameter, Fisher, cat no. FB0875711YZ)
	 Sterile cotton swabs (Henry Schein, cat no. 100-9175)
	 Glass coverslips, 5 mm (Electron Microscopy Sciences, cat no. 72195-05)
	 Needle tips, 18-gauge (BD, cat no. 305195)
	 Titanium head bars (custom design: (0.125 x 0.375 x 0.05 inches)
	 2-photon microscope (custom built) (Cruz-Martín et al., 2010)
	 Tunable Ti:Sapphire laser (Chameleon Ultra II, Coherent)
	 Objectives, 4x (0.8 NA) and 20x (0.95 NA) water immersion (Olympus, UPLFLN 4x, XLUMPLFLN 20x)
	 ScanImage (Pologruto et al., 2003)
	Animals:
	All experiments followed the U.S. National Institutes of Health guidelines for animal research, under an animal use protocol (ARC #2007-035) approved by the Chancellor's Animal Research Committee and Office for Animal Research Oversight at the Univers...
	Reagents:
	All reagents were obtained from Sigma unless otherwise specified.  All viral vectors were obtained from the University of Pennsylvania Vector Core.
	Virus injection at P1:
	In figures 9 and 10, we provide detailed instructions for virus injections in newborn mice that have been optimized for targeting of GCaMP6s to L2/3 neurons of barrel cortex for in vivo two-photon calcium imaging of spontaneous and whisker-evoked acti...
	Electrophysiology:
	Cranial window surgery:
	We followed a protocol that we have described extensively in previous publications (Cruz-Martin et al., 2010; Cruz-Martin and Portera-Cailliau, 2010; Mostany and Portera-Cailliau, 2008).  Briefly, pups (P10-12) were anesthetized with isoflurane (5% in...
	In utero electroporation:
	Data analysis for calcium imaging:
	Statistical analyses:
	Table 2: Troubleshooting for P1 injection and P10-13 cranial window


	Chapter 4
	Discussion

	References



