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Excitatory-Inhibitory Circuit Dysregulation During The Auditory Cortex Critical
Period In The Fragile X Syndrome Mouse Model

Abstract

Fragile X syndrome (FXS), caused by the silencing of the FMR1 gene, is the most common heritable form
of intellectual disability and autism. In both FXS and autism, the auditory cortex is of particular interest
because of its crucial role in language development, communication, and auditory processing, all of which
are hallmark deficits in patients. In the FXS animal model of the Fmr1 knockout (KO) mouse, numerous
auditory-related phenotypes have also been described related to abnormal auditory processing and an
impaired auditory cortex critical period. While such phenotypes are suggestive of altered excitatory-
inhibitory balance in the auditory circuit, few studies have examined synaptic dysregulation in the auditory
cortex. Here, we investigate the postnatal maturation of ionotropic glutamate and GABA-mediated
synaptic transmission across key developmental ages in auditory forebrain maturation. We first
characterized wild-type mice, establishing clear developmental patterns in the naturally developing
auditory cortex. We subsequently identified a broad dysregulation of these maturational patterns in the
Fmr1 KO mice. Cellular and molecular expression studies of the developmental expression of ionotropic
receptor subunits in Chapter 2 revealed altered expression patterns that manifest before ear canal
opening, suggestive of dysregulation that manifests before auditory circuits are fully in sync with
environmental input. In Chapter 3, we examined the functional maturation of the L4 to L2/3 auditory
intracortical circuit, with Fmr1 KO mice revealing aberrant developmental patterns of basal synaptic
transmission excitability and synaptic plasticity. In Chapters 4 and 5, we directly investigate the functional
maturation of GABAergic and glutamatergic synapses in L2/3 pyramidal neurons in Fmr1 KO mice. Taken
together, our results suggest that the loss of FMRP causes an altered regulation and coordination of
inhibitory and excitatory synaptic maturation in the auditory cortex, which in part underlie the circuit
dysregulation that occurs during its critical period to ultimately elicit auditory-related phenotypes in FXS.
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ABSTRACT

EXCITATORY-INHIBITORY CIRCUIT DYSREGULATION DURING THE AUDITORY
CORTEX CRITICAL PERIOD IN THE FRAGILE X SYNDROME MOUSE MODEL

Yeri J. Song

Frances E. Jensen

Fragile X syndrome (FXS), caused by the silencing of the FMR1 gene, is the most common
heritable form of intellectual disability and autism. In both FXS and autism, the auditory
cortex is of particular interest because of its crucial role in language development,
communication, and auditory processing, all of which are hallmark deficits in patients. In
the FXS animal model of the Fmr1 knockout (KO) mouse, numerous auditory-related
phenotypes have also been described related to abnormal auditory processing and an
impaired auditory cortex critical period. While such phenotypes are suggestive of altered
excitatory-inhibitory balance in the auditory circuit, few studies have examined synaptic
dysregulation in the auditory cortex. Here, we investigate the postnatal maturation of
ionotropic glutamate and GABA-mediated synaptic transmission across key
developmental ages in auditory forebrain maturation. We first characterized wild-type
mice, establishing clear developmental patterns in the naturally developing auditory
cortex. We subsequently identified a broad dysregulation of these maturational patterns
in the Fmr1 KO mice. Cellular and molecular expression studies of the developmental
expression of ionotropic receptor subunits in Chapter 2 revealed altered expression
patterns that manifest before ear canal opening, suggestive of dysregulation that
manifests before auditory circuits are fully in sync with environmental input. In Chapter 3,
we examined the functional maturation of the L4 to L2/3 auditory intracortical circuit, with

Fmr1 KO mice revealing aberrant developmental patterns of basal synaptic transmission
\'



excitability and synaptic plasticity. In Chapters 4 and 5, we directly investigate the
functional maturation of GABAergic and glutamatergic synapses in L2/3 pyramidal
neurons in Fmr1 KO mice. Taken together, our results suggest that the loss of FMRP
causes an altered regulation and coordination of inhibitory and excitatory synaptic
maturation in the auditory cortex, which in part underlie the circuit dysregulation that

occurs during its critical period to ultimately elicit auditory-related phenotypes in FXS.

vi



TABLE OF CONTENTS

ACKNOWLEDGMENTS .......ccooiiiiiiieieeiiesssee s s s ssssssss s sssssssssssss s s s s s s ssssesssssssssssssssnssssssnnsnnnnns iii
N = 23 I\ O Y v
LIST OF TABLES ........ oot irtcce s s s e e s s s nmmsss s s s s e e s s s smmm s s s s e e e e s e nnmnnssssssseeeennnnnn ix
LIST OF FIGURES..........o s s s s s s s s snnnnnnnnn X
CHAPTER 1: INTRODUCTION....... . 1
L0 = T PN 1

L. Fragile X SYNArOmME............ooiiiiiiii ettt e e e e e e e e e e e e e e e anee 2

Il. FMRP and the Fmr1 KO mouse model...............ccccccvvviiiiiiiiiii 4
Molecular overview of FIMRP.......cccciiicrrrrrrrrrrssssss s s 4
Recapitulation of FXS phenotypes in the Fmr1 KO model .....cccoeeiiiiiiiiiirrcrrerrssssssssssesssnnnen 6
Auditory-specific phenotypes in the FmMr1 KO MOdEL........uuuueeemmmmnmnennnnnnnnnnnnnnnnnnnnnsnnssnssnnnnnas 7

lll. Critical periods of development ..................ccccooiiiiii 9
Altered critical periods in developing FMr1 KO MICE....uuuuuuuuueneennnnnnnnnnnnnnsnnnnnnnnnsnsnsssssssssnnnnes 9
Neuronal circuits and the regulation of critical periods by changes in E-I balance .............. 10

IV. Excitatory-inhibitory balance in development and disease...........................cooco 12
E-l maturation in the auditory COMteX... .- 12
Developmental regulation of E- | neurotransmitter receptors......ccuuuerrrrrrrsssssssssssssssssse e 13
Dynamic E-I subunit regulation in the auditory cortex ..., 15
Alterations to E-I subunit expression in neurological diSOrders.........ccovsuummnmnnnnnnnnnsnnnnnnnnnn. 16

E-1 iIMbalance iN FXS ... s s s 17

V. Therapeutic strategies for the treatment of FXS ... 18
VI. Open questions: E-l circuit maturation impairments in the FXS auditory cortex....... 20

CHAPTER 2: DEVELOPMENTAL EXPRESSION OF IONOTROPIC RECEPTORS
AND CHLORIDE TRANSPORTERS IN THE AUDITORY CORTEX OF FMR1 KNOCK-

L0 1 0 [ 23
ABSTRACT ...ttt e et e e ettt 24
INTRODUGCGTION ...ttt et e e st e e e nne e e eenee 25
IMETHODS ...ttt et e e bt e e e aeb e e s et e e e abre e e e e enes 28
RESULTS ...ttt et e e e bt e e e et e e s et e e e abne e e e enes 33
DISCUSSION ...ttt et e et e e e et e e s et e e e ebre e e e enes 41
FIGURES . ...... ..ttt et e et et e et e e e e b e e e e eenes 46



CHAPTER 3: ALTERED MATURATION OF L4-L2/3 CIRCUIT EXCTABILITY AND

PLASTICITY IN THE AUDITORY CORTEX OF FMR1 KNOCK-OUT MICE................. 54
ABSTRACT ...ttt e et e e ettt 55
INTRODUGCGTION ...ttt et e et e et e e e e b e e e eenes 56
IMETHODS ...ttt et e e et e e e et e e s et e e e abre e e e enes 58
RESULTS ...ttt e et e et bt e e e et e e s et e e e enre e e e eenes 62
DISCUSSION ...ttt et e et e e e et e e s et e e e anre e e e enes 67
FIGURES . ..... ...ttt et e e et e e et e e e b e e enes 72

CHAPTER 4: DYSREGULATION OF GABAAR-MEDIATED NEUROTRANSMISSION
DURING THE AUDITORY CORTEX CRITICAL PERIOD IN THE FMR1 KNOCK-OUT

IMOUSE ...t s e e s e R e e e e e e e aan R R R e e e e e e e aannn e e e e e e 78
ABSTRACT ...ttt et e et e e e et e e s 79
INTRODUGCGTION ...ttt ettt e e e e e e e nne e e e nenee 80
IMETHODS ...ttt e et e e e bt e e e et e e s et e e e enre e e e enes 81
RESULTS ...ttt et e e et e e e et e e s et e e e abre e e e eenes 88
DISCUSSION ...ttt et e et e e e et e e st e e e enre e e e enee 96
FIGURES....... ..t ettt e st e e st e e s arree e e 102

CHAPTER 5: GLUTAMATERGIC EVALUATION OF AUDITORY CORTEX

MATURATION IN THE FMR1 KNOCK-OUT MOUSE..........cccooonnnnnnnnnnnnnnnnnnnnnnnnnnnes 110
AB ST RACT ...ttt e e e ettt et e e e e e e e e ettt ee e e e e e e e e e e abbeeeeaae e e e aanbrreeeaaaeeaaaan 111
INTRODUCGTION ...ttt e e e e e e e e e e e e e e e s s anbbbaeeeaaaeeeaannneneeaaaans 112
IMETHODS. . ...ttt e e e e e e e ettt e e e e e e e e e s nabbaeeeaaae e s e annneneeaaaens 114
RE SUL T S ... ettt et e e oo oottt et e e e e e e o e ettt ee e e e e e e e e aamnbbaeeeeaaeesaannrennaaaaans 117
DISCUSSION ...ttt e e e e e s e e atb e e et e e e e e e s aamebraeeeaaaeesaannnnneeaaaans 120
FIGURES....... ..ottt et e e e e e e e e hb bttt e e e e e e e e s anebbaeeeaaaeeeaannnenneaaaans 124

CHAPTER 6: GENERAL DISCUSSION.......cccoiiiiiiiirrnnssssss s 128
FMRP is necessary for the postnatal maturation of auditory cortical circuits............... 129
Secondary phenotypes resulting from loss of FMRP expression ..................cccccceeee... 131
Implications for the development of new FXS therapies......................cccccccciiiiiiii. 133

BIBLIOGRAPHY ......cennnnnnnsnnsnnnsnssssssnssssssn s ssssssssssssssssssssnsssssssssssnssnsnnssnsnnnnnnn 137

viii



LIST OF TABLES

Chapter 2 — Developmental expression of ionotropic receptor subunits and chloride
transporters in the auditory cortex of Fmr1 KO mice

21 Fmr1 KO mice exhibit altered transcriptional, translational, and trafficking
regulation of GABAAR o-subunits in the developing auditory cortex

Chapter 4 — Dysregulation of GABAaR-mediated neurotransmission during the auditory
cortex critical period in the Fragile X syndrome mouse model

4.1 Summary of sIPSC median amplitudes, frequency and weighted decay t

4.2 Summary of sIPSC pharmacological sensitivity to zolpidem in the auditory
cortex

Chapter 5 — Glutamatergic evaluation of auditory cortex maturation in the Fmr1 knock-
out mouse

5.1 Summary of sEPSC median amplitudes and frequency from L2/3 pyramidal
neurons in the auditory cortex



LIST OF FIGURES

Chapter 1 — General Introduction

1.1 Phosphorylated FMRP blocks translational activity

Chapter 2 — Developmental expression of ionotropic receptor subunits and chloride
transporters in the auditory cortex of Fmr1 KO mice

21 Fmr1 KO mice exhibit elevated AMPAR GIluA2:GIuA1 subunits in the auditory
cortex, prior to ear canal opening.

2.2 NMDAR subunit expression is similar between Fmr1 WT and KO mice in the
auditory cortex over development.

23 Fmr1 KO mice exhibit altered developmental regulation in the expression
GABA4R a1 and a3 subunits in the auditory cortex.

24 The expression of chloride transporters is similar between Fmr1 WT and KO
mice in the auditory cortex across development.

2.5 Decreased co-localization of GABAaa3 and VGAT in auditory cortex of P12
Fmr1 KO mice

2.6 Altered transcriptional regulation of GABAAR a-subunits in auditory cortex of
Fmr1 KO mice

2.7 Elevated whole cell levels of GABAAR a1:03 in Fmr1 KO mice upon ear canal
opening.

Chapter 3 — Altered maturation of L4-L2/3 circuit excitability and plasticity in the auditory
cortex of Fmr1 knock-out mice

3.1 Intracortical circuit of the auditory cortex

3.2 Fmr1 KO mice exhibit dynamic changes in excitability in L4 to L2/3 basal
synaptic transmission during auditory cortex development

3.3 Altered presynaptic regulation of L4-L2/3 auditory cortex circuit in P12 Fmr1
KO mice

3.4  Fmr1 KO mice exhibit an altered progression of L4-L2/3 synaptic plasticity
during auditory cortex maturation

3.5 Fmr1 KO mice exhibit significantly greater variability in the average baseline
eEPSC response at P12



Chapter 4 — Dysregulation of GABAxR-mediated neurotransmission during the auditory
cortex critical period in the Fragile X syndrome mouse model

4.1

4.2
4.3
4.4

4.5
4.5

The auditory cortex of Fmr1 KO mice exhibits an accelerated age-dependent
shift in their sensitivity to picrotoxin (PTX)

Increasing trend for sIPSC frequency in P12-13 Fmr1 KO mice
Fmr1 P12 KO mice exhibit enhanced sensitivity to zolpidem (ZOLP)

Fmr1 KO mice exhibit altered voltage-dependent elPSC conductance in L2/3
pyramidal neurons during auditory cortex development

Elevated phosphorylation of KCC2 S940 in P24 Fmr1 KO mice

Altered presynaptic regulation of inhibitory transmission in L2/3 pyramidal
neurons of P12 Fmr1 KO mice in the auditory cortex

Chapter 5 — Glutamatergic evaluation of auditory cortex maturation in the Fmr1 knock-

out mouse
5.1 Postnatal maturation of SEPSCs in L2/3 pyramidal neurons of the auditory
cortex in WT and Fmr1 KO mice
5.2 NMDAR-only silent synapses in L2/3 pyramidal neurons in WT and KO mice
5.3 AMPAR:-isolated I-V plots in L2/3 pyramidal neurons of the developing auditory

cortex

Xi



CHAPTER 1:

INTRODUCTION

Overview

Neurodevelopmental disorders are multi-faceted conditions characterized by impaired
brain development and function, with symptom onset during early developmental periods
and a well-documented clinical association between intellectual disability, autism, and
epilepsy. About 33% of autistic children have intellectual disability (Maenner et al., 2020),
and up to 35% of autistic children suffer from seizures (Tuchman and Cuccaro, 2011; El
Achkar and Spence, 2015). Additionally, patients with severe intellectual disability are at
a higher risk for epilepsy (Tuchman, 2015), and about 40% of patients with early-life
seizures suffer from cognitive deficits or autism later in life (Ronen et al., 2007; Tuchman,
2015). Despite being multivariate and heterogeneous in cause, neurodevelopmental
disorders frequently share features of language development and communication
impairments, as well as auditory and other sensory processing deficits, making the

auditory cortex a brain region of interest.

Fragile X syndrome (FXS), the leading monogenic cause of intellectual disability, is one
such disorder where patients exhibit a clinical co-occurrence with autism and epilepsy,
and have impaired language and sensory-related impairments (Hersh et al., 2011;
Hagerman et al., 2017). In FXS, silencing of Fmr1 causes loss of expression of the Fragile
X mental retardation protein (FMRP), a regulator of synaptic activity-dependent translation
and modulator of excitatory-inhibitory (E-I) balance (Darnell etal., 2011; Tang et al., 2015).
Interestingly, FMRP expression and function is developmentally regulated and also found

to be altered in autism spectrum disorders and epilepsy (Bernard et al., 2013; Fernandez
1



et al., 2013; Folsom et al., 2015). Therefore, understanding the pathway in which FMRP
regulates proper synaptic maturation and circuit development in the brain, both broadly as
well as specifically within the auditory cortex, is important for elucidating mechanisms
related to impaired language development and auditory processing in FXS. Furthermore,
understanding shared mechanisms between intellectual disability, autism, and epilepsy

pathology can aid in the development of refined targeted treatments and therapeutics.

The remainder of this chapter will provide an overview of generalized features and
symptoms of FXS in patients, with a particular focus on auditory-related symptoms
(Section I), and review the recapitulation of the various phenotypes in the FXS animal
model, the Fmr1 knockout (KO) mouse (Section Il). Auditory cortex maturation and critical
period regulation will be reviewed (Section lll), with a particular focus on excitation and
inhibition their alterations in development and disease (Section IV), and then experimental
treatments that have been or are currently being explored for FXS will be presented
(Section V). Finally, the evolution of the FXS field will be discussed with consideration for
understanding pathomechanisms of the disorder and the open questions that remain, and
how the work presented herein can elucidate brain maturation patterns that underlie the

commonalities of neurodevelopmental disorders.

I. Fragile X Syndrome

Fragile X syndrome (FXS) is the leading monogenic form of intellectual disability and
autism caused by the absence or highly deficient levels of the Fragile X mental retardation
protein (FMRP) (Hersh et al., 2011; Hagerman et al., 2017). The mutation identified in
FXS is the hypermethylation of the CGG trinucleotide repeat expansion (>200) in the

promoter region of FMR1, located on the X chromosome (Xq27.3), causing its
2



transcriptional silencing and loss of FMRP expression. The estimated incidence of FXS is
1:5000 in males and 1:8000 in females (Hagerman et al., 2017), with the clinical severity
of FXS and intellectual disability highly correlated with the levels of FMRP due to the

mosaicism related to being an X-linked disorder (Kazdoba et al., 2014).

FXS patients exhibit a range of cognitive deficits related to learning, attention, and
memory. Patients often present with several stereotypical physical features including
prominent ears and long face, along with macro-orchidism in males. Symptoms of FXS
typically manifest during the 2™ year of life, where patients noticeably exhibit language
development delays, and further present with hyperactivity, anxiety, and sensory
hypersensitivity (Hagerman et al., 2017). Seizures occur in up to 16% of patients, with
typical onset within the first 5 years of life when communication and speech deficits
become more apparent (Nelson and Valakh, 2015; Hagerman et al., 2017). Behavioral
issues persist from childhood through adolescence, with patients often exhibiting
impulsivity, aggression, tantrums, anxiety, poor attention, and perseveration (Hersh et al.,

2011; Hagerman et al., 2017).

Across the various clinical features of FXS, there is a high incidence of symptoms that
specifically relate to auditory dysregulation, which are of particular interest given that many
of these phenotypes are shared across autism and epilepsy. As noted earlier, FXS
patients have communication abnormalities that begin with delayed language
development (Hoffmann et al., 2020). Children may not speak until 2-3 years of age, often
even having delayed use of prelinguistic communication (Finestack et al., 2009; Hersh et
al.,, 2011). FXS children have continued deficits in speech and literacy, with cognition

strongly correlated with language capabilities (Hoffmann et al., 2020). Specifically,
3



patients have poor expressive and receptive language, deficits in comprehension and
articulation, and limited use of vocabulary (Finestack et al., 2009; Rotschafer and Razak,
2014). Patients additionally exhibit further deficits in auditory processing (Rotschafer and
Razak, 2014), characterized using event-related potential (ERP) measures where the
activity of neuronal populations are analyzed in response to specific auditory stimuli and
tasks. In FXS, patients typically have abnormally large sensory ERPs to simple auditory
stimuli and abnormal habituation to repeated stimuli (Miller et al., 1999; Castren et al.,
2003; Frankland et al., 2004). Patients also perform poorly to auditory discrimination tasks
(Van der Molen et al., 2012), and EEG analysis within the auditory cortex also shows
decreased ability to synchronize neural network oscillations to patterns of chirps (Ethridge
et al., 2017). Such deficits in auditory processing and language and communication are
highly suggestive of altered auditory cortex development, function, and plasticity in FXS,

and provided a basis for the hypothesis included in this thesis.

Il. FMRP and the Fmr1 KO mouse model

Molecular overview of FMRP

FMRP is most well-characterized for its role as a translational regulator, specifically acting
as a translational repressor by its association with polyribosomes. FMRP typically inhibits
ribosomal translocation and also stalls ribosome elongation on target mRNAs, thereby
blocking translation (Darnell et al., 2011; Darnell and Klann, 2013). The phosphorylation
status of FMRP determines whether FMRP is in its active repressive or inactive de-
repressed state. Specifically, phosphorylated FMRP, via the ribosomal S6 kinase (S6K),
is associated with stalled polyribosomes that blocks translational activity, whereas
dephosphorylation by protein phosphatase 2A (PP2A) causes the dissociation of FMRP

from polyribosomes to allow translation (Narayanan et al., 2007; Bassell and Warren,
4



2008) (Figure 1.1). FMRP is also capable of blocking translation at the level of initiation
by associating with translational machinery proteins (Bagni and Greenough, 2005; Bassell

and Warren, 2008).

FMRP & synaptic proteome. FMRP is ubiquitously expressed in all neurons and found
throughout all of its neuronal compartments. High levels of FMRP are found in both the
nucleus and cytoplasm with further localization in dendrites and spines, typically in
messenger ribonucleoprotein granules consisting of clusters of mRNAs, ribosomes,
FMRP, and other translational machinery (Bagni and Greenough, 2005). In the developing
mouse brain, over 800 mRNAs are found to be targets of FMRP, with a high enrichment
for pre- and postsynaptic proteins (Darnell et al., 2011; Darnell and Klann, 2013; Banerjee
et al., 2018). Direct presynaptic targets of FMRP include the mRNAs for scaffolding
proteins bassoon and piccolo, the neurexin family of cell surface adhesion molecules,
regulators of synaptic vesicle release, such as synapsins, synaptotagmins, and clathrin-
associated adaptor complex, as well as voltage-gated calcium channels. FMRP targets
for postsynaptic mRNAs include subunits for NMDA receptors (NMDAR) including the
obligate NR1 subunit and developmentally regulated NR2A and NR2B, the group |
metabotropic glutamate receptor 5 (mGIuR5), postsynaptic scaffolding proteins such as
PSD-95, SAPAP1-4, Shank1-3, and Homer1, and cell-adhesion proteins like neuroligins
1-3. Given the breadth and enrichment of FMRP-mRNA regulation of synaptic-related
proteins, it is evident that the loss of FMRP expression yields the manifestation of synaptic
dysfunction and impairments that likely results in impaired plasticity and cognition in FXS
and other neurodevelopmental disorders in which FMRP expression has been described
to be secondarily altered (Bernard et al., 2013; Fernandez et al., 2013; Folsom et al.,

2015).



FMRP & interacting proteins. Separate from the translational regulation of synaptic
proteins, FMRP has also been found to directly bind and regulate the expression of mMRNA
for transcription-related proteins (Korb et al., 2017). Specifically, FMRP targets the
mRNAs for several chromatin-associated proteins; thus, loss of FMRP expression can
yield epigenetic dysregulation and elicit aberrant gene expression. Additionally, FMRP
itself has been described to directly regulate chromatin, whereby it can directly function
as a chromatin-binding protein that functions in the DNA damage response (Alpatov et al.,
2014), while also associate with non-coding RNAs and microRNAs for chromatin
remodeling (Bagni and Greenough, 2005). Thus, FMRP has a far more extensive reach
beyond the large set of mRNAs it directly regulates, thereby indicating that examining
broader circuit development patterns, and consideration for whether changes are primary
or secondary to the initial genetic mutation will be important to understanding the impaired

neurodevelopment in FXS.

Recapitulation of FXS phenotypes in the Fmr1 KO model

Several mouse models have been developed for FXS, with the most extensively
characterized model being the Fmr1 knockout (KO) mouse (Kooy et al., 2017). The Fmr1
KO mouse was generated by the insertion of a neomycin resistance cassette into exon 5,
blocking the production of FMRP. While some variability does exist that is related to the
genetic background of the Fmr1 KO mice, there is indeed a recapitulation of some of the
core FXS symptoms in the KO mouse model. Consistent with post-mortem analysis of
FXS patients, Fmr1 KO mice exhibit an increased density of immature dendritic spines
(Kazdoba et al., 2014; Hagerman et al., 2017). Additionally, behavioral phenotypes of
Fmr1 KO mice include hyperactivity, mild deficits in spatial learning and working memory,

increased anxiety-related responses, and altered startle responses (Frankland et al.,
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2004; Kazdoba et al., 2014; Kooy et al., 2017), similar to the behavioral deficits present in

FXS patients.

While the learning and memory deficits are relatively mild in the animal model, Fmr1 KO
mice exhibit a strong, reproducible impairment in long-term depression (LTD), one of the
maijor cellular mechanisms underlying learning and memory (Lynch, 2004; Malenka and
Bear, 2004). Typically, mGluR-mediated LTD, a form of synaptic plasticity, is dependent
on dendritic protein synthesis that generates proteins necessary for the internalization of
AMPA receptors (AMPARs) to reduce synaptic strength. However, Fmr1 KO mice are
characterized to have enhanced mGIUR-LTD with exaggerated LTD occurring
independent of activity-dependent protein synthesis, known as the mGIuR theory of FXS
(Huber et al., 2002; Nosyreva and Huber, 2006). Plasticity deficits are prevalent in the
Fmr1 KO brain but are highly region-specific, with enhanced mGIuR-LTD only observed
in the hippocampus and cerebellum, and variable forms of long-term potentiation (LTP)
deficits observed in regions of the cortex and other areas (Li et al., 2002; Larson et al.,

2005; Desai et al., 2006; Kim et al., 2013; Yang et al., 2014; Kooy et al., 2017).

Auditory-specific phenotypes in the Fmr1 KO model

Consistent with FXS patients, the Fmr1 KO mouse also exhibits many auditory-specific
phenotypes that mirrors much of the impairments and deficiencies in FXS. While Fmr1 KO
mice do not exhibit spontaneous seizures like patients, Fmr1 KO mice uniquely have a
high susceptibility to audiogenic seizures, where intense auditory stimulation (>100dB)
can induce seizures that quickly progress from wild-running to tonic-clonic seizures, often
causing death (Musumeci et al., 2000; Chen and Toth, 2001). The audiogenic seizures

are indicative of hyperexcitability within the auditory circuit, where loss of FMRP
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expression from glutamatergic neurons of the auditory brainstem, specifically the inferior
colliculus, is responsible for this robust seizure phenotype (Chen and Toth, 2001;
Gonzalez et al., 2019). At the level of the auditory brainstem, additional deficits have been
characterized in Fmr1 KO mice related to auditory processing. Specifically, Fmr1 KO mice
have increased acoustic startle response (Chen and Toth, 2001; Frankland et al., 2004)
and altered auditory brainstem responses to auditory stimulation, which are attributed to
the altered cell sizes, and distribution and firing of excitatory and inhibitory synapses in
the developing Fmr1 KO brainstem (Rotschafer et al., 2015; Garcia-Pino et al., 2017;

Rotschafer and Cramer, 2017; Lu, 2019; McCullagh et al., 2020).

Impairments are also prevalent in higher auditory processing centers, such as the auditory
cortex. Fmr1 KO mice have been found to have altered cortical responses to tones during
in vivo recordings of adult mice. Specifically, auditory cortex neurons have increased firing
to tones, broader frequency tuning, reduced spectrotemporal selectivity, and increased
variability in response latency (Rotschafer and Razak, 2013). Physiological differences
have also been observed in developing Fmr1 KO mice, where both in vivo single-unit
recordings and EEG analysis in the auditory cortex showed abnormalities both at baseline
and following sound-evoked responses (Wen et al., 2018; Wen et al., 2019). (Developing
Fmr1 KO mice further exhibit impairments in parvalbumin cell development and
perineuronal net formation, with reduced cell numbers and perineuronal net co-localization
during the second to third postnatal week of development before eventually normalizing
adults (Wen et al., 2018). Developmental plasticity is also impacted in the auditory cortex.
Fmr1 KO mice have failed stabilization of LTP, where there is a faster decay following
potentiation in cortical layer IV (Yang et al., 2014), and additionally KO mice have impaired

critical period plasticity in the primary auditory cortex, where Fmr1 KO mice fail to exhibit
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tonotopic frequency re-mapping following tone-rearing during early development (Kim et

al., 2013).

lll. Critical periods of development

Altered critical periods in developing Fmr1 KO mice

Critical periods are postnatal developmental windows characterized by heightened
experience-dependent synaptogenesis and synaptic plasticity that establish stable neural
circuits. With regards to the sensory modalities, critical periods are thought to enlarge the
representation of behaviorally relevant sensory stimuli for optimal processing (Hensch,
2005). Much of the seminal work related to the mechanisms underlying the regulation of
sensory critical periods has focused on the visual cortex with ocular dominance and
monocular deprivation studies (Wiesel and Hubel, 1963; Shatz and Stryker, 1978), and
the somatosensory cortex with tactile representation (Woolsey and Van der Loos, 1970;
Petersen, 2007). While tonotopic mapping of sound frequencies during the auditory cortex
critical period has been studied within various mammals, relative to other sensory cortices,
there have been fewer studies examining mechanisms of auditory critical period regulation

until recently (Yun et al., 2006; de Villers-Sidani et al., 2007; Kalish et al., 2020).

Interestingly, Fmr1 KO mice have been characterized to have a variety of alterations in
critical periods for each of these sensory modalities. As described earlier, Fmr1 KO mice
have impaired plasticity during the primary auditory cortex critical period (Kim et al., 2013).
Within the visual cortex, monocular deprivation elicits substantial open-eye potentiation in
a shorter period of time in Fmr1 KO mice compared to WT, indicative of faster ocular
dominance plasticity responses (Dolen et al., 2007). Additionally, in the barrel cortex Fmr1

KO mice have a delayed critical period window, where the start of plasticity and its peak
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does not occur until a few days later compared to WT littermate mice (Harlow et al., 2010).
A delayed maturation of both AMPAR-NMDAR synapses and a GABA polarity switch has
been found to underlie the altered barrel cortex critical period (Harlow et al., 2010; He et
al., 2014; He et al., 2019), indicating that FMRP expression is crucial for the proper
development and progression of critical periods. In the auditory cortex, altered mGIuR-
mediated signaling is suggested to contribute to the impaired plasticity (Kim et al., 2013;
Yang et al., 2014); however, a more detailed developmental examination of alterations

elicited by loss of FMRP expression in the auditory cortex has not been conducted.

Neuronal circuits and the regulation of critical periods by changes in E-I balance

The onset and closure of critical periods are regulated by the development and maturation
of excitatory-inhibitory (E-I) circuitry, with the expression of molecular “brakes” and
neuromodulatory factors, such as synaptic and structural proteins, epigenetic regulators,
and second messenger molecules, that limit the extent of plasticity (Hensch, 2005;
Takesian and Hensch, 2013). The maturation of inhibitory GABAergic signaling is
necessary for the triggering of critical periods, identified using transgenic mice that have
reduced GABAergic signaling and pharmacological manipulation using modulators of
GABAAa receptors (GABAaRSs) (Hensch, 2005). Specifically, Gad65-knockout mice, which
have a deletion for the GABA synthetic enzyme that concentrates within axon terminals
and synaptic vesicles, fail to undergo a critical period in both the visual and auditory cortex.
GADG65 KO mice do not exhibit ocular dominance or tonotopic plasticity unless the visual
or auditory cortex is locally infused with diazepam to engage and enhance local inhibitory
circuits (Fagiolini and Hensch, 2000; Kalish et al., 2020). This diazepam-induced plasticity
in the GAD65 KO mice is capable of occurring at any age through adulthood, suggesting

that without proper GABA signaling GAD65 KO mice remain in a relatively immature pre-
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critical period-like state. In wild-type mice local benzodiazepine infusions to the brain can
precociously induce critical periods prior to the typical window, but they are not capable of
inducing plasticity after the window, further indicating the necessary and sufficient role of
inhibitory GABAergic neurotransmission to regulate the onset of critical periods (Fagiolini
and Hensch, 2000; Fagiolini et al., 2004; Kalish et al., 2020). In addition to its induction
of critical periods, inhibitory signaling also ultimately limits the extent of plasticity, as
reducing intracortical inhibition in the adult visual or auditory cortex has been found to
promote ocular or tonotopic plasticity, respectively (Harauzov et al., 2010; Cisneros-

Franco et al., 2018).

Excitatory neurotransmission is also crucial for modulating plasticity during critical periods,
driving developmental synaptogenesis and synaptic plasticity (Hensch, 2005; Mao et al.,
2006; Oswald and Reyes, 2008; Harlow et al., 2010). The excitatory thalamocortical
projections from the thalamus to layer IV of the cortex are responsible for mediating
sensory input from the periphery. Its synaptic plasticity is most tightly confined to early
development before plasticity sequentially proceeds through the other cortical layers
consistent with intracortical processing (Jiang et al.,, 2007). The maturation of
thalamocortical synapses during the critical period involves the dynamic regulation of the
glutamate receptors, whereby the activity-dependent insertion of AMPARSs into immature
NMDAR-only silent synapses governs thalamocortical synaptic strength and the capacity
for plasticity (Crair and Malenka, 1995; Isaac et al., 1997; Daw et al., 2007; Huang et al.,
2015). Precociously unsilencing or delaying silent synapse conversion can limit plasticity.
Hyperexcitability induced by early-life seizures has been found to prematurely unsilence
synapses via AMPAR insertion that disrupts auditory tonotopic critical period plasticity in

WT mice (Sun et al., 2018). Meanwhile, a persistence of silent synapses in the Fmr1 KO
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mice leads to a temporal delay in the plasticity window within the barrel cortex to delay its
critical period (Harlow et al., 2010). Thus, the dynamic modulation and maturation of
excitatory and inhibitory neurotransmission levels during development are important for

the regulation of critical periods and the capacity for plasticity.

IV. Excitatory-inhibitory balance in development and disease

E-I maturation in the auditory cortex

In addition to the role of developmental maturation of E-I neurotransmission in regulating
critical periods, achieving proper E-lI balance is also necessary for optimal auditory
processing within the auditory cortex, such as sound encoding and plasticity. Consistent
with general brain maturation patterns, the relatively strong excitatory input early in
development within the auditory cortex is thought to determine the overall responsiveness
to sensory information and be permissive for mechanisms inducing long-term synaptic
plasticity (Froemke and Jones, 2011). This is observed within the rodent auditory cortex
where the development and sharpening of frequency tuning in excitatory neurons reaches
adult levels by the 2™ postnatal week, whereas frequency tuning in the inhibitory
population does not reach adult levels until the 3™ and 4™ postnatal week of development
(Dorrn et al., 2010). The maturation and function of synaptic inhibition within the auditory
cortex is responsible for refining and increasing the specificity of auditory processing. The
sharpening of auditory frequency, increasing of signal-to-noise ratio for enhanced
discrimination, adaptation to stimuli, and precise temporal processing all require inhibitory
synaptic transmission within the auditory circuit (Wehr and Zador, 2003; Froemke and

Jones, 2011; Blackwell and Geffen, 2017).
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Developmental regulation of E- | neurotransmitter receptors

Excitatory and inhibitory neurotransmission can be modulated at multiple levels, but, at its
core, is fundamentally regulated by neurotransmitters and glutamatergic and GABAergic
receptors. The expression and function of the ionotropic AMPA, NMDA, and GABAAx
receptors determine E-I levels. Individual subunits for each of these ionotropic receptors,
particularly during postnatal development when they are dynamically and differentially
expressed, further regulate the kinetics, permeability, and other biophysical properties to

additionally modulate neuronal excitability and plasticity (Rakhade and Jensen, 2009).

AMPA and NMDA receptors are ionotropic glutamate receptors that mediate excitatory
neurotransmission. As tetrameric structures, the assembly of the GluA1-4 subunits or
GIuN1, GIuN2A-D and GIuN3A-B subunits determines the receptor properties for AMPAR
and NMDARs, respectively. AMPARs are distinct from NMDARs in that they are
predominantly impermeable to calcium due to the inclusion of the GIuA2 subunit.
Compared to the other AMPAR subunits, GIuA2 undergoes a distinct glutamine to arginine
post-transcriptional modification, whereby the positively charged arginine residue in the
ion channel blocks the passage of calcium ions (Isaac et al., 2007). However, at birth
GIuA2 is expressed at relatively low levels at birth compared to the other subunits before
postnatally increasing in expression in the cortex and hippocampus (Monyer et al., 1991;
Kumar et al, 2002). The presence of GluA2-lacking AMPARs during neonatal
development renders AMPARSs permeable to calcium, making neurons more excitable and
capable of activating intracellular calcium-dependent signaling pathways to facilitate a
period of heightened activity-dependent synaptic plasticity (Kumar et al., 2002; Isaac et

al., 2007; Rakhade and Jensen, 2009).
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Unlike AMPARSs, all NMDARs are permeable to calcium and have a voltage-dependent
magnesium block, which confers coincidence-detecting properties of pre- and
postsynaptic activity (Lau and Zukin, 2007). NMDARs consist of the obligate GIuN1
subunit and most commonly the GIuN2 subunits, with GIuN2B and GIuN2A most robustly
expressed in the cortex and hippocampus (Lau and Zukin, 2007; Ewald and Cline, 2009).
GIuN2B is more highly expressed at birth in the immature brain, with GIuN2A increasing
postnatally to replace GIuN2B as the dominant subunit (Monyer et al., 1994). These
subunits exhibit different deactivation kinetics, with GIuN2B having slower decay times
compared to GluN2A-containing NMDARs (Cull-Candy et al., 2001), where their
differential developmental expression governs the degree of synaptic calcium influx,
postsynaptic density binding partners, and the directionality of plasticity, such as LTP or

LTD (Liu et al., 2004; Cho et al., 2009).

GABARs are pentameric assemblies where synaptic receptors in the brain are commonly
assembled with two a-subunits, two B-subunits, and one y-subunit to mediate GABAergic
transmission and balance neuronal excitatory signaling. In particular, the developmental
regulation of the a-subunits determines GABA sensitivity and the kinetics of chloride ion
conductance (Okada et al., 2000; Bosman et al., 2005). In the cortex and hippocampus,
the expression of the a3-subunit is high at birth and is subsequently postnatally
downregulated while a1 is low and upregulated, with a3 associated with lower GABA
sensitivity and slower decay times relative to a1 (Laurie et al., 1992; Picton and Fisher,
2007; Galanopoulou, 2008a). Interestingly, GABAAR a1-mediated signaling is necessary
for the induction of critical periods within the visual cortex (Fagiolini et al., 2004), indicative

of the importance of developmental regulation of a1 expression. GABAergic maturation
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also entails the transition from depolarizing responses in the neonatal brain to the classical
hyperpolarizing GABA-mediated signaling that strengthens with postnatal age. The
relative expression of the developmentally regulated chloride transporters NKCC1 and
KCC2 establishes the chloride gradients to determine whether GABA elicits an excitatory
or inhibitory response, with NKCC1 and KCC2 acting as importers and exporters of

chloride ions, respectively (Ben-Ari, 2002; Dzhala et al., 2005; Rheims et al., 2008).

Dynamic E-I subunit regulation in the auditory cortex

Proper auditory processing and plasticity in the auditory cortex necessitates well-regulated
E-l function. These aforementioned ionotropic receptor subunits are also dynamically
regulated within the auditory cortex where their expression is highly sensitive to
environmental exposure and aging, and further associated with altered neuronal firing and
acoustic processing. Early music exposure and rearing of rodents in enriched
environments increased the expression of the relatively more developmentally mature
subunits for AMPAR (GIluA2), NMDAR (GIuN2A), and GABAxRs (a1) within the auditory
cortex, while sharpening frequency tuning of the neurons (Xu et al., 2007; Cai et al., 2010).
In contrast, adult rats that had early postnatal noise exposure to deteriorate frequency
representations in the auditory cortex exhibited decreased levels of the mature ionotropic
receptor subunits (Guo et al., 2012a). Similar patterns are observed with natural aging
where aged rodents exhibit a clear decrease in spectral sensitivity and dysregulated
plasticity that is associated with overall reduced GABAergic inhibition and altered o-
subunit expression, with decreased mature a1-subunit and increased «3-subunit
expression, making it more similar to the immature brain (Caspary et al., 2013; Cisneros-

Franco et al., 2018). Overall, while changes in relative AMPAR and GABAAR expression
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also occur to compensate for altered E-I levels in circumstances such as unilateral hearing
loss (Balaram et al., 2019), the auditory cortex indeed exhibits subunit-specific alterations
of ionotropic glutamate and GABAa receptors that relate to capabilities of auditory

processing and plasticity.

Alterations to E-I subunit expression in neurological disorders

Neurotransmitter receptor subunit alterations are also consistently observed in epilepsy
and neurodevelopmental disorders. Following seizures, GABAergic and glutamatergic
receptors exhibit changes in subunit expression (Talos et al., 2006a; Rakhade and
Jensen, 2009; Brooks-Kayal, 2011). Specifically, early-life hypoxia-induced seizures in
rodents increased the levels of GluA2-lacking calcium-permeable AMPARs and
prematurely diminished NMDAR-only silent synapses, yielding later-life hyperexcitability,
and plasticity and behavioral deficits (Rakhade et al., 2008; Zhou et al., 2011; Lippman-
Bell et al., 2013). Chemoconvulsant-induced seizures in early-life cause increased
GABAAXR expression selectively for the o1-subunit, while seizures as adults decreased its
expression, suggestive of age-dependent alterations from hyperexcitability (Brooks-Kayal,
2011). Various monogenic forms of autism spectrum disorders such as Tuberous
Sclerosis, CDKL5 deficiency disorder, Rett syndrome, and Dravet syndrome, further
exhibit altered neurotransmitter receptor subunit expression and function across various
brain regions (White et al., 2001; Braat and Kooy, 2015b; Li et al., 2016; Ruffolo et al.,
2018; Yennawar et al., 2019; Zhao and Yoshii, 2019). The altered subunit expression
profiles across the neurodevelopmental disorders are indicative of E-I imbalance in the

developing brain, elucidating mechanisms related to impaired neurological function.
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E-l imbalance in FXS

Evidence suggesting an E-l imbalance in the FXS brain with patients is supported by their
propensity to exhibit spontaneous seizures (Nelson and Valakh, 2015; Hagerman et al.,
2017), with hyperexcitability and impaired inhibition further confirmed from transcranial
magnetic stimulation and EEG studies of FXS patients (Knoth et al., 2014, Ethridge et al.,
2017; Morin-Parent et al., 2019). Consistent with this, the Fmr1 KO mouse model has also
been extensively described to exhibit neuronal and circuit hyperexcitability due to altered
intrinsic excitability, action potential properties, voltage-gated channels, neurotransmitter
receptors, and more (Goncalves et al., 2013; Contractor et al., 2015). However, changes
resulting from the loss of FMRP expression are not uniform and are rather specific to the
brain region and cell type (Contractor et al., 2015). For example, the enhanced mGIluR-
mediated LTD and the associated AMPAR internalization are well-characterized in the
cerebellum and hippocampus, with the hippocampus even further exhibiting prolonged
epileptiform discharges in slice preparations (Huber et al., 2002; Bear et al., 2004; Chuang
et al., 2005; Nakamoto et al., 2007). However, such plasticity impairments or epileptiform
discharges are not observed in the cortex or other brain regions, with further differential
expression of MRNAs and proteins pertaining to excitatory neurotransmission such as
GluA1/2, synaptic scaffolding proteins, and CaMKIlla (Muddashetty et al., 2007; Schutt et
al., 2009). Region-specific impairments in GABAergic signaling are also observed in the
Fmr1 KO mouse, with varying degrees and directional changes of GABAAR subunit
expression and function, GABA neurotransmitter levels, and numbers of inhibitory cells

and synapses (Paluszkiewicz et al., 2011; Braat and Kooy, 2015a).

While E-I imbalance has been described in the Fmr1 KO auditory circuit that is likely

related to the auditory phenotypes in FXS patients, many of the studies to date have
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focused on the lower auditory circuit with characterization of the auditory brainstem
regions including the ventral cochlear nucleus, medial nucleus of the trapezoid body, and
lateral superior olive (Chen and Toth, 2001; Rotschafer et al., 2015; Garcia-Pino et al.,
2017; Rotschafer and Cramer, 2017). Fewer studies have examined auditory circuit and
E-l synaptic maturation at specific synaptic networks within the auditory cortex despite the
plasticity and processing deficits described in the Fmr1 KO mouse. Given the role of
glutamatergic and GABAergic neurotransmitter receptor maturation in both regulating
critical period plasticity and auditory processing, and the region-specific alterations caused
by global loss of FMRP expression, it is critical to evaluate E-I synaptic development in
the FXS auditory cortex to further elucidate mechanisms underlying the auditory

symptoms and identify new targets and therapeutics for the treatment of FXS.

V. Therapeutic strategies for the treatment of FXS

Limited success of past FXS clinical trials

Numerous clinical trials have been conducted over the past 20 years using compounds
from preclinical studies that had successfully reversed many of the behavioral,
physiological, and pathological phenotypes in the Fmr1 KO mouse. Based on the
aforementioned mGIuR theory of FXS, antagonists and other negative modulators for
mGIuR5 were extensively tested; however, double-blind controlled studies using fenobam
or mavoglurant showed no significant benefit of either compound in social behaviors
despite even stratifying patients based on the methylation status of the mutation to reduce
variability (Schaefer et al., 2015; Hagerman et al., 2017). Similarly, the GABAg agonist
arbaclofen, which also had much preclinical success, went to Phase lll trials but failed to
improve the primary outcome measure of social avoidance and aberrant behaviors

(Schaefer et al., 2015; Berry-Kravis et al., 2018). Broad modulators of the GABAergic
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system have additionally been tested but have yielded limited success, including
ganaxolone, which is thought to target both synaptic and extrasynaptic GABAA receptors,
as well as metadoxine, which acts more presynaptically by targeting GABA transporters

(Hagerman et al., 2017).

Following the failed outcomes of these clinical trials, there has been much discussion
pertaining to considerations for subsequent clinical trials and therapeutic development.
Interestingly, while mGIuR5 antagonists did not improve the primary behavioral outcome
measures, single dose studies of fenobam did significantly improve alterations in
sensorimotor gating in FXS patients, specifically prepulse inhibition deficits (Schaefer et
al., 2015). This suggests that the clinical outcome measures utilized for clinical studies
should be reconsidered to perhaps use measures that are more sensitive yet still feasible
for FXS patients, more specific to the physiological alterations occurring in the brain, and
less vulnerable to subjective scoring measures. Another consideration for future trials
includes the use of younger cohorts with smaller age ranges and possible stratification
based on the severity of the mutation. Given that FXS is a developmental disorder where
the goal is to improve intellectual disability, plasticity and behavior, the ability to make
changes and improvements in adults is likely limited, thus requiring a more refined

treatment window (Mullard, 2015).

Lastly, as new therapeutic agents are being explored, considerations must be made for
the target mechanism of action. Is the function of FMRP to be directly modulated? (Darnell
and Klann, 2013; Hagerman et al., 2017). Is the target a protein that is under the direct
translational regulation of FMRP? Or is the broad modulation of E-I imbalance during

discreet developmental time windows capable of eliciting beneficial outcomes.
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Nevertheless, the lack of success of clinical trials thus far indicates the need for more
detailed, region-specific evaluations of pathophysiological dysfunction in FXS.
Impairments in auditory processing, language development, and communication in FXS
necessitate a close examination of auditory cortex maturation and function. Such
assessments will enable the identification of new therapeutic targets along with,
biomarkers and dynamic windows of vulnerability, while further determining target

symptoms that can be malleable to correction in FXS patients.

VL. Open questions: E-l circuit maturation impairments in the FXS auditory cortex

Despite evidence suggesting perturbed E-I balance in the brains of FXS patients, as well
as the numerous auditory-related phenotypes experienced in both FXS and autism, there
is a limited understanding of auditory circuit maturation—particularly with the auditory
cortex—in neurodevelopmental disorders. There is an increasing need to evaluate E-I
maturation within more specific brain regions to decouple and improve the understanding
of mechanisms related to complex patient symptomology to ultimately reveal more
accurate biomarkers, targets and therapeutic paradigms for the treatment of Fragile X
syndrome. The current literature on critical periods of development, sensory system
maturation, and E-l abnormalities across FXS and other neurodevelopmental disorders,
suggest abnormalities related to the plasticity and intracortical connectivity in the
developing FXS auditory cortex. The work presented in the subsequent chapters of this
thesis provide the most complete description to date detailing excitatory-inhibitory synaptic
and circuit development during auditory cortex maturation in Fmr1 KO mice, a mouse

model of genetic intellectual disability.
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The work presented in the subsequent chapters of this thesis provide the most complete
description to date of excitatory-inhibitory synaptic and circuit maturation of the auditory
cortex maturation in the Fmr1 KO mice, a mouse model of genetic intellectual disability.
In Chapter 2, we first examine the developmental expression patterns of ionotropic
glutamate and GABA receptors in the auditory cortex as they relate to key ages in auditory
circuit maturation. Chapter 3 evaluates physiological maturation in the developing
auditory cortex, examining intracortical L4-L2/3 circuit excitability and plasticity. We further
decouple functional alterations with a cell-type specific evaluation of GABAergic
maturation in the auditory cortex in Chapter 4, and highlight ongoing work glutamate
maturation in Chapter 5. Together, these characterizations offer a mechanism whereby
auditory cortex critical periods and auditory processing are impaired in the FXS mouse

model, and the implications related to FXS patients and therapeutic treatments.
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Figure 1.1: Phosphorylated FMRP blocks translational activity. The phosphorylation status of
FMRP determines whether FMRP is in its active repressive or inactive de-repressed state.
Phosphorylated FMRP, via the ribosomal S6 kinase (S6K), is associated with stalled polyribosomes
that blocks translational activity, whereas dephosphorylation by protein phosphatase 2A (PP2A)
causes the dissociation of FMRP from polyribosomes to allow translation. Early signaling cascade
mediated by mGIuR signaling has different time course for activation of PP2A (fast) and mTOR

(slower). Adapted from Narayanan et al. (2007)
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CHAPTER 2:

DEVELOPMENTAL EXPRESSION OF IONOTROPIC RECEPTORS AND CHLORIDE
TRANSPORTERS IN THE AUDITORY CORTEX OF FMR1 KNOCK-OUT MICE
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Department of Neurology, Perelman School of Medicine
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ABSTRACT

In Fragile X syndrome (FXS), excitatory-inhibitory (E-I) imbalance in the developing brain
is thought to underlie many of the core neurological symptoms of this disorder. Despite
the myriad of auditory-related phenotypes in both patients and the Fmr1 knock-out (KO)
mice that relate to impaired auditory processing and plasticity, there have been limited
characterizations of E-l regulation specific to the developing auditory cortex. Here, we
examined the expression of ionotropic glutamate and GABA receptors, the fundamental
regulators of E-I neurotransmission, across key ages in auditory forebrain development,
specifically comparing subunits known to impart changes in developmental neuronal
excitability and plasticity during postnatal brain maturation. Consequently, in the naturally
developing WT auditory cortex, we found dynamic changes in receptor expression that
occur within finite 3-day intervals related to both ear canal opening and the auditory cortex
critical period window. Furthermore, in Fmr1 KO mice, we found dysregulated expression
of developmentally regulated subunits of AMPAR and GABAAR during the postnatal
maturation of the auditory cortex. These dynamic alterations in the expression of
ionotropic glutamate and GABA receptors are suggestive of altered receptor function and
E-I balance specifically in the auditory cortex that could be an underlying contributor to the
impaired auditory cortex critical period that has previously been characterized in Fmr1 KO

mice.
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INTRODUCTION

Fragile X syndrome (FXS) is the most common heritable form of intellectual disability and
autism, with patients exhibiting cognitive deficits, behavioral issues, sensory sensitivity,
and seizures (Kidd et al., 2014; Hagerman et al., 2017). While a myriad of abnormalities
has been described in the dysregulated neurodevelopment during FXS, neuronal and
circuit hyperexcitability is an underlying theme across characterizations in both FXS
human and Fmr1 knock-out (KO) animal model studies (Heard et al., 2014; Contractor et
al., 2015; Nelson and Valakh, 2015; Hagerman et al., 2017; Morin-Parent et al., 2019;

McCullagh et al., 2020).

The abundance of data suggesting excitatory-inhibitory (E-1) imbalance is thought to be
due to the role of Fragile X mental retardation protein (FMRP) as an RNA binding protein
that regulates an extensive number of mRNA transcripts, including hundreds of mRNAs
related to the synaptic proteome (Darnell et al., 2011). Accordingly, analyses of the Fmr1
KO mouse brain have characterized altered expression of receptors, transporters,
neurotransmitters, and ion channels, which include both those with and without direct
FMRP interactions to their respective mRNA transcripts (Li et al., 2002; Schutt et al., 2009;
Paluszkiewicz et al., 2011; Braat and Kooy, 2015a; McCullagh et al., 2020). However,
these expression studies have largely focused on the hippocampus, somatosensory
cortex, cerebellum, brainstem, and amygdala, and indicate region-specific alterations in

the aforementioned proteins due to the loss of FMRP.

FXS patients often exhibit auditory-specific deficits including impaired language
development and communication, and altered auditory processing. Despite the range of

auditory-related phenotypes also found in Fmr1 KO mice, including audiogenic seizure
25



susceptibility (Chen and Toth, 2001), altered auditory processing with enhanced auditory
cortex excitability (Yun et al., 2006; Rotschafer and Razak, 2013), and impaired tonotopic
and synaptic plasticity during the auditory cortex critical period (Kim et al., 2013; Yang et
al., 2014), there have been limited characterizations, to date, examining synaptic protein-
related expression in the auditory cortex. Therefore, we sought to evaluate the
developmental expression profile of the auditory cortex, hypothesizing that the auditory
cortex of Fmr1 KO mice would exhibit underlying alterations in the expression of the
fundamental regulators of excitatory and inhibitory neurotransmission, ionotropic

glutamate and GABAA receptors, to contribute to the auditory-related phenotypes in FXS.

lonotropic glutamate and GABAA synaptic receptors are dynamically expressed over the
course of development to impact neuronal excitability and plasticity. Individual receptor
subunits are further developmentally regulated where changes in the relative subunit
distribution influence the permeability, kinetics, and neurotransmitter binding sensitivity of
receptors (Laurie et al., 1992; Monyer et al., 1994; Isaac et al., 2007; Picton and Fisher,
2007; Ewald and Cline, 2009). The relatively high expression of AMPAR GIuA1 subunit,
NMDAR GIuN2B subunit, and GABAAR a3-subunit in the developing brain, particularly in
the cortex and hippocampus, generally skews the dynamics of the receptors towards
enhanced excitability, enabling rapid synaptogenesis and synaptic plasticity (Rakhade
and Jensen, 2009). As the expression of AMPAR GluA2, NMDAR GIuN2A, and GABAAR
a1-subunits increase postnatally, neuronal excitability is more tightly controlled and is
associated with diminishing synaptic plasticity across development (Erisir and Harris,

2003; Fagiolini et al., 2004; Isaac et al., 2007).
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Figure 5.3: AMPAR-isolated I-V plots in L2/3 pyramidal neurons of the developing auditory
cortex. (A-D) I-V plot relationships of peak responses of AMPAR-eEPSCs across membrane
holding potentials of -80 to +40 mV, with currents normalized to -80 mV. (E) Representative AMPAR
eEPSC traces at -60 and +40 mV in WT and Fmr1 KO mice at P9 and P15. (F) The rectification
index (the ratio of current evoked at -60 and +40 mV) across ages. P9-10: n = 6 cells/2 WT mice &
10 cells/3 KO mice; P12-13: n = 10 cells/3 WT mice & 4 cells/2 KO mice; P15-16: n = 3 cells/1 WT
mouse & 5 cells/2 KO mice; P21-25: n = 5 cells/2 WT mice & 2 cells/1 KO mouse
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Genotype

(n = cells/mice)

WT (4/2)
m KO (3/1)
WT (13/5)
m KO (4/2)
WT (5/2)
m KO (5/2)
WT (6/2)
E KO (2/1)

Table 5.1: Summary of sEPSC median amplitudes and frequency from L2/3 pyramidal

neurons in the auditory cortex. All values are mean + SEM.

Amplitude (pA)

7.77 £0.19
8.32+£0.26
9.30 + 0.26
8.90 £ 0.26
8.35+ 0.37
9.07 £ 0.40
9.05 + 0.37
8.89+0.13

127

0.16 + 0.05
0.27 £ 0.08
1.26 £ 0.22
1.85+ 0.40
1.67 £ 0.39
4.26 + 0.61
4.33 + 0.64
9.61+4.34

Frequency (Hz)



CHAPTER 6:

GENERAL DISCUSSION

Impairments in language development, communication, and auditory processing are
pervasive in Fragile X syndrome (FXS) and many autism spectrum disorders. However,
there are currently no treatments capable of profoundly improving or mitigating such
deficits despite the perturbations that have been broadly characterized in the FXS brain.
Therefore, a more comprehensive evaluation of region-specific circuit development is
necessary to 1) understand how brain circuits uniquely alter across brain areas; 2) identify
when alterations first manifest and if such changes are lasting or dynamic; 3) correlate or
causally link neuronal circuit changes to the broader phenotypes; and 4) uncover new
therapeutic targets and windows for targeted treatment. The data presented in this
dissertation carefully examined these criteria, and provide evidence of altered excitatory-
inhibitory (E-I) circuit maturation in the auditory cortex of Fmr1 KO mice during early
postnatal maturation, which ultimately provide valuable insight when considering the

development of therapies for FXS.

Our results present an in-depth analysis of the regulation of ionotropic receptor protein
expression, and physiological maturation patterns in the naturally developing auditory
cortex of wild-type mice. While there exist reports that have examined auditory cortex
maturation, such studies have differed in their use of animal models (Bi et al., 2006; Xu et
al., 2007; Takesian et al., 2010, 2012), and the cell types, cortical layers, or age windows
evaluated (Hackett et al., 2015; Blundon et al., 2017; Deng et al., 2017; Cisneros-Franco
etal., 2018; Sun et al., 2018; Takesian et al., 2018). In particular, we utilized more granular

age windows to enable neuronal circuit characterization related to the dynamics of ear
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canal opening, and both the start and end of the auditory cortex critical period for tonotopy.
We presented developmental protein expression of membrane-bound glutamate and
GABAA receptors, which are more reflective of physiologic function compared to prior
expression studies that examined total protein expression from whole-cell lysates (Xu et
al., 2007) or developmental mRNA transcript expression (Hackett et al., 2015). We further
detailed L4 to L2/3 synaptic circuit maturation, while thoroughly characterizing the

maturation of inhibitory regulation of L2/3 pyramidal neurons in the mouse auditory cortex.

This extensive characterization of natural auditory cortex development in WT mice
revealed maturational patterns in E-I circuit maturation that were clearly dysregulated and
improperly coordinated in Fmr1 KO mice, particularly in relation to GABAergic maturation.
Alterations were found in the molecular and cellular expression of GABAAR a-subunits in
Fmr1 KO mice, along with various GABAaR-mediated postsynaptic and presynaptic
modifications that collectively manifest in impairments of L4-L2/3 circuit excitability and
plasticity. Our continued evaluation of glutamatergic circuit maturation in Fmr1 KO mice
will enable us to further complement our findings to comprehensively identify how both

excitatory and inhibitory signaling are dysregulated across auditory circuit maturation.

FMRP is necessary for the postnatal maturation of auditory cortical circuits

One of the overarching features related to the impairments we characterized in the Fmr1
KO mice is that deficits in the auditory cortex first manifest during early postnatal
development. This is largely consistent with other alterations in the Fmr1 KO auditory
cortex, such as the impaired tonotopic critical period plasticity (Kim et al., 2013), and
altered developmental EEG and auditory event-related potential phenotypes (Wen et al.,

2019). Additionally, Fmr1 KO mice have delayed parvalbumin cell maturation in the
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auditory cortex, where reduced parvalbumin cell numbers at P14 were thought to impact
the regulation of network excitation (Wen et al., 2018). We complement this finding and
confirm functional deficits related to GABAergic regulation in the developing auditory
cortex, where at approximately the same age window (P12-13), our studies revealed
decreased expression of GABAAR a3-subunit, altered presynaptic deficits in GABA-
mediated inhibition, and altered postsynaptic regulation including enhanced
pharmacological sensitivity to GABAAR modulators. Furthermore, we find that these
alterations are not persistent, and rather are dynamic across postnatal maturation,
consistent with the developmental evaluations of inhibitory synaptic transmission in the
auditory brainstem and amygdala of Fmr1 KO mice (Vislay et al., 2013; Garcia-Pino et al.,

2017).

The combination of these GABAergic impairments ultimately underlies circuit defects in
L4 to L2/3 within the developing auditory cortex. Such defects included differences in
excitability of L4-L2/3 basal synaptic transmission, and an altered developmental
progression of L4-L2/3 LTP (Chapter 3). Specifically, P12-13 pyramidal neurons had high
variability in their synaptic eEPSC response at baseline. Additionally, LTP, though capable
of being induced, was visibly less stable compared to P12-13 WT mice. Alterations in
GABAAR signaling are well-characterized to regulate both network excitability and
plasticity (Hensch, 2005; Brooks-Kayal, 2011), suggesting that our alterations also
underlie some of the auditory-related phenotypes in FXS. GABA-mediated disruptions of
critical periods are described in neurodevelopment, where enhanced GAD67 expression
in Mecp2-null mice causes a precocious visual critical period (Krishnan et al., 2015), and
Gad65-null mice are incapable of inducing auditory critical periods unless inhibitory GABA

signaling is pharmacologically induced (Kalish et al., 2020). Furthermore, disruptions in
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inhibitory GABA signaling elicit auditory processing deficits, consistent with the FXS
auditory phenotypes (Wehr and Zador, 2003; Caspary et al., 2013; Kim et al., 2013;

Rotschafer and Razak, 2013; Blackwell and Geffen, 2017; Cisneros-Franco et al., 2018).

For a more comprehensive evaluation of GABAergic dysregulation in the auditory circuit
of FXS, the functional maturation of inhibitory neurons themselves must also be evaluated.
Our work thus far has largely focused on the regulation of E-I synaptic input onto L2/3
pyramidal neurons. By also examining GABAergic neurons, including their intrinsic
properties, and the direct excitatory and inhibitory synaptic input onto inhibitory
interneurons, we can further elucidate the altered E-I circuit dynamics in FXS that impact
the regulation of auditory plasticity and processing. Additionally, examination of
connectivity across the different cortical layers is also necessary to fully capture
intracortical dysregulation. This can lead to a better understanding of the underlying
mechanisms related to the differences that manifest with more global measures, like EEGs

or event-related potentials, which are more feasible in use for patients.

Secondary phenotypes resulting from loss of FMRP expression

While hyperexcitability is generalizable across the Fmr1 KO brain, the global loss of FMRP
yields region-specific alterations. For example, the critical periods of the various sensory
cortices are altered in differing manners. In the somatosensory cortex of Fmr1 KO mice,
the critical period is characterized by a delay, where the temporal window for
thalamocortical LTP is shifted approximately 3 days later than in WT mice (Harlow et al.,
2010). Such alterations are linked to a persistence of NMDAR-only silent synapses and a
delayed GABA polarity switch (Harlow et al., 2010; He et al., 2014). In the auditory cortex,

there is a general impairment of tonotopic plasticity, with no temporal delay (Kim et al.,
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2013). Notably, in the visual cortex, Fmr1 KO mice showed faster ocular dominance
plasticity responses, where monocular deprivation caused substantial open-eye
potentiation in a shorter period compared to WT mice (Dolen et al., 2007). In both the
auditory and visual cortex, deficits in critical periods were corrected by either
pharmacological or genetic reductions of mGIluR-mediated signaling. However, no
additional evaluations related to underlying synaptic mechanisms were performed.
Interestingly, the sensory critical periods occur at different ages in development, with the
barrel cortex from P3-7 (Harlow et al., 2010), auditory tonotopy from P12-15 (Barkat et al.,
2011), and binocular plasticity from P19-32 (Gordon and Stryker, 1996). Thus, the
distinctions of the types of critical period abnormalities in Fmr1 KO mice may be a result
of adaptive synaptic and circuit maturation occurring across brain development as a result

of the more direct alterations caused by the loss of FMRP expression.

The alterations we have characterized in our studies of the developing auditory cortex of
Fmr1 KO mice are also likely secondary to the genetic mutation rather than a direct cause
of FMRP loss, given that neither the AMPAR or GABAAR a-subunits are not direct FMRP
targets (Damnell et al., 2011). The aberrant regulation of GABAAR-mediated signaling could
instead be from the hyperexcitability in the developing FXS brains, as occurs following
early-life seizures that increase o1-subunit expression, accelerate GABA polarity
switches, and occlude plasticity (Ben-Ari, 2002; Galanopoulou, 2008b; Brooks-Kayal,
2011; Sun et al., 2018). Prior to hearing onset, Fmr1 KO mice have enhanced excitatory
connectivity in the auditory brainstem (Garcia-Pino et al., 2017; Rotschafer and Cramer,
2017) that could drive enhanced excitability in higher auditory regions and disrupt synaptic
maturation. The barrel cortex in KO mice is also hyperexcitable (Contractor et a., 2015),

potentially influencing excitability given the integration of somatosensory and auditory
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cortex circuitry (Fu et al., 2003). Such hypotheses could be tested by broadly modulating
hyperexcitability strictly during the first postnatal week of Fmr1 KO mice, particularly using
known treatment paradigms that have corrected barrel cortex defects (He et al., 2019).
Subsequent analysis can be performed to test whether it this restricted early treatment is

sufficient to correct the phenotypes we have characterized in the L4-L2/3 auditory circuit.

Implications for the development of new FXS therapies

The past several decades have been plagued by failures in once promising clinical trials
in Fragile X syndrome. Given this broad lack of success, our findings underscore the need
to 1) develop age-specific therapies, particularly focusing on targeting patients early in
development; 2) consider combinatorial treatments that are dynamic with age; and 3)
utilize more rigorous biomarkers and redefine clinical endpoints that are reflective of what

is truly malleable at certain developmental ages.

Both our work and those of others highlight that molecular, cellular and physiological
alterations in the brain manifest early in Fmr1 KO development, with the critical periods
themselves altered in their normal function. Correcting the course of FXS disease
pathophysiology early during brain development could be more efficacious given that
circuits are more malleable during these age windows, and that this early correction could
subsequently attenuate the secondary effects of the core pathology. However, the cohorts
of patients in many of the past clinical trials have often included adults or older adolescent
ages, who would be well beyond their windows for the various critical periods. While there
is an overall consensus that future trials must include younger patients with more tailored
age groups, such animal model studies reaffirm this as a strong priority in future clinical

trial designs.
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Circuit hyperexcitability is a broad, persistent phenotype characterized across ages in the
Fmr1 KO brain (Contractor et al., 2015). However, the synaptic and neuronal alterations
underlying the circuit deficits are both multifactorial and dynamic across ages. We
observed in our work and those of others that many changes in the Fmr1 KO brain are
neither persistent nor permanent across multiple ages, and they often have disruptions to
numerous regulators of circuits (Harlow et al., 2010; Vislay et al., 2013; He et al., 2014;
Contractor et al., 2015; Garcia-Pino et al., 2017; Wen et al., 2018; Wen et al., 2019). While
this increases the overall complexity of a single-target approach, this does raise the
question as to whether a more combinatorial “cocktail” approach that adapts with age is
ultimately more appropriate. Perhaps modulating the function of chloride transporters,
whether with the NKCC1 inhibitor bumetanide or with regulators of KCC2 activity, could
be beneficial early in development when deficits were first identified in the somatosensory
cortex (He et al., 2019). However, later in development, a direct targeting of the GABA-
mediated system could be more efficacious, as altered presynaptic and postsynaptic
regulation have been characterized to occur across FXS (Braat and Kooy, 2015b, a).
Interestingly, a clinical trial has recently been completed in 2018 that actually targeted two
different pathways that are well-characterized to be aberrant in FXS (Protic et al., 2019).
However, the results of the combined treatment using lovastatin and minocycline

(LovaMix, NCT02680379) have not been published.

Earlier we alluded to the notion of identifying and correcting core versus secondary
disease pathology in FXS. There are increasing discussions that have centered on
whether some of the physiological phenomena that are being characterized in the animal
model, particularly at later ages, are adaptive or homeostatic mechanisms to

counterbalance the core hyperexcitability caused by loss of FMRP (Mullins et al., 2016;
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Cea-Del Rio et al., 2020). Such evaluations and interpretations are critical for therapy
design and drug targeting, where a drug’s mechanism of action in relation to disease
pathology and the relevant time windows must be considered. Given FMRP’s main
function as a mRNA translational regulator, whose transcripts span from synaptic proteins
to epigenetic regulators thus enabling extensive dysregulation (Bagni and Greenough,
2005; Darnell et al., 2011; Alpatov et al., 2014; Korb et al., 2017), it is unlikely that the
deep, core underlying pathology can be addressed without gene therapy early in life where

the expression of FMRP is increased (Hampson et al., 2019; Shitik et al., 2020).

However, this does not exclude the potential beneficial effects derived from downstream
targeting in FXS. Many proteins for which FMRP exerts direct translational control are
altered in their expression and activity in FXS. For example, matrix metalloproteinase-9
(MMP-9), a secreted endopeptidase, is directly regulated by FMRP and is found to have
elevated levels and activity in both patients and the Fmr1 KO model. Genetic reductions
of MMP-9 levels and pharmacological attenuation of its activity have demonstrated
beneficial effects in rescuing several auditory-related phenotypes in the FXS mouse
model, and were positively associated with improvements of some clinical measures in
early clinical trials (Dziembowska et al., 2013; Wen et al., 2018; Lovelace et al., 2020).
Other downstream targets that are also altered via indirect mechanisms of FMRP loss of
expression could still aid in the attenuation of E-I imbalance in the brain. Interestingly,
there is currently a clinical trial recruiting for volunteers to examine AZD7325, a positive
modulator of GABAAR a2 and a3, in adults with Fragile X syndrome (NCT03140813). The
targeting of the GABAAR a3 subunit is highly consistent with our findings where we

observed its reduced expression during early development in the auditory cortex.

135



Nevertheless, with these various approaches for the treatment of FXS, it is also highly
critical to reconsider the clinical endpoints that are used to evaluate the relative success
of investigational therapies. Our work, in conjunction with the established literature,
continues to prove the prevalence of region-specific alterations that manifest in the rodent
brain caused by loss of expression of FMRP. While disruptions to global brain function
certainly contribute to the neuropsychiatric symptoms, it may be necessary to decouple
the alterations and identify more explicit biomarkers linked to specific symptoms or brain
regions. More specific biomarkers or symptoms may actually be positively modulated by
the drug under investigation, but are not captured with the broader endpoints, such as
improvements of behavioral symptoms. Lastly, the identification of region-specific
biomarkers could enable the understanding of age-dependent cascades in FXS
pathophysiology that reveal what symptoms are possibly more malleable given the
patient’'s age, and ultimately, what therapies might yield greater success. These
developmental characterizations are comprehensively being performed in the FXS rodent
model. However, for improved translational applications that more precisely elucidate the
pathophysiology in humans, it is likely necessary to move towards FXS models in non-
human primates where the complexities of brain development can be more robustly

captured.
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