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ABSTRACT

AXON INITIAL SEGMENT MORPHOLOGY ACROSS TYPICAL CORTICAL
DEVELOPMENT AND IN MOUSE MODELS OF NEURODEVELOPMENTAL
DISORDERS WITH A HIGH INCIDENCE OF EPILEPSY
By

Rachel Ali Rodriguez

Dr. Rochelle Hines, Examination Committee Chair
Assistant Professor of Psychology
University of Nevada, Las Vegas

Neurodevelopmental disorders (NDDs) are commonly associated with a high incidence
of epileptic seizures which result from excessive firing of neurons. The axon initial
segment (AIS) is a neuronal compartment essential for the control of activity patterns of
neurons. The AIS undergoes important modifications during development, but the
molecular mechanisms that affect the development, morphology, and protein
composition of the AIS are still not well understood. We examined AIS morphology of
medial prefrontal cortex (mPFC) pyramidal neurons in wildtype mice across
development and in two mouse models of NDDs. Results indicate restructurings at the
AIS during typical development, some of which are altered in mice models of NNDs
where the AIS is shorter and highly disorganized when compared to wildtype mice. The
observed morphological changes at the AIS in mice models of NDDs may impact
iii

neuronal cell firing or function. Furthering research on the development of the AIS
compartment is fundamental to increasing our understanding of how this structure
influences typical and atypical neurodevelopment. Particularly, increasing our
knowledge of the development of the AIS in health and pathology may lead to new
therapies for NDDs and epilepsy.
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CHAPTER ONE: Introduction
The Proposed Study
Neurodevelopmental disorders (NDDs) affect at least 36.8% of children living in low to
middle income nations (Rubenstein and Merzenich, 2003; American Psychiatric
Association, 2013; Boivin, 2015; McCoy, 2016). NDDs are a heterogeneous group of
precise genetic or acquired biological brain conditions that typically manifest early in
development (Rubenstein and Merzenich, 2003; American Psychiatric Association,
2013). Disorders like autism spectrum disorders (ASD), Rett syndrome (RS), and
Angelman syndrome (AS) are included in this group of conditions. Strikingly, most NDDs
are commonly linked to a high occurrence of developmental epilepsy, or recurrent
spontaneous seizures. Furthermore, significantly higher seizure (and/or epilepsy)
prevalence is observed in patients with NDDs like ASD (̴ 30-60%), RS (̴ 60-80% of
females), and AS (̴ 80%) than the incidence estimated in the overall population (̴ 1.2% of
the US population as evaluated in 2015) (Centers for Disease Control and Prevention,
2020; Jacob, 2016; Rubenstein and Merzenich, 2003; Thibert et al., 2009; 2013; Vignoli
et al., 2017).
Developmental epilepsies begin during early childhood and are characterized by
pharmaco-resistant seizures, recurrent abnormalities on the electroencephalogram
(EEG) scan, and intellectual dysfunction or decline (Covanis, 2012). A person diagnosed
with epilepsy would have developmentally “altered” neurons that fire uncontrollably or at
an irregular pattern. This irregularity in neuronal firing temporarily affects the way a person
behaves, moves, thinks, and/or feels negatively impacting daily life. Although currently
accessible treatments can lessen the symptoms, there is currently no cure. Some patients
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develop severe responses to the drugs and require stopping their treatments. Others see
no improvement; this is the case for around 1/3 of patients who live with uncontrollable
seizures because accessible treatments do not work for them (Epilepsy Foundation,
2014). Furthermore, recurrent seizures during early childhood could have further
damaging effects on the highly plastic developing brain.
The comorbidity among NDDs and epilepsy is indicative of an underlying pathology
across the central nervous system’s development, particularly during the development of
the brain. The cortex has a crucial role in nearly all higher cerebral functions; the majority
of these functions are negatively impacted in NDDs. Particularly, the prefrontal cortex
(PFC) has a key role in higher level processes like cognition and decision making,
memory, social behaviors, and emotions (Miller, 2000; Thompson-Schill, 2005).
Additionally, recent research indicates that the middle region of the PFC (mPFC) is
implicated in the cognitive deficits of most NDDs (Mitchell et al., 2009; Arnsten, 2009; for
review see Schubert et al., 2015). Strikingly, the cortex has been shown to be one of the
most epileptogenic brain regions (Bozzi et al., 2012). As such, it is crucial to research the
processes that regulate cortical development and function to be able to understand the
bases of disorders related to impairments during its development.
Cortical development is an intricate process requiring precise arrangement and
organization of four partially overlapping main stages: (1) proliferation of neuronal
precursors or glial cells from stem cells, (2) migration of neuronal precursors toward the
cortical plate followed by a radial organization into the six cortical layers, (3) differentiation
of the neuronal precursors into neuroblasts and glia cells, and (4) synaptogenesis
establishing neuronal connections. All these developmental steps are necessary to
2

achieve a functional neuronal circuit. Unfortunately, there are several ways that
neurodevelopment can go wrong. Accordingly, impairments of cortical development
occurring at any stage during development are a common cause of NDDs (Ka et al.,
2014). Unfortunately, the details of cortical developmental processes leading to these
disorders are still not well understood.
A stage of cortical development that has stand out for many scientists throughout
the years is synaptogenesis because during a seizure, neuronal firing is disrupted. For
this reason, researchers have primarily focused on neuronal synaptic connectivity and
properties of the neuronal membrane as a shaping factor of their distinct firing patterns.
In addition to synaptic connectivity, subcellular compartments such as the axon initial
segment (AIS) play a role in regulating neuronal signaling. The axon initial segment (AIS)
is a highly organized compartment essential for the control of neuronal firing patterns.
The AIS is located at the proximal axon, separating the soma from the axon. Action
potentials initiate at the AIS in almost every type of neuron. Specifically, the morphology
and composition of the AIS in part determines the firing of neuronal cells (Grubb and
Burrone, 2010; Kuba et al., 2010). These parameters go through essential adjustments
throughout typical development and can also be altered in response to changes in
neuronal excitation (Grubb and Burrone, 2010; Kuba et al., 2010). Curiously, not enough
research has been conducted on the development of the AIS, which occurs during
neuronal differentiation, along with process outgrowth.
NDDs share symptomatology which may be indicative of common molecular
mechanisms which could lead us to finding a therapeutic approach effective for most of
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these disorders. Furthering research on the development of the AIS compartment is
fundamental to understanding how this structure affects typical and atypical
neurodevelopment. Particularly, increasing our knowledge of the development of the AIS
in health and pathology may lead to new therapies for NDDs and epilepsy.
Experimental Hypotheses and Implications
During my master’s thesis, I analyzed the AIS of mPFC pyramidal cells in a mouse model
of developmental epilepsy (Gabra2-1) and a mouse model of RS (Mecp2+/-) at post-natal
day (PND) 40-50 (see Ali Rodriguez, 2019). The Gabra2-1 mouse was recently
developed in our lab by substituting the α2-subunit of the γ-aminobutyric acid type A
receptors (GABAARs) with the α1-subunit. This loop switch prevents GABAARs, which
primarily mediates fast inhibitory synaptic transmissions (Schulte and Maric, 2021), to
localize at the AIS. GABAARs are composed of a combination of five subunits from α(1–
6), β(1–3), γ(1–3), δ, ε, θ, and π, and their function is different according to how the
complex is put together (Rudolph and Möhler, 2006). GABAARs that contain the α2subunit mostly localize to the AIS while GABAARs with the α1-subunit localize to the
dendrites and soma. In summary, our mouse was created by substituting a portion of the
α2-subunit loop of GABAARs with that of the α1-subunit. This mouse model demonstrates
a loss of inhibitory presynaptic terminals on the AIS and the occurrence of spontaneous
seizures. On the other hand, RS is monogenetic in nature and the Mecp2+/- mouse
recapitulates multiple aspects of this disorder (Samaco et al., 2013); this raises it as an
attractive target to begin investigating NDDs. RS is a debilitating disorder characterized
by disruptions of the nervous system leading to a shared symptomatology with other
NDDs including a high incidence of epilepsy (60-80% of females with RS) (Rubenstein
4

and Merzenich 2003; Chahrour and Zoghbi 2007). Interestingly, the severity of this
disorder has been shown to positively correlate with the incidence of epilepsy (Vignoli et
al, 2017). The leading cause of RS is mutations on the X-chromosomal MECP2 gene that
codes for methyl-CpG-binding protein 2 (MeCP2), a protein that regulates transcription
(Kozinetz et al 1993). Interestingly, previous research has demonstrated that MeCP2
regulates expression patterns of multiple GABAAR subunits (Oyarzabal, 2020; for review
see Barker and Hines, 2020). For example, expression of MeCP2 activated the
expression of the GABAAR α1-subunit in vitro (Oyarzabal, 2020; for review see Barker
and Hines, 2020.). Furthermore, Medrihan and colleges reported a reduction in levels of
postsynaptic GABAAR α2 and α4-subunits in the ventrolateral medulla, and a
downregulation of the α1-subunit of the GABAAR in the frontal cortex in a MeCP2 KO
mouse model of RS (2008). These specific molecular and cellular modifications were
observed by PND 7 which supports the notion of early abnormalities in mouse models of
RS. For more specifics about both mouse models, please refer to the “Details of Proposed
Methodology” section below.
The analysis performed on PND 40-50 Gabra2-1 and Mecp2+/- mice demonstrated
alterations in the morphology and composition of the AIS in both models. In particular,
shorter and highly disorganized AISs along with modifications in the expression of key
AIS proteins are observed in Gabra2-1 and Mecp2+/- mice in comparison to wildtype
controls. The developmental time during which the AIS alterations that were previously
observed in the PND 40-50 Gabra2-1 and Mecp2+/- mice occur is still unknown. It is also
unclear whether these morphological alterations ultimately contribute to the pathology
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and phenotypes such as seizures seen in NDDs, or whether these adaptations occur in
response to the abnormal activity of seizures.
Previous research conducted in our lab on the Gabra2-1 mice has determined the
onset of seizures to begin no later than PND 10. These mice also have an early mortality
that peaks at around PND 20. Comparing these post-natal events that we have seen in
Gabra2-1 mice to the four main steps of cortical development previously mentioned, we
noticed that seizures occur between neuronal differentiation and synaptogenesis. During
this time, process outgrowth take place (PND 2- PND 10) which includes the development
and extension of compartments with specialized functions like the AIS (Barnes et al.,
2009). The AISs periodic cytoskeleton diffusion barrier is also known to be developing
between PND 5 and PND 10. This information hints at a time during cortical development
where the AIS is maturing, and seizures begin.
Looking at the morphology of the AIS at different times during development could
answer whether its morphological restructurings occur before or after the onset of
seizures. If the morphological restructurings of the AIS occur before the onset of seizures,
then this could suggest that morphology plays a role in the cause of seizures. On the
other hand, if the morphological restructurings of the AIS occur after the onset of seizures,
then the restructurings may be a response to too much excitability (part of AIS plasticity).
The goal of this research project is to study the timeframe during cortical
development at which the morphological restructurings shown in the AIS of PND 40-50
mice models of NDDs occur relative to the onset of seizures. The main objective of
the current proposal is to examine and compare AIS morphology across development in
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wildtype and Gabra2-1 mice. Furthermore, I would like to see if results can be
translated to other models of NDDs.
My first aim is to perform a cross-developmental analysis to study the development
of the AIS in wildtype mice. This analysis will allow us to understand the morphology of
the AIS throughout typical development and will create a foundation for the study of
alterations to the AIS in mouse models of NDDs. We hypothesize that the morphology of
the AIS will remain similar across the neuronal development of wildtype mice, except for
AIS length which we hypothesize will increase during its development as new proteins
arrive and the periodic cytoskeletal diffusion barrier is formed (PND 5- PND 10). My
second aim is to perform an analysis of our mouse model of developmental seizures
(Gabra2-1) in PND 10 and PND 40-50 mice compared to wildtype mice. We previously
analyzed this mouse model and demonstrated shorter and more tortuous AISs in
comparison to wildtype mice. We will further analyze the PND 40-50 mice and include the
PND 10 mice to determine whether morphological restructurings to the AIS occur before
or after the onset of seizures. I hypothesize that the morphological disruptions occur
before the onset of seizures (PND 10). My third aim is to further analyze a mouse model
of RS (Mecp2+/-) during PND 40-50 which we demonstrated to have shorter and more
tortuous AISs in comparison to wildtype mice. Now, we will look at the periodicity of the
AIS along with other measurements to further characterize the AIS in this model. This
analysis will give insight to whether the same AIS morphology is observed in other models
of NDDs like RS. I hypothesize that the morphology of the AIS of pyramidal cells in
Mecp2+/- mice will resemble the AIS in Gabra2-1.
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To achieve these aims, I propose to perform immunohistochemical staining on
coronal brain slices of wildtype, Gabra2-1, and Mecp2+/- mice models:
For fluorescent immunohistochemistry of sodium (Na+) channel and Ank-G
proteins, we will perform transcardial perfusions on mice by using oxygenated artificial
cerebrospinal fluid. Brains will then be fixed in 4% paraformaldehyde in phosphate buffer.
Sections will be cut on a sliding microtome at a thickness of 40 μm and incubated free
floating in blocking solution (2.5% Bovine Serum Albumin, 5% Normal Goat Serum, 0.1%
triton-x, and 0.02% sodium azide in PBS) for 45 min. We will then proceed to incubate the
brains overnight at 4 °C in primary antibody diluted in a modified blocking solution (2%
Normal Goat Serum). After three 10-minute washes, sections will be incubated with
Alexa-conjugated secondary antibodies diluted (1:2000) in modified blocking solution for
1 hour at room temperature. Morphological analyses including length, tortuosity, area,
and line-scans of the AIS will be conducted using ImageJ, and results will be analyzed
using one-way ANOVA to compare mean values. For more specifics, refer to the “Details
of Proposed Methodology” section below.
Overall, this study aims to enhance our understanding of the AISs morphological
development and maldevelopment underlying NDDs and developmental epilepsy.
Understanding the function that the morphology and composition of the AIS plays in
typical neurodevelopment and NDDs may offer additional knowledge of common
mechanisms that can account for both epilepsies and NDDs, unraveling their
interrelationship. Ultimately, this research may open possibilities for early diagnosis and
new therapies.
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Figure 1

Schematic summary of the proposed research. A. Studied mice strains (WT-C57BL/6 for wildtype mice, Gabra2-1
Het mouse model of developmental epilepsy, and Mecp2+/- mouse model of RS. Brains were harvested and sectioned
for immunohistochemistry B. Schematic representation of the location of the mPFC in the mouse brain and in a
coronally sliced brain section (showing PND 40-50 brain). Coronal brain sections are represented a red dashed line.
Analyzed areas (layer 3 of the mPFC) are represented by red boxes. C. Schema of the location of the AIS in the axon
of a pyramidal neuron. D. Schematic of immunostaining an antigen localized to the AIS with primary antibody followed
by a secondary antibody with a fluorescent tag.

9

CHAPTER TWO: Literature Review
Neurodevelopmental Disorders
NDDs like ASD, AS, and RS are a heterogeneous group of brain conditions that typically
manifest early in a child’s life where the child does not reach developmental milestones
or does not progress to new developmental milestones due to an atypical development
of the neurological system. Some syndromes are characterized by developmental
regression, where the brain seems to be developing in a typically way during the early
months of life, but then it loses some acquired functions or fails to progress beyond the
period of typical development. NDDs span a wide range of associated symptoms and
severity, but most share symptoms like impairments in language and speech, motor skills,
memory, learning, and/or other neurological functions. Various NDDs are associated with
specific genes however, most disorders likely result from a combination of risk factors
including genetic and environmental rather than any one clear cause. Interestingly, the
common symptomatology among NDDs may be indicative of shared disrupted pathways.
Autism Spectrum Disorders
ASD are NDDs with different underlying causes but categorized together according
to a shared symptomatology. For instance, according to the literature, over 100 disease
genes and more than 40 genomic disorders have been reported in patients with ASD or
autistic-like behavior (Betancur, 2011). Due to the differences in the cause, these
disorders impact individuals in different ways with symptoms can ranging from mild to
severe. ASDs include autistic disorder and the generally less severe forms, Asperger’s
syndrome and pervasive developmental disorder-not otherwise specified (PDD-NOS).
According to Rapin and Katzman, characteristics of ASDs include impairments in social
10

interaction and communication which includes having trouble showing or talking about
feelings (1998). Patients with ASDs also show an array of communication impairments
(Rapin and Katzman, 1998). Another characteristic of ASDs is the repetition of actions
like lining up toys, flapping hands, and/or spinning in circles (Rapin and Katzman, 1998).
ASD patients tend to have an increased brain volume, especially in the frontal
lobes where the enlargements are greatest (Rubenstein, 2010). Research has also
shown an increased density and decreased size of micro-columns within layer III of the
cerebral cortex in the temporal and frontal regions (DiCicco-Bloom et al., 2006; Amaral,
2008; Courchesne, 2007; Courchesne, 201 1; for review see Schubert, 2015). According
to Schubert, these studies suggest that the size difference of micro-columns is due to an
abnormality in the peripheral neuropil space which is where interneurons are located
(2015). These interneurons (inhibitory cells) send lateral signals to the pyramidal neurons
(excitatory cells) located at the core of the micro-column. Interestingly, suppressed
inhibition using GABA (Gama-amino butyric acid) is a common feature of the autistic brain
(Hussman, 2001). Furthermore, about 30-60% of ASD patients have seizures and 5070% have ongoing “sharp-spike” activity during sleep EEG, suggesting noisy and
unstable cortical networks (Rubenstein and Merzenich, 2003).
Angelman Syndrome
Although AS is a rare NDD (̴ 6% of children with intellectual disabilities and developmental
epilepsy), it causes severe physical and neurological disabilities (Pelc et al., 2008; Buiting
et al., 2016; for review see Ali Rodriguez et al., 2018). At least 70% of people with AS
have an identifiable de novo maternal deletion of chromosome 15q11-13 (Watson et al.,
2001; Buiting et al., 2016). Another estimated 5% of patients have loss of function
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mutations in the UBE3A gene which encodes a ubiquitin-protein ligase called E6-AP
(Watson et al., 2001; Tan et al., 2014). Around 10-15% of patients diagnosed with AS do
not have an identifiable cytogenetic or molecular defect (Watson et al., 2001; Tan et al.,
2014). All mutations cause insufficiency of E6-AP protein; a protein implicated in the
ubiquitination process (Kishino et al., 1997; Matsuura et al., 1997; Sutcliffe et al., 1997,
as cited in Rotaru, 2020).
An important diagnostic feature of AS is the presence of a movement disorder
characterized by fine, tremulous movements in infancy, which later become coarser,
ataxic voluntary movements during childhood. A unique characteristic of individuals with
AS is a display of sociable disposition and unprovoked laughter. Non-Purposeful hand
use including hand flapping and mouthing of the hands and other objects are also
common. Other characteristic symptoms of AS include severe intellectual disability,
inability to speak, ataxia, dysmorphic facial features, and a seizure disorder associated
with a characteristic EEG appearance. Clinical seizures astonishingly affect up to 90% of
individuals with AS with over 60% of them having more than one type of seizure (Thibert
et al., 2009).
Rett Syndrome
Rett syndrome is another debilitating NDD whose neuropathology shares certain features
with other disorders of cortical development. Unlike many other NDDs like ASD that are
associated with heterogeneous genetic profiles (Hu et al., 2009), approximately 80% of
mutations causing RS occur in the methyl-CpG-binding protein 2 (MECP2) gene located
at the X-chromosome on q28 (Amir et al., 1999; Shahbazian and Zoghbi 2001). Nearly
70% of the mutations occurring at the MECP2 and causing RS are C-T transitions at one

12

of eight CpG dinucleotides (Lee et al., 2001). The MeCP2 protein is involved in
transcriptional gene silencing and binds to a CpG dinucleotide. One hypothesis is that
Ubiquitin-protein ligase E3A (UBE3A) gene is one of the targets downstream of MECP2
for which alteration of expression may be particularly critical since UBE3A encodes an
enzyme involved in targeting proteins for degradation within cells (Ali Rodriguez et al.,
2018). Interestingly, MeCP2 is more abundant in brain tissue than most peripheral tissues
and its levels increase in cortical neurons throughout development (Shahbazian, 2002).
RS symptoms are more severe in males with most dying shortly after birth because
males only carry one X-chromosome (Hagberg et al., 1983). On the other hand, it is one
of the top genetic triggers for developmental regression and disability in females (Amir et
al. 1999). Studies performed on RS female patients have demonstrated that the severity
of the symptoms vary widely depending upon the pattern of random X-chromosome
inactivation in cells (Dragich et al., 2000). This makes genotype/phenotype comparison
hard to achieve, but usually include severe impairments affecting nearly every aspect of
a child’s life.
RS is characterized by the loss of previously acquired milestones (developmental
regression) although, the inability to reach such milestones (developmental delay) may
also occur. For example, a seemingly typically developing infant will begin to miss
developmental milestones. A regression follows and toddlers begin losing their acquired
speech, mobility, and purposeful hand use. Movement disorders are common in RS
patients and may include repetitive hand movements like flapping, plucking clothing,
tapping, and/or hand biting, and they usually occur around 6 months of life (Chahrour and
Zoghbi, 2007). Another common example of regression occurs in head size. Autistic
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characteristics like social withdrawal and impaired communication are also noted as the
child grows (Chahrour and Zoghbi, 2007). A characteristic of RS is that eye contact initially
lost during regression is later gained, unlike in the case of autistic patients. At birth, the
baby’s head size is typical, but microcephaly starts to develop after 2-4 months of life
when deceleration of head growth occurs (Chahrour and Zoghbi, 2007). Reduced brain
volume has been linked to learning disabilities, and an altered neuronal migration and/or
signaling that is genetic in origin (Rubenstein, 2010). Also commonly seen in RS patients
is a high occurrence of developmental epilepsy and/or seizures (Fiumara et al., 2010;
Vignoli et al., 2017). In particular, it is estimated that 60-80% of females with RS have
epilepsy (Vignoli et al., 2017), and the severity of symptoms have a positive correlation
with the incidence of seizures (Tarquinio et al., 2017). Long-term research studies
revealed a higher incidence of epilepsy (̴ 90%) in patients with RS (Tarquinio et al., 2017).
Brain assessments demonstrated no significant developmental irregularities nor
neurodegeneration but found that neurons were smaller and had fewer dendritic spines
and arbors (Armstrong et al. 1995). Interneuron cell dysfunction has been highly
implicated in RS and other neurodevelopmental disorders, although studies have not
explicitly analyzed the GABAergic synapses that these interneurons form with pyramidal
cells.
Comorbidities Among Neurodevelopmental Disorders
Genetic studies in patients with NDDs have suggested a conversion between biological
and phenotypic traits (Parikshak et al., 2016). About 70% of ASD patients have a
comorbidity (co-occurrence) and about 40% have two or more comorbidities (Betancur,
2011). For example, RS and AS frequently share characteristics of ASD. Commonality
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among this heterogeneous group of disorders can be observed in the symptoms they
share, and it may imply common underlying biological mechanisms. In particular, NDDs
are commonly associated with epilepsy, intellectual disability, hyperactivity, and/or
disturbed patterns of cortical activity shown in electroencephalography (EEG) studies
(Rubenstein and Merzenich, 2003). Furthermore, about 25% of ASD patients also having
an epilepsy diagnosis (Baird et al., 2006, Tuchman and Rapin, 2002). Other syndromes
such as AS and RS have a much higher prevalence of epilepsy and/or seizures (Fiumara
et al., 2010; Vignoli et al., 2017). Cognition and behavioral disorders pose a greater risk
in patients with developmental epilepsies (Hermann and Seidenberg, 2007) and
neurobehavioral (Hermann et al., 2008) disorders. For example, over 70% of people with
ASD have also been diagnosed with intellectual disability (Baird et al., 2006, Tuchman
and Rapin, 2002). Strikingly, previous genetic studies that implicated 103 disease genes
and 44 genomic loci to ASD or autistic-like behaviors have also associated them with
intellectual disability. The mutations in MECP2 that cause RS have been reported in
patients with other syndromes like classic autism, childhood schizophrenia, and
intellectual disability (Carney et al. 2003; Harvey et al. 2007; Watson et al. 2001, Suter et
al. 2013; for review see Ali Rodriguez et al., 2018).
Throughout the years, NDDs have been widely researched, yet the shared
underlying processes for symptoms have not been extensively assessed and compared
systematically among broad disorder subtypes. Because epilepsy shares commonality
with a broad category of heterogeneous disorders under this category, it may be
beneficial to start our research with by looking at the mechanisms involved in the
pathology of developmental epilepsy.
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Developmental Epilepsy as a Comorbidity of Neurodevelopmental
Disorders
Out of all the known neurological disorders, epilepsy is the fourth most common in the
United States (Epilepsy Foundation, 2014). This disorder amounts for 65 million people
around the world and can be caused by many underlying pathologies (Epilepsy
Foundation, 2014). An epilepsy diagnosis means that the patient has a propensity for
recurring seizures during which neurons "fire" excessively or at irregular patterns
frequently generating involuntary muscle movements and/or affecting consciousness.
This temporarily affects the person physically and mentally, having a negative impact on
daily life. There are two causes for epilepsy, symptomatic epilepsy is acquired (through
head injury, infection, or degeneration) while developmental epilepsy is genetically
caused. Genetic contribute to the cause in about 70% of patients with an epilepsy
diagnosis. Also, approximately 40% of seizures that occur before the age of three are due
to a developmental encephalopathy.
Developmental epilepsy is a common comorbidity of multiple NDDs including ASD, RS,
and AS. Significantly higher seizure prevalence is observed in patients with ASD (̴3060%), RS (̴60-80% of females), AS (̴80%) than the general population prevalence (̴1.2%
of the US population had active epilepsy in 2015) (Centers for Disease Control and
Prevention, 2020; Jacob, 2016; Rubenstein and Merzenich, 2003; Thibert et al., 2009;
2013; Vignoli et al., 2017). These developmental epilepsies are characterized by
pharmaco-resistant seizures, severe EEG abnormalities, and cognitive dysfunction or
deterioration. Although current medicines can relieve some of the symptoms associated
with epilepsy, they do not cure it. Some patients develop adverse drug reactions to their
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treatments and for about 1/3 of patients with epilepsy have unmanageable seizures due
to ineffectiveness of existing medications.
Mutations leading to epilepsy have been found at the genes encoding a significant
number of channels including voltage-gated sodium (Nav) channel subunits (Scheffer et
al. 2006, 2011). For example, subtle mutations in the gene that encodes the voltagegated sodium (NaV) 1.1 channel, SCN1A gene, usually cause mild phenotypes such
as seizures in children caused by elevated body temperatures called benign febrile
seizures (Scheffer et al. 2006, 2011). Complete mutations of NaV1.1 channel leading to
loss-of-function cause Dravet's syndrome (DS), a NDD progressively impacting cognitive
development with a characteristic onset of seizures during infancy (Scheffer et al. 2006,
2011) Missense mutations in the SCN2A gene, encoding the NaV1.2 channel, cause a
mild type of childhood epilepsy called benign familial neonatal-infantile seizures (Berkovic
et al. 2004). Mutations in the SCN8A gene which encodes the sodium channel NaV1.6
have been identified in patients with epileptic encephalopathy who also displayed
developmental delay, autistic features, intellectual disability, and ataxia (Veeramah et al.,
2012). Interestingly, mutations affecting NaV1.6 channel have also been discovered in a
few patients with intellectual disability (Rauch et al., 2012). The NaV1.6 channel is
enriched at the AIS of neurons and previous research has shown that mutations leading
to a loss of NaV1.6 channel activity can reduce neuronal excitability while those leading
to a gain of NaV1.6 channel activity can increase neuronal excitability. Mutations in the
SCN1B gene, encoding the β-1-subunit of the sodium channel, have been seen in
patients with generalized epilepsy with febrile seizures plus and Dravet's syndrome
(Scheffer et al. 2005, 2009; Patino et al. 2009).
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Other ion channels have also been associated with epilepsy. Mutations affecting
KV channels shorten APs thus increasing firing frequency. Most voltage-gated calcium
(CaV) channels activate toward the peak of the AP. These channels generate and shape
AP bursts and blocking CaV channels broadens the AP curve. The proximal end of the
AIS is enriched with R and T (CaV3) types of Ca2+ channels. Mutations at the T-type of
Ca2+ channel have been related to absence seizures by increasing Ca2+ influx.
Specifically, mutations in the gene for CaV3.2 have been hypothesized to modulate
neuronal bursting in some patients with epilepsy.
Various

forms

of

epilepsy

have

also

been

associated

with

cortex

neurotransmission dysfunction on γ-aminobutyric acid (GABA). For example, GABA-ergic
synaptic reduction has been reported in the AIS of pyramidal neurons of primates
presenting partial epilepsy (Ribak, 1985). Mutations resulting in decreased GABAAR
function have been shown to cause neuronal hyperexcitability and epilepsy (Tan et al.
2007). A reduction of cortical inhibition mediated by GABAARs from pyramidal neurons
has been shown in a mouse model of familial childhood absence epilepsy (O. Tan, 2007).
This mouse has familial mutations causing dysfunctions specifically in the GABAAR γ2subunit which have been associated with febrile seizures and generalized epilepsy
phenotypes in humans. Epilepsy in AS has been hypothesized to be related to a
dysfunction of the GABAAR (Pelc, 2008). Specifically, along with the UBE3A gene,
chromosome 15 contains a cluster of genes for three of the GABAAR subunits (α5, β3,
and γ3) at its q11-q13 location. Also note that dysfunctional UBE3A protein whose
function is to mark proteins for proteolysis, could indirectly impair the regulation of
GABAARs.
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Developmental seizures have been suggested to contribute to progressive
disturbance in brain function. The developing brain is less susceptible to seizure-induced
cell death than the mature brain, but it is highly plastic and seizures during early
childhood could have irreversible alterations on brain development (Holmes and BenAri, 2001). Seizures activate neuronal pathways ultimately modifying the formation of
synapses and the way the brain develops. Subsequently, aberrant network set up by
seizures increase vulnerability to future injury ultimately altering brain functions like
learning and memory (Holmes and Ben-Ari, 2001).
The comorbidity among NDDs and epilepsy is indicative of an underlying pathology
during the development of the brain, particularly during neurodevelopment, that can
account for both the NDDs and the epilepsies. Understanding the mechanisms involved
in neurodevelopment seems essential to understanding these disorders.
The Cerebral Cortex: A Key Brain Region in Neurodevelopmental Disorders
and Developmental Epilepsy
The cerebral cortex, the outermost layer of the brain’s hemispheres, is crucial for higher
cognitive functions (Rakic, 2009), many of which are negatively impacted in people with
NDDs. Particularly the medial pre-frontal cortex (mPFC) is important for our capacity to
process fear, feel emotions, make decisions, and form new memories (Miller, 2000;
Thompson-Schill, 2005). Interestingly, past research indicated that the PFC has been
implicated in the cognitive deficits of most NDDs (Mitchell et al., 2009; Arnsten, 2009; for
recent review see Schubert et al., 2015). Integrated data from genome-wide studies
indicate that the pathogenic variants in the genes implicated in NDDs induce impairments
in the structure of cells at the PFC (Schubert et al., 2015.). Furthermore, recent research
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shows that the mPFC has a role in the cognitive deficits of numerous NDDs which has
been shown in animal behavioral studies (Arnsten, 2009; Niwa et al., 2010; Etkin, 2013;
for review see Schubert et al., 2015). Disorders of cortical development have been shown
to have similar alterations to cellular shape, connectivity, and function suggesting a
shared pathological pathway during development (Schubert et al., 2015). The cortex has
also been considered one of the most epileptogenic regions of the brain, along with the
hippocampus (Bozzi et al, 2012). Thus, understanding the mechanisms of cortical
development seems central to understanding the bases of disorders related to NDDs.
Cortical Development
The cerebral cortex of all mammalian species is primarily composed of six layers of
neuronal cells with a radial organization. Cortical development entails a series of complex
steps sensitive to time and location. These steps are described as four main
morphogenetic events: (1) proliferation of new cells, (2) migration and organization of
neuronal precursors, (3) differentiation of the neuronal stem cells, and (4)
synaptogenesis.
Proliferation of Progenitor Neurons
A remarkable feature of cortical development in all mammalian species is that neurons
are not generated within the cortex itself. During embryonic development, the outermost
layer, the ectoderm, hardens and starts to fold inward forming the neural plate. As the
folding continues, the neural plate becomes the neural tube. Proliferation begins as soon
as the closing of the neural tube is completed. At the inner lining of the neural tube, there
is a layer of tissue comprising of neural stem cells, principally neuroepithelial progenitor
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cells that mainly give rise to radial glial cells (may also give rise to progenitor neurons;
Taverna et al., 2014). Radial glial cells in turn divide into progenitor neurons (direct
neurogenesis) or other radial glial cells that later give rise to progenitor neurons (indirect
neurogenesis). This process occurs in proliferative transient embryonic zones such as
the ventricular zone (VZ) (Figure 2). Neurons then migrate toward the cortical plate as
they undergo a series of morphological changes after division of neuroepithelial
progenitor cells. Asymmetric radial glial cell divisions then generate one radial glial cell
plus either one intermediate progenitor cell (IPC) or a progenitor neuron (Figure 2). IPCs
are secondary progenitor cells that are located and divide basally to the VZ, the
subventricular zone (SVZ) (Taverna et al., 2014; Fernández, 2016). Progenitor neurons
then migrate toward the cortical plate as they undergo a series of morphological changes
after division of neuroepithelial progenitor cells.
Migration of Progenitors Neurons
Neuronal migration is a genetically predetermined event that occurs as early as the
second month of gestation in humans. During the ongoing process of neurogenesis,
neurons born upon mitoses of progenitors migrate radially or tangentially to the cortex.
Neurons originating in the dorsal telencephalon migrate radially toward the cortex
(Kriegstein and Noctor, 2004; Ayala et al., 2007, as cited in Reiner et al., 2009). Another
group of neurons tend to migrate tangentially across a plane of glial fibers (Marin and
Rubenstein, 2001; Kriegstein and Noctor, 2004; Ayala et al., 2007, as cited in Reiner et
al., 2009). Neurons in the inside layer proliferate first and upper layer neurons move
upward through the bottom layers (Ambrozkiewicz et al., 2017). This phenomenon is
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known as the ‘inside-out gradient of neurogenesis.’ Once at the cortex, neurons
differentiate and integrate into functional circuits.
Differentiation of Neurons
There are many different types of neurons which can be distinguished by various aspects
including their morphology; the type of cells they form connections with; and the type of
neurotransmitter they release. Neuronal differentiation involves electrophysiological,
morphological, and transcriptional specification events that give rise to different neuronal
types.
Interestingly, different types of neurons can originate from the same progenitors
due to mechanisms that temporally and spatially control progenitor division and
differentiation (Temple, 2001). There are two main types of cortical neurons, excitatory
and inhibitory neurons. Excitatory neurons (mainly pyramidal cells) originate in the
ventricular zone of the cortex (Tan et al., 1998; Chanas-Sacre et al., 2000, Hartfuss et
al., 2001, Noctor et al., 2001, as cited in Rakic, 2007) and make up about 80% of cortical
neurons. These cells mainly use glutamate as their neurotransmitter (Rubenstein, 2010).
Meanwhile, inhibitory interneurons are born in the subcortical medial and caudal
ganglionic eminences (Larimer and Hasenstaub, 2020). Inhibitory neurons make up about
20% of cortical neurons and mainly release the neurotransmitter GABA (Rubenstein,
2010).
After neurons arrive at their specific cortical layer, they differentiate even further by
increasing their soma size and creating long processes before establishing functional
connectivity with other neurons (Jan and Jan, 2010). Process outgrowth includes
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differentiation of in dendrites and axons through localization of different molecular
components which fine tunes their specific functions. In fact, proper neuronal function
depends on neuronal polarity from the specification of axons and dendrites. Axonal
extension requires the dynamic assembly and disassembly of the cytoskeletal proteins
actin and tubulin which control cellular shape (Svitkina, 2018). Elongating axons find their
path toward their target cell by expressing guidance receptors on specialized structures
at the end tips called growth cones (Price et al., 2006). Growth cones sense attractive or
repulsive signaling molecules in their environment (Price et al., 2006). According to
previous research, the signaling molecules are not the determinants of the direction the
axon growth, instead, the determinant is the type of receptor or receptor complex
expressed on the membrane of the growth cones (Huber et al. 2003). Upon reaching and
contacting its target neuron, the axon becomes capable of transmitting synaptic signals
to its postsynaptic target.
Synaptogenesis
The development of neuronal connections succeeds the processes of increases in
neuronal numbers, diversification of their types, and attainment of their positions at the
cortex. Once axonal processes reach their post-synaptic targets, they form specialized
cell junctions (connections by cell-cell adhesion proteins). known as synapses where the
communication

between

neurons

occurs.

The

presynaptic

cell

compartment

(neurotransmitter release site) at a synapse is the axon terminal while the postsynaptic
cell part can be a dendrite (axo-dendritic), soma (axo-somatic), or another axon (axoaxonic). Once connections are formed, activity-dependent mechanisms determine
whether they are kept or removed through neuronal apoptosis (Price et al., 2006).
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Synaptogenesis occurs throughout a person’s life but is particularly important
during development as there is a vast number of synapses being formed during this
critical period (Huttenlocher P. and Dabholkar A., 1997). During early development,
synapses are over generated and established neuronal connections are later
strengthened or weakened over time depending on how much they are used. This is
important because processes that do not form connections or are inhibited especially
during this developmental time-period may be lost, (Huttenlocher P. and Dabholkar A.,
1997).
Cortical synapses are primarily formed by excitatory and inhibitory neurons.
Excitatory (Glutamatergic) neurons are projection cells with long extensions to their
synaptic targets, while inhibitory (GABAergic) neurons are the interneurons whose axon
synapses on nearby neurons (Huang and Paul, 2019). The connection among
synaptogenesis and developmental epilepsy has been widely studied in the past because
neuronal firing is disrupted during seizures. However, the chandelier GABAergic neurons
modulate the activity of glutamatergic pyramidal cells through axo-axonic synapses that
target the AIS (Somogyi et al., 1998; Howard et al, 2005; Wang et al., 2016; Huang and
Paul, 2019; for the latest review see Contreras et al., 2019). An elegant study
demonstrated that one chandelier cell (interneuron) has about one-hundred presynaptic
end-feets that innervate 35–50% of pyramidal neurons (Inan et al., 2013). This resulted
in a better control and modulation of excitation because inhibitory synapses are nearer to
the AIS allowing for AP firing to be patterned and regulated. However, not enough
research has been conducted on the development of the AIS and its possible relation to
neurodevelopmental disorders.
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Figure 2

Schema depicting cerebral cortex development with main types of progenitor cells and the cells they generate.
Neuroepithelial cells can divide symmetrically to generate apical radial glial cells or asymmetrically to directly (via
intermediate progenitors) or indirectly (via basal glial cells) give rise to neurons. Arrows indicate lineage relationships.
Abbreviations: Neuroepithelial (NE), marginal zone (MZ), ventricular zone (VZ), subventricular zone (SVZ),
intermediate zone (IZ), and cortical progenitor zone (CPZ), neurogenic intermediate progenitor cell (nIPC), oligogenic
intermediate progenitor cell (oIPC)

Axon Initial Segment Development
Axonal growth includes the development of functionally specialized compartments like
the AIS (Barnes et al., 2009). The AIS is an organized cellular compartment of particular
interest because it is the site of neuronal firing initiation in most neurons (Howard et al.,
2005; Nusser et al., 1996; Zhu et al., 2004). Proper development is necessary for AIS to
form and function correctly.
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Despite years of research, we still lack proper knowledge of the temporal sequence
of mechanisms leading to AIS development. Although, we do know that its development
initiates alongside the specification of axons and dendrites, and prior to the generation of
most synapses (Barnes et al., 2009). The development of the AIS requires the synthesis,
transport, and specific localization of key membrane and cytoskeletal proteins.
Particularly, the enrichment of ion channels along its membrane, the presence of Ank-G
and associated proteins to cluster these ion channels, and the number of synapses
developed at or near the AIS are essential components to its development.
The membrane-associated periodic skeleton of the axon is believed to be
important for the organization of membrane proteins, regulating the diameter of the axon,
and controlling microtubule dynamics during developmental pruning. The AIS
cytoskeleton is particularly enriched in structural and functional scaffolding proteins, cell
adhesion molecules, and extracellular matrix molecules essential to its development and
function (Boiko, T., 2007; Jenkins, S.M., 2001). Key cytoskeletal scaffolding proteins
include actin, spectrin, and Ankyrin-G (Ank-G). Ank-G protein and rings of actin filaments
are located at approximately every 190 nm in the AIS, forming a periodic distribution. The
actin rings connect to spectrin tetramers composed of two βIV-spectrins and two αIIspectrins; Ank-G binds to the actin cytoskeleton via βIV-spectrin. Ank-G is central to AIS
organization (Leterrier, 2016) because it recruits and “anchors” other proteins necessary
for AIS proper function like NaV channels, KV channels, and NrCAM and Neurofascin-186
(cell adhesion molecules) to the cell membrane (Zhou et al., 1998; Garrido, 2003, 2006;
Xu et al., 2013; Leterrier et al., 2015). Previous studies have revealed that the first
proteins Ank-G recruit are NaV channels which are essential for the generation of APs at
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the AIS. Expression of Nav channels depends on neuronal types and developmental
stage; NaV1.2 channels are the main channel in excitatory neurons during embryonic and
postnatal development while NaV1.6 channel expression increases later after birth. AnkG then recruits KV7 to the AIS, these channels are regulators of pyramidal cell excitability
and spiking behavior. Lastly, Ank-G recruits other KV subtypes like 2.2 and 1.2 along with
GABAARs and gephyrin. When activated, the GABAARs mediate the majority of rapid
inhibitory neurotransmission in the adult brain while gephyrin is an important organizer of
inhibitory synapses. Previous research studies have demonstrated that mice with
depletion of ankyrin-G expression in the cerebellum display a loss of the ability of
GABAergic neurons to fire APs mainly due to their inability to anchor proteins such as the
NaV channels (Zhou et al., 1998, Jenkins and Bennett, 2001). The cell adhesion molecule,
Neurofascin-186, is also important for AIS function because it directs GABAergic
innervation of the AIS by basket cells. Neurofascin-186 also recruits extracellular matrix
molecules to the AIS, these molecules help in synapse formation and to shape plasticity
by confining membrane surface receptors or molecules to distinct membrane
compartments.
The molecular composition of the AIS also plays a key role in its function. A main
protein localized at or near inhibitory synapses is the GABAAR to which the
neurotransmitter GABA binds (Nusser et al., 1996; Nyíri et al., 2001; Klausberger et al.,
2002). GABAARs have a pentamer subunit combination which can be composed of α(16), β(1-3), γ(1-3), δ, ε, θ, π, and ρ(1-3) (Rudolph & Mohler, 2006). The different subtypes
of GABAARs have unique localizations and functions. For example, the most common
complex of GABAARs, composed of α1- 3, β1-3 and γ2 subunits, are localized to
27

synapses and are sensitive to benzodiazepines (Luscher and Keller, 2004; Rudolph and
Mohler, 2006; Jacob et al., 2008). GABAARs at the cell body are mainly composed of the
α1-subunits and can be found clustered at the inhibitory synapses on the cell body. and
dendrites, while α2-subunits are enriched at inhibitory synapses forming on the AIS (Gao
et al., 2016; Freund and Katona, 2007; Nusser et al., 1996). Thus, GABAARs at the AIS
that contain the α2-subunits may impact the output of cortical pyramidal neurons.
The AIS is also composed of high densities of ion channels that integrate multiple
synaptic inputs initiating or inhibiting an AP, a principle confirmed by more
than 60 years of research. NaV channels at the AIS are crucial for the initiation of APs
(Kole, et al. 2008). Previous experiments using a NaV channel-binding neurotoxin
demonstrated that the highest density of NaV channels in a neuron was at the AIS
(Catterall, 1981) being approximately 50 times greater than at the cell soma (Kole, M.H.
et al., 2008). Having a greater density of NaV channels at the AIS lowers the AP threshold
allowing for signal regulation. The localization of NaV channels containing different types
of α-subunits also plays a role in signal regulation. The proximal end of the AIS has mostly
NaV1.2 channels while the NaV 1.6 channels cluster towards the distal end of the AIS
(Duflocq et al., 2008). The NaV 1.2 channels contribute to a backpropagation of APs into
the somatodendritic compartment while the Nav 1.6 channels have a low threshold
allowing for AP initiation (Duflocq et al., 2008). Various subtypes of KV channels also
assist in the initiation and propagation of APs at the AIS (Boiko, 2007; Jenkins, 2001;
Kole et al., 2008; Leterrier et al., 2015; Xu et al., 2013). More specifically, several
functions for KV channels previously described by research include regulation of the
resting membrane potential, AP inhibition and repolarization, and some properties of APs
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involving amplitude, firing rate, and duration (Brown & Adams, 1980; Debanne et al.,
2011; Kole et al., 2008; Rasband, 2010).
Since the location and composition of the AIS significantly contributes to the finetuning of neuronal firing, any disruption of the AIS like a change in location, length, and/or
expression of proteins may play a role in certain epilepsies and NDDs. According to recent
research, the AIS undergoes relevant modifications during development and after
development (AIS plasticity) from changes in neuronal excitability (Grubb and Burrone,
2010; Kuba et al., 2010).
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Figure 3

Schematic representation of a pyramidal neuron and the axon initial segment’s molecular composition
depicting the organization of key proteins. Key AIS proteins form a periodic distribution. Ion channels are anchored
to the membrane by Ank-G which is connected to βIV-spectrin. βIV-spectrin αII-spectrins form spectrin tetramers that
connect to actin rings. Rings of actin filaments are located at approximately every 190 nm.

Axon Initial Segment Plasticity
Essential AIS modifications has been shown to occur through development (Grubb and
Burrone, 2010). Research has also shown post-developmental plasticity of the AIS in
which presynaptic activity modulates changes in neuronal excitability (Grubb and
Burrone, 2010). This type of plasticity is thought to be an adaptation and response to the
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surrounding environment. The AIS continues to re-model itself by adjusting its
composition, morphology, and position in response to physiological or pathological input
changes (Grubb and Burrone, 2010; Kuba et al., 2010). Kuba conducted a study in avian
auditory brain stem’s nucleus laminaris neurons that encode intraural time differences.
When inputs were large or high in frequency, the AIS moved about 40µm away from the
soma (Kuba et al., 2006). Low-frequency inputs encoding neurons had longer AIS that
were closer to the soma and had a greater density of NaV channels (Kuba, 2016). In an
elegant study where unilateral cochlear ablation was performed which impacted the
supply of excitatory input to nucleus laminaris on avian nucleus, analysis of
magnocellularis neurons revealed an increase in AIS length and quantity of clusters of
NaV channels (Kuba et al., 2010). These neurons also showed increased whole-cell Nav
currents, faster spikes, and lower spike thresholds (Kuba et al., 2010). Kuba also showed
that the length of the AIS increased in an avian brainstem auditory neuron that had been
previously deprived of sensory inputs. These elongations seem to be the cause of
spontaneous firing in some of the neurons which has been proposed to occur to restore
neuronal activity (2010). Interestingly, this AIS plasticity was shown to be blocked by
blockage of CaV channels. In the same year, research on hippocampal neurons in culture
demonstrated that the AIS compartment separated from the by about 17μm causing a
decrease of neuronal excitability. This separation could be reversed and involved
movement of all the channels and associated scaffolding proteins that were analyzed
(Grubb and Burrone, 2010). Modifications in excitability in pyramidal neurons of the
hippocampus were also described in a mouse model of AS during both the resting and
firing state resulted in an increase in the length of the AIS and the expression of Nav1.6
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channel and Ankyrin-G (Kaphzan et al., 2011). It should be noted that this mouse model
of AS does not have an epileptic phenotype (Jiang et al., 1998).
AIS modifications allow for modulation of neuronal excitability, thus refining
communication within the brain. However, the molecular processes modulating the
morphological and compositional development of the AIS are yet to be defined.
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CHAPTER THREE: Methodology
Description/Justification of Subjects
To develop better diagnosis and therapies for patients with NDDs, it is imperative to
understand the primary processes of cortical development in animal models. Our current
knowledge about brain functions in health and during pathology have been possible in
part thanks to the research studies using mice. Mice have been used as models of human
disorders for more than 100 years. They are an ideal laboratory animal due to their brief
lifespan (1 year for a mouse is equivalent to about 30 years for a human), rapid breeding
rate that allows us to perform research within a reasonable time, and their low price
compared to other animal species.
The proposed study will use wildtype mice to create a foundation for the study of
alterations of the AIS in mouse models of NDDs, Gabra2-1 mice as a model of
developmental epilepsy, and Mecp2+/ - mice as a model of RS. For comparison purposes,
all mice in this study will be females because most Mecp2+/- male mice die shortly after
birth, mimicking the disorder in humans. All mice were housed at the Juanita Greer White
Hall animal facility at the University of Nevada, Las Vegas, and all procedures were
approved by UNLV’s IACUC committee. Mice had access to food pellets and water ad
libitum and were kept on a light-dark cycle of 12 hours.
Wildtype Mice
To my understanding, the AIS of pyramidal neurons of wildtype mice have not been
studied across development. Thus, this study will provide a base knowledge of the
development of the AIS in wildtype mice. After collecting the data of AIS morphology, this
strain of mice will serve as a comparison to the mice models of NDDs used in this study.
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The control mouse used in this study is the C57BL/6J wildtype strain from The Jackson
Laboratory.
Gabra2-1 Mice
Neuronal firing is initiated at the AIS in most neuronal axons (Nusser et al., 1996; Zhu et
al., 2004; Howard et al., 2005, as cited in Kole & Stuart, 2012). GABAARs composition
consist of 5 subunits from α(1–6), β(1–3), γ(1–3), δ, ε, θ, and π (Rudolph and Möhler,
2006). These receptors oversee fast inhibitory synaptic transmission at the AIS (Rudolph
and Möhler, 2006). The subunit composition of GABAARs determines the receptors’
localization at synapses in this in part gives synapses different functions. Unique
interaction motifs within the loop connecting transmembrane domains 3 and 4 of
GABAARs’ α-subunits have been shown to determine their localization; α1-subunitcontaining receptors are highly localized to dendritic synapses mediating inhibition, while
inhibitory synapses targeting the AIS are enriched with receptors that have the α2subunits (Hines et al., 2018, Gao et al., 2016; Freund and Katona, 2007; Nusser et al.,
1996).
The Gabra2-1 mouse model expresses a chimeric α2–α1 loop by substituting a
section of the amino acids 358-375 in α-subunits. This loop switch prevents the GABAARs
that contain the α2-subunit to localize at the AIS. In the absence of α2-subunit enrichment,
we see a loss of AIS inhibitory synapses, leading to a neurodevelopmental phenotype
characterized by seizures. This mouse model is more susceptible to seizures which leads
to early mortality (starting after PND 5 and peaking by PND 20) and anxiety-like symptoms
in surviving mice (Hines et al., 2018).

34

Our Gabra2-1 mouse links a specific mutation to an epileptic phenotype permitting
us to analyze the effects of modifications of the AIS triggered by defective GABA signaling
to obtain implications for human nervous system function and health (Hines et al., 2018).
Studying the Gabra2-1 mouse model will provide insight on the pathogenic underpinnings
of this and other NDDs.
Mecp2+/- Mice
To model the human disorder, most mouse models of RS have been created by mutating
the methyl-CpG-binding protein 2 (Mecp2) gene. These models can recapitulate various
symptoms that characterize RS. They often serve as a prototypical model of NDDs due
to the monogenetic origin of RS (X-chromosomal MECP2 gene mutations) and the
similarities in features with other disorders of cortical development.
Several lines of mice carrying Mecp2 mutations that recapitulate various symptoms
of RS have been created. The Mecp2+/- (B6.129P2(C)-Mecp2tm1.1Bird) mouse model
was created by Adrian Bird and colleagues; it was the first mouse model of RS and has
been the most studied. This Mecp2 knockout mutation was generated by deletion of
exons 3 and 4 and using a Cre-lox technology to overcome the requirement for Mecp2 in
embryogenesis (Guy et al., 2001). Most importantly, this mouse model recapitulates most
of the characteristics displayed in by humans with RS (Guy et al., 2001).
Homozygous female Mecp2+/- mice are viable and are visibly normal at birth, but
by the 3rd postanal week mobility problems start to become apparent (Guy et al., 2001).
The most visible problems are a stiff, uncoordinated gait and decreased spontaneous
movements (Ricceri et al., 2008). Other apparent symptoms include hindlimb clasping
and uneven breathing which develop after 7 weeks of age. Mecp2+/- mice are expected
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to live about 50-60 days. Our lab has obtained Mecp2+/- mice (Stock# 003890) from The
Jackson Laboratory.
Experimental Methods
Tail Biopsy and Lysing for Genotyping
Tail biopsy is a conventional procedure used for genotyping animals. This procedure
entailed cutting a 2-3 mm section from the tip of the mouse’s tail. Before the procedure,
mice pups were anaesthetized through inhalation by utilizing 4% Isoflurane until loss of
consciousness was apparent and they failed to respond to palpable stimulation including
paw pressings. Then, the piece of tissue was removed using scissors that were previously
cleaned with alcohol and heated on a bead sterilizer to prevent bleeding of the tail
following the procedure. Animals were observed until they were awake before returning
them to their home cage. Each animal’s genotype will be determined through polymerase
chain reaction (PCR) using the DNA collected from the tail tissue.
Previously obtained tail samples were set to digest in a mixture of 2 µL Proteinase
K and 198 µL Lysis buffer. The tissue was incubated overnight and then set at maximum
85℃ in temperature to inactivate proteinase in a digital dry bath for 45 minutes. After the
dry bath, we spun the samples to precipitate hairs and undigested fragments for 30
seconds. Finally, samples were frozen until Polymerase Chain Reaction was performed.
Genotyping of Mouse Tail DNA Via Polymerase Chain Reaction
Polymerase Chain Reaction (PCR) technique that was utilized to define each mouse’s
genotype. PCR amplifies a piece of DNA through various orders of magnitude to generate
multiple copies of the DNA sequence. While on ice, 2uL of each DNA of tail sample was
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added to PCR tubes. The following mixture (in µL) was added to each of the tubes: 2.5
Reaction buffer, 15.865 ddH20, 0.25 Triton-X, 1.375 MgCl2, 0.75 Primer 1 a2-1F, 0.75
Primer 2 a2-1R, 1.25 DNTPs, and 0.26 Taq. Tubes were then placed on a thermal cycler
to expose the reactants to recurrent heat-and-cold cycles (2 minutes of preincubation at
94°C (polymerase activation and DNA denaturation), then 35 cycles of amplification
consisting of 30 seconds at 94°C each (denaturation), 30 seconds at 65°C (annealing),
and 5 minutes at 72°C) for distinct temperature-dependent reactions to take place. We
prepared the agarose gel by modifying the quantity of starting agarose to 1.5% (i.e., 1.5
g agarose/100 mL solution will give 1.5%). Gels were loaded with 20 µl of sample mixture
from 25 µl PCR reaction mixed with 6 µl of 6X Sample Loading Buffer along with Ethidium
Bromide to detect the DNA. After loading, the gels were run at 90V until the dye line was
about 75-80% of the way down the gel. After PCR, the DNA fragments were genotyped
by observation.
Transcardial Perfusion
Transcardial perfusion began with anesthetizing the mice by utilizing 4% Isoflurane. Once
mice stopped responding to tactile stimulation and grasping of the paws, transcardial
perfusion was performed using oxygenated artificial cerebrospinal fluid before being
immersed in 4% paraformaldehyde in PB fixation. After fixation, the cerebral cortexes
were placed in a cryoprotectant solution. Tissues were frozen in 30% sucrose in 0.1M
Sorenson’s Phosphate buffer before being sliced.
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Brain-slicing and Immunostaining
For the immunohistochemical analysis, brain tissues from the transcardial perfusions
were coronally sectioned at a thickness of 40 μm on a sliding microtome. Brain slices
were stored at -20°C in a cryoprotection solution containing polyvinyl-pyrrolidone ethylene
glycol for a maximum of 6 months. For this study, we collected brain slices containing the
mPFC. Slices were washed 3X in PBS-BupH for 10 minutes each. Then, the brain
sections were washed in a lysine sodium metaperiodate solution for 15 minutes before
being washed again in PBS-BupH for 10 minutes for 3 consecutive times. After washing
the tissues, they were incubated for 45 min free floating in blocking solution (2.5% Bovine
Serum Albumin, 5% Normal Goat Serum, 0.1% triton-x, and 0.02% sodium azide in PBS).
Sections were then incubated in a humidity chamber in Pan-sodium channel or Ank-G
primary antibodies diluted in 2% normal goat serum overnight at 4°C. The next morning,
the primary antibody was washed in PBS-BupH for 3 consecutive times for 10 minutes
each. Sections were then incubated with Alexa conjugated secondary antibodies diluted
at [1:2000] in a modified blocking solution for 1 hour at room temperature. The last wash
3 washes using PBS-BupH for 10 minutes each removed any excess secondary antibody.
Slices from wildtype, Gabra2-1, and Mecp2+/- tissue were immunostained in parallel
before being mounted on coverslips. Fluorescence images of mPFC layer 3 were
acquired using 40x objective lens at the same time of exposure. Morphological analysis
of the AIS was conducted utilizing ImageJ. To compare the mean values, the results were
analyzed using one-way ANOVA.
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Western Blots
Before the western blot procedure, mice were anesthetized utilizing isoflurane. The
procedure began once they stopped responding to palpable stimuli and paw pinching.
The cerebral cortex was rapidly obtained following anesthetization and was placed for 1
hour at 4°C in a lysis buffer that contained 20 mM Tris HCL (pH of 7.4), 50 mM NaF, 1%
SDS, 1 mM EDTA, 250 µg/ml AEBSF, 1 mM Na2VO4, 10 µg/ml leupeptin, 10 µg/ml
antipain, and 1 µg/ml pepstatin. After the lysis procedure, samples were centrifuged for
10 minutes at the maximum speed and the supernatant was extracted to be utilized for
western blots.
The dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) western
blotting technique was implemented to determine the expression of several proteins at
the AIS. Relative levels of Ank-G [1:1000], NaV1.6 [1:1000], KV2.1 1:1000, βIV-Spectrin
[1:1000], and Neurofascin [1:1000] were quantified. To determine the protein
concentration for all samples, a full spectrum spectrophotometer was used to calculate
the loading amount for each sample. Then, a 6x buffer and β-mercaptoethanol mixture
was added to the samples at a ⅙ µl ratio and heated for 15 minutes at 60°C. The proteins
in the samples (20 µg each) were spread on a 4-20% gradient gel before electrotransferring them onto nitrocellulose membranes. The membranes were incubated on a
shaker overnight with primary antibodies in 4°C. The next morning, the membranes were
washed using 1x PBS-Tween. Then, membranes were bathed in secondary antibodies
containing a fluorescence base. After being washed for 3 times for 10 minutes each,
images from the membranes were acquired using the Odyssey® Infrared Imaging System
(LI-COR).
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Analysis
AIS analysis including the quantifications of length, tortuosity, and line-scans were
obtained from immunosignal images of antibody through the microscope (from
immunostaining) using ImageJ (NIH). All images in the same dataset received the same
adjustments, they were not further processed. For the quantification of AIS length and
area, I measured the AIS from a single image plane utilizing a hand-tracing tool from
ImageJ. The tortuosity index was quantified by obtaining the ratio between the arc
(curvature length) and chord (distance from one endpoint to another at each AIS). A
tortuosity index of 1 indicates that AIS is straight, while a tortuosity index greater than 1
indicates that there is curvature at the AIS. For the line-scan analysis, lines were drawn
through the region of interest (AIS) using ImageJ's “line tool”. The intensity of pixels along
the traced line was plotted by utilizing the “Plot Profile” tool in ImageJ. Quantification of
the number of peaks and the average distance (µm) between the peaks will be obtained
from the line-scan analysis. For all the analyses, an N of 3 mice was used.
For the western blot analysis, we began by normalizing our proteins of interest to
the b-actin (control). Subsequently, the proportion to control was obtained by dividing the
values from the proteins of interest from the Gabra2-1 and wildtype mice by the averaged
control values. Results were analyzed by one-way between subjects ANOVA with group
as the factor.
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CHAPTER FOUR: Results
Introduction
The AIS is a highly organized neuronal compartment that is crucial for the initiation,
propagation, and modulation of action potentials. Thus, it is implied that neuronal
communication in the brain depends on its proper function. In turn, AIS function depends
in part on its morphology and organization of proteins, and these parameters undergo
important modifications during development. Past research of animal models has
implicated the AIS in the pathology of NDDs and epilepsy, however we have yet to
understand how its morphology is affected in developmental brain disorders. The present
study analyzed the morphology and organization of the AIS of wildtype mice across
development, of Gabra2-1 PND 10 and PND 40-50 mice compared to wildtype mice, and
PND 40-50 Mecp2+/- mice compared to wildtype mice. For an accurate analysis,
immunostaining of specific markers of the AIS (Nav channels and Ank-G) was used to
only label this compartment. The Nav channels and Ank-G localize to the AIS; Nav
channels are required for the initiation of APs and the membrane anchorage of these
proteins depends on the localization and organization of Ank-G. In this study, we analyzed
the AISs morphology in wildtype mice across development and explored how the
morphology of the AIS is restructured in the AIS of mice models of NDDs.
Results for Aim #1: Axon Initial Segment Morphology in Cortical Pyramidal
Neurons of Wildtype Mice Across Development
This cross-developmental analysis of the AIS in wildtype mice increased our
understanding of the morphology of the AIS throughout typical development and created
a foundation for the analysis of AIS morphological alterations in mouse models of brain
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disorders. We hypothesized that there will be no statistically significant change in the
morphology of the AIS throughout neuronal development of wildtype mice except for its
length which we hypothesized will increase during its development as new proteins arrive
and the periodic cytoskeletal diffusion barrier is formed (PND 5- PND 10). To test this, we
immunostained the AIS of pyramidal neurons in the mPFC of PND 5, PND 10, and PND
40-50 wildtype mice with anti-Ank-G antibody (Figure 4A). The results show
morphological restructurings at the AIS of wildtype mice across development.
Decreased Distance between Axon Initial Segments in
Wildtype Mice Across Development
One of the most apparent observations while obtaining the microscopy images of the
immunostained brain slices was the possible differences in the density of AISs.
Specifically, the images from PND 5 mice had a denser amount of AISs which were
occasionally on top of each other and interwoven like spaghetti on a plate (PND 5
representative image of Figure 4A). This was not observed by PND 10 and instead, AISs
appeared to be more evenly spread. In PND 40-50 mice, the AIS appeared even wider
apart from each other. Indeed, measurements of the average proximity (um) to nearest
AIS neighbor revealed a substantial increase throughout development (Figure 4B),
supporting our observations. In fact, the average distance between AISs increased by
more than 3 µm from PND 5 (mean: 2.0095 um) to PND 10 (mean: 5.5703 um) mice, and
more than 8 µm from PND 5 to PND 40-50 (mean: 10.9764 µm) mice.
Axon Initial Segment Length Substantially Decreases Across
Development in Wildtype Mice
Immunohistochemistry permitted the analysis of the AIS neuronal compartment from one
end tip to the other making it possible for us to measure the length (µm). Surprisingly and
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contrary to our hypothesis, the length of the AIS of the wildtype mice studied had no
statistical difference between the PND 5 and PND 10 developmental timepoints and a
substantial reduction from PND 10 to PND 40-50 (Figure 4C). Specifically, the mean AIS
length for PND 5 (mean: 28.688 µm) and PND 10 (mean: 28.9524 µm) were significantly
greater than for PND 40-50 mice (mean: 21.2751 µm), but there was no significant
difference among the length of the AIS of PND 5 and PND 10 mice.
Reduction in Axon Initial Segment Tortuosity (Arc:Chord) in
Wildtype Mice Across Development
After analyzing the length of the AIS, we calculated the average number of arcs at the
AIS. A curvature of the AIS was considered an arc if its angle measured greater than 35°,
a criterion used in research to consider an arc clinically significant for the diagnosis of
tortuous arteries (Wessel et al., 2015). Results demonstrate a decrease in the average
number of arcs from PND 5 (mean: 0.45) to PND 10 (mean: 0.247) and no significant
difference among PND 10 and PND 40-50 (mean: 0.2469) mice (Figure 4D). To quantify
the “curviness” of the AIS, we measured the length along the AIS (Arc) and the straight
line connecting the two ends of the AIS (Chord). Then, we took the arc to chord ratio
(Arc:Chord) which gave us the tortuosity index of the AIS. A tortuosity index of 1 means
that the AIS is straight, while anything greater than 1 means that there is curviness to the
AIS. Curiously, the AIS in the wildtype mice studied exhibited a ̴ 12% reduction in
tortuosity from PND 5 (mean: 1.2127) to PND 10 (mean: 1.05) and no statistical change
afterwards (Figure 4E-G). From observation, most of the AIS at PND 5 had a spaghettilike appearance with multiple small arcs. By PND 10, the tortuosity in the axons seen at
PND 5 had been decreased to the same average level of tortuosity seen in the AIS of
PND 40-50 mice (mean: 1.0486). Most of the AIS of PND 10 and PND 40-50 mice were
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relatively straight with only few having small arcs. We then broke down the tortuosity for
each of the developmental time points (Figure 4G). Wildtype mice show substantially
more variation in the tortuosity of their AISs at PND 5 than at PND 10 and PND 40-50.
Specifically, a tortuosity index from 1.0 to 1.099 was calculated for ̴ 49.5% of the AISs of
PND 5 mice, with the rest of the percentages covering tortuosity indexes from 1.1 to
1.399. On the other hand, about 92.3% and 97.0% of the AISs of PND 5 and PND 40-50
mice respectively had a tortuosity index that ranged from 1.0 to 1.099.
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Figure 4

Restructuring of axon initial segments’ morphology in wildtype mice across development (PND 5, PND 10, and
PND 40-50). A. Staining for Ank-G antibody to label the axon initial segment in wildtype mice at PND 5, PND 10, and
PND 40-50 (scale= 5µm). B. Quantification of average proximity to nearest neighbor AIS (µm) (PND 5: 2.0095 ± 0.3905,
PND 10: 5.5703 ± 0.5417, and PND 40-50: 10.9764 ± 0.1303, P<0.0001). PND 5 vs. PND 10, P=0.006; PND 10 vs.
PND 40-50, P<0.0001; PND 5 vs. PND 40-50, P<0.0001. C. Quantification of AIS average length (PND 5: 28.688 ±
0.824, PND 10: 28.9524 ± 0.6375, and PND 40-50: 21.2751 ± 0.2377, P= 0.0002). PND 5 vs. PND 10, not statistically
significant; PND 5 vs. PND 40-50 and PND 10 vs. PND 40-50; P=0.0002. D. Quantification of average number of arcs:
AIS length (PND 5: 0.45 ± 0.124, PND 10: 0.2468 ± 0.0634, and PND 40-50: 0.2469 ± 0.0475, P = 0.019). PND 5 vs.
PND 10, P<0.05; PND 10 vs. PND 40-50, not statistically significant; PND 5 vs. PND 40-50, P<0.05. E. Quantification
of AIS average tortuosity (PND 5: 1.2127 ± 0.0145, PND 10: 1.065 ± 0.0134, and PND 40-50: 1.0486 ± 0.0083,
P<0.0001. F. Scatterplot of AIS Arc and Chord measures; PND 5 (r2=0.92318), PND 10 (r2=0.9581), and PND 40-50
(r2=.98444). G. AIS tortuosity broken down for PND 5, PND 10, and PND 40-50 mice. Plots and values show
mean ± standard error; P values from ANOVA and t-tests; *p < 0.05, **p < 0.01, and ***p < 0.001. N=3 mice for all the
analyses.
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Increase in Periodic Distribution Across the Development of Axon
Initial Segments in Wildtype Mice
In the mature brain, the AIS is well established to feature a highly organized molecular
structure (Nelson and Jenkins, 2017; Xu et al. 2013; Lorenzo et al., 2019; Leterrier et al.,
2017). In mice, most of this periodic cytoskeletal diffusion barrier develops around PND
5 to PND 10. The tortuosity observed at the AIS at PND 5 may be related to a
disorganization of the periodical distribution of cytoskeletal proteins during early
development. Specifically, clusters of proteins at certain locations of the AIS while not at
others may be disrupting the structural shape of the AIS. To further test this possibility,
we performed line-scan tests on the AIS of PND 5, 10, and PND 40-50 mice using the
microscope images obtained from the brain slices labeled with Ank-G antibody (Figure
5A). Temporal-color coded XY 2-D zoomed-in images demonstrate that the surface depth
of the AISs location doesn’t impact the line-scan analysis since the intensity peaks do not
match the surface depth (Figure 5B). The average number of intensity peaks for the AISs
of wildtype mice increased from PND 5 to PND 40-50 (mean value for PND 5: 2.9524,
PND 10: 3.5139, and PND 40-50: 4.4803; Figure 5C). On the other hand, the average
period (distance between the intensity peaks) of wildtype mice decreased from PND 5 to
PND 40-50 (mean value for PND 5: 3.4719, PND 10: 2.9379, and PND 40-50: 2.1122;
Figure 5D). In figure panel E, we show representative XYZ planes of line-scans for the
AISs in panels A and B (Figure 5).
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Figure 5

Line-scan analysis of the axon initial segment in wildtype mice across development (PND 5, PND 10, and
PND 40-50). A. Staining for Ank-G antibody to label the axon initial segment of wildtype mice at PND 5, PND 10, and
PND 40-50 (scale= 5µm). B. Representative mages of AIS of wildtype mice at PND 5, PND 10, and PND 40-50 colorcoded for depth (scale= 5µm). C. Average number of intensity peaks: AIS length (PND 5: 2.9524 ± 0.0191, PND 10:
3.5139 ± 0.0097, and PND 40-50: 4.4803 ± 0.0076, P<0.001). PND 5 vs. PND 10, P=0.05941, no statistical
significance; PND 10 vs. PND 40-50, P=0.00144; PND 5 vs. PND 40-50, P=0.00304. D. Average period (PND 5:
3.4719 ± 0.2004, PND 10: 2.9379 ± 0.1307, and PND 40-50: 2.1122 ± 0.1313, P <0.0038). PND 5 vs. PND 10,
P=0.05941; PND 10 vs. PND 40-50, P=0.00144; PND 5 vs. PND 40-50, P=0.00304. E. Representative XYZ planes
of line-scans for the PND 5, PND 10, and PND 40-50 AISs in panels A and B. Plots and values show
mean ± standard error; P values from ANOVA and t-tests; *p < 0.05, **p < 0.01, and ***p < 0.001. N=3 mice for all
the analyses.

To summarize, the present study analyzed the AIS of cortical pyramidal neurons
in wildtype mice across development. Examination of AIS immunostained images
revealed longer AIS in PND 5 and PND 10 in comparison to PND 40-50 mice along with
a high degree of tortuosity at PND 5 compared to PND 10 and PND 40-50 mice.
Indications for an increase in the periodicity of the AIS across development was also
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shown. Figure 6 depicts these main findings which contributed to our knowledge of the
morphology of the AIS in a healthy developing cortex. Next, we show the results for the
analyzed morphology of AISs in two mouse models of NDDs.

Figure 6

Schematic summary of analysis results of axon initial segments in wildtype mice across development (PND 5,
PND 10, and PND 40-50).
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Results for Aim #2: Axon Initial Segment Morphology of Cortical Pyramidal
Neurons in Gabra2-1 PND 10 and PND 40-50 Mice
For the second aim, we performed an analysis of our mouse model of developmental
seizures (Gabra2-1) in PND 10 and PND 40-50 mice compared to wildtype mice. Our
previous research on PND 40-50 Gabra2-1 Het and Homo mice revealed alterations in
the morphology of the AIS of pyramidal neurons at later 3 of the mPFC in comparison to
littermate wildtype control mice (for more details see Ali Rodriguez, 2019). These results
prompted the additional research on the morphology and protein composition of the AIS
of Gabra2-1 Het mice that is presented in this project.
We began with the analysis of the morphology of the AIS at PND 10 which is
around the developmental time of seizure onset. This analysis will allow for comparison
of the morphology of the AIS at PND 10 and PND 40-50 to determine whether the
disruptions occur before or after the onset of seizures. We hypothesized that the
morphological disruptions we have seen in PND 40-50 Gabra2-1 mice occur after the
onset of seizures (after PND 10). Then, we compared our results from the PND 10 mice
to the most striking results we had previously obtained for the PND 40-50 mice. We
continued our study by further analyzing the AIS of PND 40-50 mice to gain better
understanding of the alterations presented in this mouse model of developmental
epilepsy.
Axon Initial Segment Length is Substantially Decreased in
Gabra2-1 Het Mice at PND 10
Prior studies on Gabra2-1 Het and Homo mice from our lab demonstrated that seizures
emerge no later than PND 10 and pups died before being weaned with the mortality rate
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peaking by PND 20. Our current analysis began in Gabra2-1 Het mice at PND 10 by
measuring the length (µm) of the AIS using the microscopy images obtained from
immunostained brain slices labeling the AIS with an Ank-G antibody (Figure 7A). The AIS
of cortical pyramidal neurons in Gabra2-1 Het mice (mean: 23.47 µm) exhibited a smaller
average length than the wildtype mice (mean: 28.95 µm) at PND 10 (Figure 7B).
Decreased Proximity Between Axon Initial Segments in
Gabra2-1 Het Mice at PND 10
One of the most apparent observations for the analysis of the PND 10 wildtype and
Gabra2-1 mice was the possible changes in the density of AISs. The Gabra2-1 Het mice
had a greater amount of AISs oftentimes on top of each other like spaghetti (Figure 7A).
Indeed, measurements of the distance (µm) to nearest AIS neighbor reveal a substantial
reduction of the proximity to nearest neighbor in the Gabra2-1 Het mice (mean: 0.879) at
PND 10 in comparison to the wildtype mice (mean: 5.570; Figure 7C). Specifically, this
distance between AIS was lower in the Gabra2-1 mice by more than 5 µm in average in
comparison to wildtype mice at PND 10.
Axon Initial Segment Tortuosity (Arc:Chord) Increase in
Gabra2-1 Het Mice at PND 10
We observed greater number of arcs at the AIS in Grabra2-1 Het mice (mean: 1.204)
compared to the wildtype mice (mean: 0.567) at PND 10 (Figure 7D). As in the previous
aim, a curvature of the AIS was considered an arc if its angle measured greater than 35°.
To quantify the “curviness” of the AIS, we took the Arc:Chord ratio which gave us the
tortuosity index. The AIS in Gabra2-1 Het mice (mean: 1.287) studied show greater
tortuosity than the wildtype mice (mean: 1.050) at PND 10 (Figure 7E). To be visualize
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the magnitude of the AIS tortuosity difference among Gabra2-1 Het and wildtype mice,
we broke down the tortuosity results into increments of 0.099 (1.0-1.099, 1.1-1.199, etc.).
This revealed that most of the AIS in wildtype mice (92.31%) had straighter AISs with a
tortuosity index that ranged from 1.0 to 1.099. Strikingly, only 1.72% of the AIS in Gabra21 Het mice had a tortuosity index from 1.0 to 1.099. Instead, the AIS in Gabra2-1 Het
mice show an array of tortuosity indexes ranging from 1.0 to 1.599, with the most
prominent ones being 32.76% (1.1-1.199), 27.59% (1.2-1.299), and 20.59% (1.3-1.399).
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Figure 7

Restructuring of axon initial segments’ morphology in Gabra2-1 Het and wildtype mice at PND 10. A. Staining
for Ank-G antibody to label the axon initial segment of wildtype and Gabra2-1 Het mice. B. Quantification of AIS
length in wildtype and Gabra2-1 Het (wildtype mean=28.95µm, ±0.638; Het mean= 23.47µm, ±0.694, P=0.004). C.
Average AIS proximity to nearest neighbor (Wt: 5.570 ± 0.542, Het: 0.879 ± 0.262, P<0.030). D. Average number of
arcs (Wt: 0.567 ± 0.0634; Het: 1.204 ± 0.243; P = <0.001). E. Quantification of AIS tortuosity (arc:chord) (Wt: 1.050 ±
0.0134; Het: 1.287 ± 0.0129; P = <0.001). F. Pie charts chowing tortuosity breakdown in increments of 0.099 for Wt
and Gabra2-1 Het mice. Plots and values show mean ± standard error; P values were calculated using t-tests in
SigmaPlot; *p < 0.05, **p < 0.01, and ***p < 0.001. N=3 mice for all the analyses.

Periodic Distribution of Ankyrin-G in Axon Initial Segments in Gabra21 Het Mice at PND 10
The previously presented morphological changes of the AIS in Gabra2-1 Het mice at PND
10 like the decrease in length and the increase in tortuosity may be related to a
restructuring of the cytoskeletal proteins. In particular, we consider the possibility of a
disorganization of the periodical distribution of proteins that may be disrupting the
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structural shape of the AIS. We hypothesize that a disruption of the cytoskeletal
meshwork may be causing the curvatures seen in the Gabra2-1 Het mice at PND 10. In
turn, this disruption may cause formations of clusters of proteins at certain locations along
the AIS instead of its typical periodic distribution. To further test this possibility, we
performed line-scan tests on the AIS of PND 10 mice using the microscopy images
obtained from the brain slices labeled with Ank-G antibody (Figure 8A). Temporal-color
coded XY 2-D zoomed-in images demonstrate that the surface depth of the AISs location
doesn’t impact the line-scan analysis since the intensity peaks do not match the surface
depth (Figure 11B). The line-scan test results show that the average number of intensity
peaks for the AISs in Gabra2-1 Het mice (mean: 3.514) and in wildtype mice (mean:
3.094) did not differ statistically (Figure 8B). The average period (distance between the
intensity peaks) in Gabra2-1 Het mice (mean: 3.396) was also not statistically significant
from that in wildtype mice (mean: 3.396; Figure 8C). Representative XYZ planes of linescan results for the AISs shown in panel A of this figure can be found in panel D (Figure
11).
In summary, analysis of the AIS in Gabra2-1 Het mice revealed shorter and highly
tortuous AIS at PND 10 in comparison to wildtype mice. We also showed no statistical
difference in the periodicity of the AIS in Gabra2-1 Het mice in comparison to wildtype
mice at PND 10. Figure 9 depicts these main findings which gave us a better
understanding of the morphology of the AIS at PND 10. Next, we show the results for the
analysis of the morphology of the AIS in Gabra2-1 mouse at PND 40-50.
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Figure 8

Line-scan analysis of the axon initial segment in PND 10 Gabra2-1 Het mice compared to wildtype mice. A.
Representative images of AIS of wildtype and Gabra2-1 Het mice at PND 10 color-coded for depth (scale= 5µm). B.
Quantification of the average number of peaks:AIS length from the line-can analysis (Wt: 3.514 ± 0.0972, Het: 3.094
± 0.364; P=0.485, not significant). C. Quantification of the average period from the line-can analysis (Wt: 2.938 ±
0.131 µm), Het: 3.396 ± 0.470 µm; P=0.400, not significant). D. Representative XYZ planes of line-scans for the AISs
in panels A and B. representing Wt and Gabra2-1 Het mice. Plots and values show mean ± standard error; P values
were calculated using t-tests in SigmaPlot; *p < 0.05, **p < 0.01, and ***p < 0.001. N=3 mice for all the analyses.
N=3 mice for all the analyses.
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Figure 9

Schematic summary of analysis results of the axon initial segment in Gabra2-1 Het mice compared to wildtype
mice at PND 10.

Organization of Neurons at the Medial Prefrontal Cortex of PND 40-50
Gabra2-1 Mice
Our previous research on PND 40-50 Gabra2-1 mice began with the analysis of axons of
Golgi-Cox stained pyramidal neurons in layer 3 of the mPFC. This analysis revealed
alterations in the morphology of the proximal axon of pyramidal neurons in Gabra2-1 Het
and Homo mice, including an increase in width and tortuosity in comparison to littermate
wildtype control mice (for more details see Ali Rodriguez, 2019). These results made us
question how the tortuosity and other restructurings we previously demonstrated in the
AIS of pyramidal neurons affect the general organization of neurons at the mPFC of the
Gabra2-1 mice. To address this, we looked at neurons at the mPFC of the Golgi-Cox
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stained slices using 10X magnification. This observation revealed a loss of the radial
organization of Gabra2-1 Het mice neurons compared to littermate wildtype control mice
(Figure 10A). Besides the loss of the radial organization of neurons, Gabra2-1 Het
neuronal processes appeared highly messy (Figure 10A).
Comparison of Gabra2-1 Het Mice at PND 10 and PND 40-50
Zooming back in at the AIS of pyramidal neurons, we compared the most striking results
(length and tortuosity) from our previous analysis of the PND 40-50 Gabra2-1 mice to our
new analysis of PND 10 mice (Figure 10B-F). For a fair comparison, we analyzed the
AIS of PND 10 Pan-Sodium marker (the AIS marker previously used to study the AIS of
PND 40-50 Gabra2-1 mice). The length of the AIS at PND 10 and PND 40-50 follow the
same trend when comparing wildtype and Gabra2-1 Het mice. In particular, the wildtype
mice (means for PND 10: 29.4992 µm and PND 40-50: 21.275 µm) had longer AISs than
the Gabra2-1 Het mice (means for PND 10: 22.3066 µm and PND 40-50: 15.966 µm;
Figure 10C). However, the AISs of PND 10 mice were longer than the AISs of the PND
40-50 mice (Figure 7D) in both genotypes. We also compared the tortuosity of the AIS of
PND 10 and PND 40-50 Gabra2-1 Het mice; the results also indicated a similar tendency.
Specifically, Gabra2-1 Het mice (means for PND 10: 1.253 and PND 40-50: 1.294) show
greater tortuosity than the wildtype mice (means for PND 10: 1.04 and PND 40-50: 1.049;
Figure 10E). However, there was no statistical difference when comparing PND 10 to
PND 40-50 in each genotype (Figure 10F).
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Figure 10

Morphological restructuring of the AIS in Gabra2-1 mice at PND 10 and PND 40-50. A. Zoomed-out image of the
mPFC pyramidal neurons of wildtype and Gabra2-1 Het mice (10X objectives). B. Staining for Pan-sodium channel
antibody to label the axon initial segment of PND 10 and PND 40-50 wildtype and Gabra2-1 Het mice. (Scale: 5 µm).
C. Quantification of AIS length in PND 10 (Wt: 29.4992 ± 1.4954, Het: 22.3066 ± 0.5887; P=0.0129) and PND 40-50
(Wt: 21.275µm ± 0.238, Het: 15.966µm ± 0.505; t= 7.478; P = <0.001) mice. D. Line and Scatter Plot of AIS length
results comparing wildtype (PND 10: 27.340 ± 1.882, PND 40-50: 21.275 ± 0.238; P=0.024) and Gabra2-1 Het (PND
10: 22.848 ± 1.037, PND 40-50: 15.966 ± 0.505; P=0.004) mice across development. E. Quantification of the
tortuosity (Arc:Chord) in PND 10 (Wt: 1.040 ± 0.00410, Het: 1.253 ± 0.0227; P<0.001) and PND 40-50 mice (Wt:
1.049 ± 0.00829, Het: 1.294 ± 0.0202, Homo-1.359 ± 0.0354; P<0.001). Wildtype vs. Gabra2-1 Het t=7.183,
P<0.001, wildtype vs. Gabra2-1 Homo t=9.098, P=<0.001. F. Line and Scatter Plot of AIS tortuosity (Arc:Chord)
comparing wildtype (PND 10: 1.040 ± 0.00410, PND 40-50: 1.049 ± 0.00829; P=0.415) and Gabra2-1 Het (PND 10:
1.253 ± 0.0227, PND 40-50: 1.294 ± 0.0206; P=0.009) mice across development. Plots and values show mean ±
standard error; P values were calculated using t-tests in SigmaPlot; *p < 0.05, **p < 0.01, and ***p < 0.001. N=3 mice
for all the analyses. Part of the data in this image was presented in my master’s thesis (see Ali Rodriguez, 2019).
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Decreased Periodic Distribution in the Axon Initial Segments of
Gabra2-1 Het Mice at PND 40-50
We then continued our analysis of the AIS in PND 40-50 Gabra2-1 Het mice (Figure 11).
Compared to wildtype mice (mean: 10.976 µm), there was a substantial decrease in the
average proximity to nearest AIS neighbor in Gabra2-1 Het mice (1.716 µm; Figure 11A).
We also show an increase in the average number of arcs for the AIS in Gabra2-1 Het
mice (mean: 1.494) in comparison to the wildtype mice (mean: 0.611; Figure 11B).
Tortuosity breakdown (in increments of 0.099) show substantially more variation in the
Gabra2-1 Het mice than in the wildtype mice (Figure 11C). Specifically, a tortuosity index
from 1.0 to 1.099 was calculated for ̴ 97% of the AISs in wildtypes while for AIS in Gabra21 Het mice it was only 1.96%. Surprisingly, the tortuosity index for the AIS in Gabra2-1
Het mice ranged from 1.0 to 1.599 and the greatest percentages were for the ranges of
1.2-1.299 (41.18%) and 1.3-1.399 (29.41%). Line-scan test results revealed that in
average, the number of intensity peaks for the AISs in Gabra2-1 Het mice (mean: 0.245)
was substantially lower than for the wildtype mice (20.733; Figure 11D). On the other
hand, the average period (distance between the intensity peaks) of the Gabra2-1 Het
mice (mean: 4.089) was greater than that of the wildtype mice (mean: 2.112; Figure 11E).
Figure Panel F shows representative XYZ graphs of line-scans for the AIS in Gabra2-1
Het and wildtype mice (Figure 11).
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Figure 11

Line-scan analysis of the axon initial segment in Gabra2-1 Het compared to wildtype mice at PND 40-50. A.
Average AIS proximity to nearest neighbor (Wt: 10.976 µm ± 0.130, Het: 1.716 µm ± 0.0865, P<0.030). B. Average
number of arcs (Wt: 0.611 ± 0.0475; Het: 1.494 ± 0.0657, P =0.002). C. Tortuosity breakdown for Wt and Het mice.
D. Average number of intensity peaks: AIS length (Wt: 0.733 ± 0.0333 Het 0.245 ± 0.0208, P= P<0.001). E. Average
period between the intensity peaks (Wt: 2.112 ± 0.131, Het: 4.089 ± 0.416, P= 0.011). F. Representative XYZ graphs
of line-scans for PND 40-50 Gabra2-1 Het and wildtype mice. N=3 mice for all the analyses. Plots and values show
mean ± standard error; P values were calculated using t-tests in SigmaPlot; *p < 0.05, **p < 0.01, and ***p < 0.001.
N=3 mice for all the analyses.
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Expression of Key Axon Initial Segment Proteins in Gabra2-1 PND 4050 Mice Using Western Blots
Western blotting of cortical homogenates comparing the expression of key AIS proteins
in PND 40-50 Gabra2-1 Het and Homo mice to wildtype mice was performed. This
analysis included quantified expression of NaV channel isoforms (250, 130, and 90 kDa),
Neurofascin (200 kDa), βIV-Spectrin isoforms (160 and 250 kDa), KV2.1 (100 kDa), and
Ank-G isoforms (480, 270, and 190 kDa) to support the immunohistochemical analysis of
the AIS (Figure 12A). The relative intensity of all the proteins analyzed was normalized to
actin (45 kDa) loading control. Results for total expression of NaV channel 250 kDa and
130 kDa isoforms indicated no significant differences between wildtype (respective
means: 0.9987, 1.027), Gabra2-1 Het (mean: 0.135, 1.018), and Gabra2-1 Homo
(respective means: 0.1606, 0.992) mice (Figure 12B-C). No significant difference in the
total expression of NaV channel for the 90 kDa isoform was detected among the wildtype
(mean: 1.145) and Gabra2-1 Het (mean: 1.113) mice, while a substantial decrease was
quantified among the wildtype and the Gabra2-1 Homo mice (mean: 0.779; Figure 12D).
Results for Neurofascin (200 kDa) show no significant difference in expression among
the Gabra2-1 mice (mean for Het: 0.958 and Homo: 1.026) and wildtype mice (mean:
1.074; Figure 12E). Expression of βIV-Spectrin isoform 250 kDa had no significant
difference among the Gabra2-1 Het (mean: 1.054) and Homo (mean: 1.064) in
comparison to the wildtype mice (mean: 0.960; Figure 12F). On the other hand, the
expression of βIV-Spectrin 160 kDa isoform increased in Gabra2-1 Het (mean: 1.165) in
comparison to the wildtype mice (mean:

0.856), but no significant difference was

detected when comparing the expression in Gabra2-1 Homo (mean: 0.887) to the
wildtype mice (Figure 12G). Expression of KV2.1 (100 kDa) was also not significantly
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different among Gabra2-1 (Het: 1.083 and Homo: 0.937) and wildtype (mean: 0.900) mice
(Figure 8H). Expression of Ank-G 480 kDa isoform increased in Gabra2-1 Het (mean:
1.087) in comparison to wildtype (mean: 0.806) and Gabra2-1 Homo (mean: 0.876) mice,
while there was no significant difference among wildtype and Gabra2-1 Homo mice
(Figure 12I). Ank-G 270 kDa isoform expression decreased in Gabra2-1 Het (mean:
0.902) and Homo (mean: 0.824) mice in comparison to wildtype mice (mean: 1.304;
Figure 12J). Expression of the 190 kDa isoform for Ank-G was not significantly different
among the Gabra2-1 (Het: 1.014 and Homo: 0.933) and wildtype (mean: 1.096) mice
(Figure 8H). Although, there was a decrease for this Ank-G isoform in Gabra2-1 Homo
mice (mean: 0.893) in comparison to the wildtype mice (Figure 12L).
To summarize the most striking results, in comparison to the AIS in wildtype mice,
the AIS in Gabra2-1 Het mice at PND 40-50 were longer and more torutuous. The
periodicity of the AIS in Gabra2-1 Het mice also appears to be reduced in comparison to
wildtype mice. Figure 13 depicts these main findings. Next, we show the results for the
analysis of the morphology of AISs in the Mecp2+/- mice.
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Figure 12

Western blots of key axon initial segment proteins in Gabra2-1 Het and Homo mice compared to wildtype
mice at PND 40-50. A. Representative western blot images of Pan-sodium channel (250, 130, and 90 kDa),
Neurofascin (200 kDa), βIV-Spectrin (160 and 250 kDa), KV2.1 (100 kDa), Ank-G (480, 270, 190), and actin. B-L.
Quantification of relative intensity of the proteins in panel A normalized to actin: B. Pan-sodium channel 250 kDa
(Wt: 0.9987 ± 0.038, Het: 0.135 ± 0.0428, Homo: 0.1606 ± 0.0535; P=0.7432, no statistical difference). C. Pansodium channel 130 kDa (Wt: 1.027 ± 0.0503, Het: 1.018 ± 0.0551, Homo: 0.992 ± 0.992; P= 0.922, no statistical
difference). D. Pan-sodium channel 90 kDa (Wt: 1.145 ± 0.0436, Het: 1.113 ± 0.0535, Homo: 0.779 ± 0.0891; P
<0.001). T-test comparison among genotypes (Wt vs. Het: no statistical difference; Wt vs. Homo: diff. of means:
0.365, t=4.143, P<0.001; diff. of means: 0.333, t=3.698, P=0.003). E. Neurofascin 200 kDa (Wt: 1.074 ± 1.153, Het:
0.958 ± 1.096, Homo: 1.026 ± 1.157; P= 0.380, no statistical difference). F. βIV-Spectrin 160 kDa (Wt: 0.960 ±
0.0648, Het: 1.054 ± 0.0784, Homo: 1.064 ± 0.0793; P= 0.556, no statistical difference). G. βIV-Spectrin 160 kDa
(Wt: 0.856 ± 0.0715, Het: 1.165 ± 0.0851, Homo: 0.887 ± 0.0626; P= 0.017). T-test comparison among genotypes
(Wt vs. Het: diff. of means: 0.309, t=2.926, P=0.030; no statistical difference among Wt vs. Homo nor Het vs. Homo).
H. KV2.1 100 kDa (Wt: 0.900 ± 0.171, Het: 1.083 ± 0.132, Homo: 0.937 ± 0.937; P=0.633, no statistical difference). I.
Ank-G 480 kDa (Wt: 0.806 ± 0.0399, Het: 1.087 ± 0.0695, Homo: 0.876± 0.0670; P= 0.025). T-test comparison
among genotypes (Wt vs. Het: diff. of means: 0.281, t=2.805, P=0.042; no statistical difference among Wt vs. Homo
nor Het vs. Homo). J. Ank-G 270 kDa (Wt: 1.304 ± 0.0908, Het: 0.902 ± 0.046, Homo: 0.824 ± 0.030, P <0.001). Ttest comparison among genotypes (Wt vs. Het: no statistical difference; Wt vs. Homo: diff. of means: 0.154, t=2.896,
P=0.016; Het vs. Homo: diff. of means: 0.131, t=2.709, P=0.027). K. Ank-G 190 kDa (Wt: 1.096 ± 0.057, Het: 1.014 ±
0.047, Homo: 0.933 ± 0.057; P= 0.127, no statistical difference). T-test comparison among genotypes (Wt vs. Het:
diff. of means: 0.403, t=5.012, P<0.001; Wt vs. Homo: diff. of means: 0.480, t=5.981, P=<0.001; Het vs. Homo: no
statistical difference). Plots and values show mean ± standard error; P values from ANOVA or subsequent t-test;
*p < 0.05, **p < 0.01, and ***p < 0.001. N=6-9 mice.
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Figure 13

Schematic summary of analysis results of the axon initial segment in Gabra2-1 Het mice at PND 40-50.

Results for Aim #3
Axon Initial Segment Morphology in Cortical Pyramidal Neurons of a Mouse
Model of Rett Syndrome Compared to Wildtype Mice
For my third aim, I further analyzed the Mecp2+/- mouse model of RS during at PND 4050, including a line-scan analysis to look at AIS periodicity and an analysis comparing the
straight and tortuous AISs. NDDs such as RS are frequently associated with altered
cortical activity patterns as shown in EEG studies, including seizures and epilepsy
(Rubenstein and Merzenich, 2003; Chahrour and Zoghbi, 2007). This model recapitulates
most of the symptoms seen in patients with RS and other NDDs (Chen et al., 2001; Guy
et al., 2001) and has a monogenetic nature, these characteristics make it a good
candidate to initiate our study on whether the morphological restructurings seen in our
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Gabra2-1 mouse model would globalize to other NDDs. New avenues for future research
could be uncovered if the results globalize to other NDDs.
Prior research from my master’s thesis, in which we analyzed microscopy images
from immunostained AIS (Pan-sodium channel antibody) of pyramidal neurons at the
mPFC in Mecp2+/- and wildtype PND 40-50 female mice (Figure 13A), demonstrated
morphological alterations. Results included a considerable reduction in the length of the
AIS in Mecp2+/- mice in comparison to wildtype mice. We also showed an increase in the
CTF of NaV channels from immunofluorescence staining in Mecp2+/- mice in comparison
to wildtype mice. Most surprisingly, we found an increase in the tortuosity index of the AIS
in Mecp2+/- mice in comparison to the AIS in wildtype mice. We were intrigued by these
results, so we further examined the morphology of the AIS in Mecp2+/- mice.
Based on our previous results, we hypothesized that the morphology of the AIS of
pyramidal cells of Mecp2+/- mice will be statistically like that of the AIS in Gabra2-1 mice.
We immunostained the AIS of pyramidal neurons of the mPFC layer 3 with a Pan-sodium
channel antibody. For comparison to the Gabra2-1 mouse model, we analyzed the results
summarized in the sections below by following the same procedures.
Tortuosity breakdown for axon initial segments in Mecp2+/-Mice
To further analyze the tortuosity observed in the AISs in Mecp2+/-mice, we first quantified
the average number of arcs per AIS (considered to be a significant arc if it had a curvature
of 35° or more, like in the previous aims). Despite being shorter in average than the AIS
in wildtype mice, the AIS in Mecp2+/- mice had more arcs (mean for Wt: 0.611 and
Mecp2+/: 1.631; Figure 14B). We also broke down the tortuosity into increments of one
(1.0-1.099; 1.1-10199, etc.; Figure 14C). Results show that the tortuosity index of 97% of
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the AIS of wildtype mice ranged from 1.0 to 1.099. On the other hand, the tortuosity index
of the AIS in Mecp2+/- mice was distributed along a range from 1.0 to 1.799 (Figure 14C).
Line-Scan Analysis of the Periodicity of the Axon Initial Segments in
Mecp2+/- Mice
During my master’s thesis, we observed an increase in the average integrated intensity
of Pan-sodium channel immunostained AISs, even though the AISs were shorter in length
(see Ali Rodriguez, 2019). This may be indicative of a disorganization of AIS cytoskeletal
AIS proteins in Mecp2+/- pyramidal neurons. To further analyze this, we examined the
organization of NaV channel clusters along the axon using line-scans which gave us the
gray values along the arc distance of each AIS, examples of this is represented by xyz
planes in Figure 15D. This analysis helped us to examine whether the periodicity seen in
the AIS of PND 40-50 wildtype mice is also present in the AIS in Mecp2+/- mice. Results
indicated a possible disruption of periodicity at the AIS in Mecp2+/- mice in comparison to
the wildtype mice. In particular, we saw a decrease in the average number of peaks
(Figure 15E) along with an increase in the distance between the peaks (Figure 15F) of
gray intensity at the AIS in Mecp2+/- mice (respective means: 0.174 and 1.590 µm) in
comparison to the AIS of wildtypes (respective means: 0.733 and 1.200 µm).
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Figure 14

Axon initial segments in Mecp2+/- mice are characterized by tortuosity. A. Immunostained AIS of wildtype and
Mecp2+/- mice labeling Pan-sodium channel. B. Quantification of the average number of arcs (angles>35°) per AIS
(Wt: 0.611 ± 0.0475, Mecp2+/-:1.631 ± 0.288, t-value= -3.494, P=P = 0.025). C. Breakdown of tortuosity index in
increments of 0.099 (shown in percentages of AIS) for wildtype and Mecp2+/- mice. Thel plot shown, and all values
listed are mean ± standard error; P value was calculated using t-test in SigmaPlot; *p < 0.05, **p < 0.01, and
***p < 0.001. N=3 mice for all the analyses.
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Figure 15

Line-Scan analysis of axon initial segments in Mecp2+/- mice compared to wildtype mice. A-B. Representative
image of immunostained AIS of wildtype and Mecp2+/- mice labeled using pan-sodium channel, color-coded for depth.
A. Zoomed-in image of a color-coded AIS for each the wildtype and Mecp2+/- mice. B. schematic representation of
the line-scan analysis performed to the wildtype and Mecp2+/- AIS. Scale shown for color-coded zoomed-in image of
the AIS. C. Quantification of the average number of peaks:AIS length from the line-can analysis (Wt: 0.733 ± 0.0333,
Mecp2+/-: 0.174 ± 0.0133, P<0.001). D. Quantification of the average period from the line-can analysis (Wt: 1.200 ±
0.0286), Mecp2+/-: 1.590 ± 0.0401, P<0.001). E. Results of line-scan analysis on xyz planes for the AIS of wildtype
and Mecp2+/- mice shown in figure panel A. Plots and values show mean ± standard error; P values were calculated
using t-tests in SigmaPlot; *p < 0.05, **p < 0.01, and ***p < 0.001. N=3 mice for all the analyses.
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Non-tortuous axon initial segments in Mecp2+/- show characteristics
of from both wildtype and tortuous Mecp2+/- axon initial segments
Previously, we demonstrated that the AIS segments in Mecp2+/- mice were commonly
tortuous (see Ali Rodriguez, 2019). However, we noticed that straight AISs were also
present in Mecp2+/- mice (Figure 16A). In fact, from the tortuosity breakdown pie charts,
we quantified that 16.67% of the AIS in PND 40-50 Mecp2+/- mice had a tortuosity index
of 1.0 to 1.099. To further investigate these “straighter” AISs, we performed morphological
analysis in the non-tortuous AIS in Mecp2+/- mice. These AISs were selected by using the
mean tortuosity of wildtype mice (̴ 1.05) as a guidance. Only AISs in Mecp2+/- mice whose
tortuosity fell in this category were further analyzed in this section. Results demonstrate
that non-tortuous AIS in Mecp2+/- have the morphology but not the composition of the AIS
in wildtype mice (Figure 16). The previously quantified mean AIS length in Mecp2+/- mice
was 13.898 µm, this analysis included a random sample of all the AISs from the
microscopy images (including the non-tortuous AIS). However, non-tortuous AISs in
Mecp2+/- mice had a length measurement closer to that of the AIS in wildtype mice
(respective means: 20.301 µm and 21.275 µm; not statistical difference; Figure 16B).
Line-scan analysis revealed that the non-tortuous AIS in Mecp2+/- mice (mean: 0.55) had
a lower number of peaks than the AIS in wildtype mice (mean: 0.7333) in average. Similar
results were obtained for the period (distance between the peaks) where the non-tortuous
AISs in Mecp2+/- mice (mean: 4.2819 µm) had a greater periodicity than the AIS in
wildtype mice (mean: 2.1122 µm). Surface plots for the AIS in the representative images
from figure panel A provide a visual example of our findings.
In summary, the AIS in Mecp2+/- mice were shorter and more tortuous than the AIS
the wildtype mice. We also presented a decrease in the periodicity of the AIS in Mecp2+/mice in comparison to the wildtype mice. Figure 17 depicts these main findings.
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Figure 16

Non-tortuous axon initial segments in Mecp2+/- mice show characteristics of axon initial segments in wildtype
mice. A. Representative image including zoomed panels of immunostained AIS of wildtype and Mecp2+/- mice labeled
using pan-sodium channel. Mecp2+/- panel shows tortuous and non-tortuous AIS. B. Quantification of AIS length (Wt:
21.275µm ± 0.238µm, average Mecp2+/-: 13.898µm ± 0.460µm; straight Mecp2+/-: 20.301 ± 0.7741, P<0.0001. Wt. vs.
average Mecp2+/- (diff. of means: 7.377, t=9.699, P<0.001), Avg. Mecp2+/- vs. straight Mecp2+/- (diff. of means: 6.409,
t=8.427, P <0.001), Wt. vs. straight Mecp2+/- (diff. of means: 0.968, t=1.272, P=0.751). C. Average number of intensity
peaks:AIS length (Wt: 0.7333 ± 0.0333, average Mecp2+/-: 0.3767 ± 0.0145, straight Mecp2+/-: 0.55 ± 0.0289,
P=0.0003). Wt. vs. average Mecp2+/- (diff. of means: 0.357, t=9.409, P<0.001), Avg. Mecp2+/- vs. straight Mecp2+/- (diff.
of means: 0.173, t=4.572, P=0.011), Wt. vs. straight Mecp2+/- (diff. of means: 0.183, t=4.836, P=0.009). D. A verage
period (Wt:2.1122 ± 0.1313, average Mecp2+/-: 5.9524 ± 0.2006; straight Mecp2+/-: 4.2819 ± 0.2978, P = <0.0001.
Wt. vs. average Mecp2+/- (diff. of means:3.840, t=12.302, P<0.001), Avg. Mecp2+/- vs. straight Mecp2+/- (diff. of means:
1.671, t=5.352, P=0.005), Wt. vs. straight Mecp2+/- (diff. of means: 2.170, t=6.951, P=0.001). E. Surface plots for the
AIS in the representative images from figure panel A. Plots and values show mean ± standard error; P values were
calculated using t-tests and ANOVA in SigmaPlot; *p < 0.05, **p < 0.01, and ***p < 0.001. N=3 mice for all the analyses.
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Figure 17

Schematic summary of analysis results of the axon initial segment in Mecp2+/- mice compared to wildtype mice
at PND 40-50.
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CHAPTER FIVE: Discussion
Discussion for Aim #1
Neuronal communication in the brain depends on the proper function of the AIS. In turn,
this function depends in part on the AISs organization of proteins and morphology. It is
known that these parameters undergo important modifications during development;
however, the mechanisms that regulate AIS formation and maintenance and the timing
at which these occur are still not well understood. The present study analyzed the
morphology and organization of the AIS in wildtype mice during development; at PND 5,
PND 10, and PND 40-50. Collectively, our results show morphological restructuring of the
AIS across these three developmental times.
Multiple distinctions across development were visible while we were imaging the
brain slides under the microscope. For example, the number of AISs stained seemed to
decrease across time. Specifically, the images from PND 5 had a concentrated amount
of AISs that oftentimes clustered together while the AIS of PND 10 and PND 40-50 mice
were more evenly spaced. To quantify this, we measured the average proximity (µm) to
the nearest AIS neighbor; which revealed an increase in distance throughout
development. Specifically, this average distance between AISs increased by more than
3 µm from PND 5 to PND 10 and more than 8 µm from PND 5 to PND 40-50. This result
is indicative of a developmental loss of neurons from PND 5 to PND 40-50, possibly due
to apoptosis (programed cell death). Neuronal apoptosis is a critical mechanism in the
typical development of the nervous system. Early in development, neuronal precursors
produce a far larger number of neurons than will be eventually needed, and the extra
neurons not integrated into the circuitry are later eliminated (Brett, 2007). Apoptosis is
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known to happen at a greater rate during the embryonic stage, but it continues through
early development.
The AIS from the wildtype mice studied also show a refinement in length (µm) from
PND 10 to PND 40-50, no significant difference among PND 5 and PND 10 was found.
In particular, the AIS shortened by an average of 26.52% during this developmental
timeframe. A plausible explanation for this is a structural reorganization of the AISs
components by reducing the distance between proteins as the periodic cytoskeleton is
formed. However, the periodic distribution of proteins at the AIS has been shown to form
by PND 7- PND 10 (Nakada, 2003). However, the AIS length reduction we show occurs
from PND 10 to PND 40-50. Nevertheless, more research should be done to fully dismiss
this possibility. A more convincing potential mechanism may be shortening the length of
the AIS by disassembling of the proximal and/or distal AIS structure. In this study, we did
not measure the distance of the AIS from the soma, but this is a possible avenue of future
investigation that will permit further understanding of the possible mechanisms.
Along with changes in spacing between AISs and individual AIS length, the AIS
had a reduction in the average number of arcs per AIS length and in its tortuosity
(arc:chord). In particular, measurements of the AIS show a decrease in the number of
arcs at the AIS from PND 5 to PND 10 and no statistical difference between PND 10
and PND 40-50 mice. Parallel to this finding, the AIS of wildtype mice show a reduction
in tortuosity from PND 5 to PND 10 and no statistical difference between the AIS of
PND 10 and PND 40-50 mice. Most of the AIS of PND 10 and PND 40-50 mice had a
low index of tortuosity with some having small arcs. To further analyze this, we broke
down the AIS tortuosity values into increments of 0.099 (1.00-1.099, 2.00-2.099, etc.).
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Wildtype PND 5 mice show substantially more variation in the tortuosity of their AISs
than PND 10 and PND 40-50 mice.
The AIS of neurons has been shown to feature a highly organized periodic
molecular structure (Nelson and Jenkins, 2017; Xu et al. 2013; Lorenzo et al., 2019;
Leterrier et al., 2017). This periodicity is formed along with the diffusion barrier by PND 710 through the aggregation and assemblage of transmembrane and scaffolding proteins
linked to an actin rings (Nakada, 2003) leaving approximately 190nm of distance between
the rings (Bennett et al., 1982). The greater length and tortuosity observed at the AIS at
PND 5 may be related to a less periodic organization of proteins early on during
development. To further test this possibility, we performed AIS line-scan tests at PND 5,
10, and adults. Results show an increase in the average number of intensity peaks and
a reduction in the average period across development from the Ank-G antibody
immunostaining. This finding may be due to a parallel mechanism to the reduction of AIS
length and tortuosity. A more detailed study like expansion microscopy is needed to study
the possible mechanism driving the decrease in AIS length and tortuosity across
development.
To the best of our knowledge, this is the only study that has assessed the
morphology and composition of the AIS across development in wildtype mice. This
research serves as a base to begin investigating the AIS restructuring in mice models of
NDDs and epilepsy.
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Discussion for Aim #2
NDDs are heterogeneous, but they frequently share symptoms such as epilepsy. The AIS
has been implicated in the pathology of NDDs and epilepsy, however we have yet to
understand how its morphology and composition is affected in these developmental brain
disorders. The present study analyzed the morphology and organization of the AIS in
Gabra2-1 Het mice at PND 10, part of this analysis was compared to the previously
analyzed in Gabra2-1 Het mice at PND 40-50. We then further analyzed the PND 40-50
mice. Past research in our lab has concluded that in Gabra2-1 mice, seizure onset begins
no later than PND 10. Looking at the AIS more in detail at this time-point could help us
determine whether the morphological restructurings seen at PND 40-50 occur before or
after the onset of seizures.
Our previous research demonstrated morphological restructurings of the AIS in
PND 40-50 Gabra2-1 Het and Homo mice in comparison to wildtype mice (please see Ali
Rodriguez, 2018). One of our main findings was a significant reduction in the length of
the AIS. Despite of this reduction in length, the AIS in Gabra2-1 Het and Homo mice
showed no statistical difference in the 2-D area measured. We also analyzed the intensity
of fluorescence emitted by the sodium channels (immunostained with a Pan-sodium
channel antibody) and showed a decrease in the CTF between the Gabra2-1 Het and
Homo mice, and in comparison to the wildtype mice. Most strikingly, in comparison to the
AIS in wildtype mice, the AIS in Gabra2-1 Het and Homo mice had an increased tortuosity
(Arc:Chord).
After demonstrating the morphological disruptions mentioned above, we further
evaluated the morphology and composition of the AIS by analyzing the Gabra2-1 mice at
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PND 10 and PND 40-50. First, we questioned how the tortuosity and other restructurings
seen in the AIS of pyramidal neurons affect this brain section as a whole, so we looked
at the mPFC of the Golgi-Cox stained slices using 10X magnification. This observation
was done using Gabra2-1 Het and wildtype mice at PND 40-50. We noticed a
disorganization of neurons and their processes. In particular, wildtype mice’s neurons
have a radial organization while the neurons in Gabra2-1 Het and Homo mice show a
loss of the radial organization and their processes looked disorganized.
Results showed that the Gabra2-1 Het mice had a significant decrease in AIS
length in comparison to the wildtype mice at PND 10 and PND 40-50. However, the AIS
in Gabra2-1 Het and wildtype mice at PND 10 were longer than at PND 40-50. Previous
research has proven that the excitability of neurons is affected by modulations in the
length of the AIS (Kuba et al., 2006; Kuba & Ohmori, 2009). Our finding suggests that
there are two mechanisms at play for the Gabra2-1 mice: a decrease in its AIS length
during typical development and an additional length reduction for mice with the Gabra21 mutation. Cortical neurons in Gabra2-1 mice may be adjusting AIS length to
homeostatically adapt to the excessive excitation experienced during postnatal
development. However, AIS length may be reduced even further in Gabra2-1 mice since
this excessive excitation continues in this mouse model after GABA switch occurs in the
typical developing cortex where GABA transitions from being excitatory to inhibitory (PND
8-10; Ganguli et al., 2001). This would indicate that seizures contributed to the reduction
in length of the AIS which is supported by studies showing that the AIS can undergo
restructurings in size and location as a response to modifications to the neuron’s electrical
activity (Grubb & Burrone, 2010; Kaphazan et al., 2011; Kuba et al., 2006, Kuba &
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Ohmori, 2009). Another analysis employing computational models of simplified realistic
neurons quantified the impact of over excitation on AIS plasticity and indicated that
pyramidal neurons were most excitable when the AIS was longer (Gulledge & Bravo,
2016).
Following the increase of tortuosity that was previously shown in the PND 40-50
Gabra2-1 Het and Homo mice, we demonstrated an increase of tortuosity in Gabra2-1
Het mice at PND 10 in comparison to wildtype mice. Similar results were obtained when
quantifying tortuosity using NaV and Ank-G as AIS markers. For further analysis, we broke
down the tortuosity into increments of 0.099 (1.0-1.099; 1.1-10199, etc). The majority of
the AIS in wildtype mice (92.31%) were straight, with a tortuosity index that ranged from
1.0 to 1.099. Strikingly, only 1.72% of the AIS in Gabra2-1 Het mice had a tortuosity index
that ranged from 1.0 to 1.099. Instead, the AIS in Gabra2-1 Het mice showed an array of
tortuosity indexes ranging from 1.0 to 1.599. The greatest percentages fell under the 1.11.199 (32.76%), 1.2-1.299 (27.59%), and 1.3-1.399 (20.59%) ranges. This breakdown
allowed us to have a better understanding of the level and variation of tortuosity present
in the AIS of Gabra2-1 Het mice. Furthermore, parallel to the tortuosity results, we
demonstrated an increase in the average number of arcs per AIS length. The AIS of the
Gabra2-1 Het mice were more tortuous than the wildtype mice at both, PND 10 and PND
40-50. However, the number of arcs in Gabra2-1 Het mice was lower at PND 10 than at
PND 40-50. Quantification of the tortuosity together with the average number of arcs
allows us to visualize the structure of the AIS. A tortuous AIS with fewer arcs means that
the arcs are large. If the average tortuosity and number of arcs is high, then the AIS has
multiple smaller arcs. Indeed, even though the AIS in Gabra2-1 Het mice were more
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tortuous than in the wildtype mice at PND 10 and PND 40-50, the AIS at PND 10
frequently had multiple smaller “bumps” (with angles lower than 35°) than the AIS at PND
40-50 which mostly had 1 or 2 large arcs (35° of higher).
Neurons may have a mechanism of adaptation to neuronal excitability by adapting
their morphology. This is suggested by the increase in 2-D tortuosity and number of arcs.
We speculate that this compensation is through a transformation of the organization of
cytoskeletal components at the AIS. As mentioned in the literature review section, the
components of the AISs are periodically organized by actin rings dividing spectrin
complexes bound to Ank-G that anchor proteins to the membrane of the AIS like the NaV
channels (Kordeli et al., 1995; Hedstrom et al., 2008; Xu et al., 2013). AIS structure
depends on this great organization and linkage among proteins; any disruption may alter
its morphology. A tortuous AIS may disrupt the flow of ions and/or the ability of other
neurons to form synapses.
The fact that tortuosity is already present in Gabra2-1 Het mice by PND 10
indicates that this morphological restructuring of the AIS occurs prior to the onset of
seizures and not because of the excessive electrical activity of the cell. This conclusion
is based on the fact that Gabra2-1 mice develop seizures no earlier than PND 10. The
mechanism is still unclear, but a disruption to the cytoskeletal organization of the AIS
causing tortuosity could affect the generation and propagation of action potentials.
While performing the analysis of the AIS, we noticed a possible alteration in the
density of AISs in each image when comparing Gabra2-1 Het PND 10 and PND 40-50
mice to wildtype mice. The PND 10 Gabra2-1 Het mice had a dense amount of AISs
oftentimes clustered together. Indeed, measurements of the distance (um) to nearest AIS
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neighbor reveal a substantial reduction of the proximity to nearest neighbor in the Gabra21 Het mice at PND 10 in comparison to the wildtype mice. Specifically, this distance
between AIS was lower in the Gabra2-1 mice by more than 5 µm in average in comparison
to wildtype mice at PND 10. In this study we previously described an increase in the
quantification of average proximity to nearest neighbor of the AIS across development in
wildtype mice. We discussed that this result may be indicative of a developmental loss of
cortical neurons during development, possibly due to apoptosis. In the case of Gabra2-1
Het mice, this mechanism seems to be disrupted since by PND 10 AISs are still
condensed, even slightly more than PND 5 wildtype mice.
Our previous research on Gabra2-1 PND 40-50 mice also demonstrated a slight
decrease in the CTF of the AIS from Pan-sodium channel antibody (for results and
discussion see Ali Rodriguez, 2019). To further analyze this, we performed line-scan
analysis on the AIS of Gabra2-1 Het mice at PND 10 and PND 40-50. The results
indicated that there is a disruption of the typical periodicity of the AIS in Gabra2-1 Het
mice at PND 40-50 but not at PND 10 when comparing to wildtype mice. In particular, the
average number of intensity peaks for the AISs in Gabra2-1 Het mice was substantially
lower than in wildtype mice at PND 40-50. On the other hand, the average AIS period
(distance between the intensity peaks) in Gabra2-1 Het mice was greater than in wildtype
mice at PND 40-50. These findings point to a reorganization of proteins enriched at the
AIS of Gabra2-1 mice which may be parallel to the morphological restructuring finding of
the AIS. However, this needs to be analyzed in more detail.
During this research, western blotting of cortical homogenates from PND 40-50
mice were used to compare the expression of AIS proteins in Gabra2-1 Het and Homo
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mice to wildtype mice. Total expression of NaV channel subunits (250, 130, and 90 kDa),
Neurofascin (200 kDa), βIV-Spectrin isoforms (110 and 200 kDa), KV2.1 (100 kDa), and
Ank-G isoforms (480, 270, 190 kDa and all bands) was quantified to support the
immunohistochemical analysis of the AIS. Western blot analysis shows modifications in
the expression of key AIS proteins compared to wildtype controls. A significant decrease
in the total expression of NaV channel was quantified for the 90 kDa size in Gabra2-1
Homo mice in comparison to the wildtype mice. Expression of the 110 kDa isoform of βIVSpectrin increased for Gabra2-1 Het lysate compared to wildtype. Expression of the 480
kDa isoform of Ank-G increased in Gabra2-1 Het while the 270 kDa isoform decreased in
Gabra2-1 Hets and Homos. No significant differences were detected in the expression of
the other AIS protein or protein isoforms analyzed between wildtype and Gabra2-1 mice.
These findings point to a striking abnormality in the organization and structure of
the AIS of Gabra2-1 mice. Next, we wanted to see if these findings would globalize to
other models of NDDs.
Discussion for Aim #3
For our third aim, we further analyzed a mouse model of RS at PND 40-50. RS is a NDD
that is frequently associated with altered brain activity patterns as characterized by
electroencephalogram (EEG) recordings, involving seizures (Rubenstein and Merzenich,
2003; Chahrour and Zoghbi, 2007).
Previous research on the Mecp2+/- mouse model from my master’s thesis
demonstrated alterations to AIS morphology in comparison to wildtype mice. Specifically,
we found a decrease in the length of the AIS in Mecp2+/- mice. We saw no significant
difference in the 2-D area of the AIS in Mecp2+/- mice, despite the reduction of AIS length.
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Also, the CTF of the AIS in Mecp2+/- mice showed a substantial increase. Most strikingly,
we demonstrated an increase in the tortuosity of the AIS in Mecp2+/- mice in comparison
to the wildtype mice. We were intrigued by these results, so we further examined the
morphology of the AIS in Mecp2+/- mice.
Comparable to the results we got from the tortuosity analysis in Gabra2-1 mice,
our previous analysis of the Mecp2+/- mice showed a more tortuous AIS in comparison to
wildtype mice. To further analyze the tortuosity observed in the AISs of Mecp2+/- PND 4050 mice, we quantified the average number of arcs per AIS. Despite being shorter in
average than the AIS of wildtype mice, the AIS of Mecp2+/- mice had more arcs. We also
broke down the tortuosity into increments of one (1.0-1.099; 1.1-10199, etc.). This
breakdown of tortuosity allows us to have a better understanding of the level and variation
of tortuosity present in the AIS of Mecp2+/- mice.
The quantification of CTF of the AIS showing a substantial increase in Mecp2+/- in
comparison to the wildtype mice suggested a change in the localization and/or quantity
of NaV channels at the AIS. Changes in AIS length and tortuosity could also indicated a
possible disorganization of the AISs periodic cytoskeleton and transmembrane proteins.
To further investigate this, we performed line-scan analysis of the AIS to quantify the
periodicity of Pan-sodium channel labeled proteins. Results show an increase in the
distance between the peaks of gray intensity along the AIS of the Mecp2+/- mice in
comparison to the AIS of wildtypes. We also saw a decrease in the average number of
peaks at the AIS of Mecp2+/- mice in comparison to the AIS of wildtypes. These results
indicate a possible disruption in the periodicity of the AIS of the Mecp2+/- mice.
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Mecp2+/- AIS segments were frequently tortuous, however, we noticed that straight
AISs were also present in the samples from Mecp2+/- mice. In fact, from the tortuosity
breakdown pie charts, we see that 16.67% of the AIS in PND 40-50 Mecp2+/- mice had a
tortuosity index of 1.0 to 1.099. In contrast, only 1.96% of the AIS in PND 40-50 Gabra21 Het mice had a tortuosity index of 1.0 to 1.099. To further investigate these AISs, we
performed morphological analysis which demonstrated that non-tortuous axon initial
segments in Mecp2+/- have characteristics from both wildtype and tortuous Mecp2+/- axon
initial segments. Non-tortuosity for the Mecp2+/- mice was determined by using the
average tortuosity of wildtype mice plus/minus the standard error as a guidance. Only
AISs from Mecp2+/- mice whose tortuosity fell in that category were further analyzed in
this section. Non-tortuous AISs had a length average similar to that of the wildtype AIS
(difference was not statistically significant). Similar results were obtained for the period
(distance between the peaks) where the straight AISs of Mecp2+/- mice had greater
periodicity than wildtype mice, but lower periodicity than the average from Mecp2+/- mice.
Non-tortuous AIS in Mecp2+/- mice may be an avenue for future investigation, by
comparison with the tortuous AIS, that may enable further understanding of the
mechanisms impacting AIS morphology in NDDs.
The spectrum of tortuosity and periodic measures among individual Mecp2+/- AIS
segments may reflect the mosaic pattern of Mecp2 expression due to X chromosome
inactivation. At present it remains unknown if the expression of the molecular components
of the AIS is directly regulated by MeCP2.
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CHAPTER SIX: Future Directions
In this research, we performed a developmental time-course analysis of the AISs
morphology and composition in wildtype mice at PND 5, PND 10, and PND 40-50. We
used this new understanding of the morphology and composition of the AIS across
development as a foundation to the study of alterations in the AIS of mice models of brain
pathologies. We began with a detailed analysis of the AIS in Gabra2-1 Het PND 10 mice
along with an additional analysis of PND 40-50 mice. Then, we analyzed a mouse model
of Rett syndrome to examine whether the findings would globalize to other NDDs.
From our study, we in part conclude that the morphological restructurings seen at
the AIS of Gabra2-1 Het mice occur before PND 10 which is the developmental time for
the onset of seizures in this mouse model. From our analysis on the Mecp2+/- mouse
model, we also conclude that these findings can globalize to other NDDs. However, a
significant amount of research has yet to be conducted. For example, although our
research indicated that the AIS restructurings in Gabra2-1 Het mice occur prior to PND
10, we still need to analyze whether the AISs restructurings occur prenatally or
postnatally. Thus, future steps will include morphological analysis of the AIS at a timepoint
prior to PND 10. We also need to further examine the periodicity of the AIS by using
higher-resolution microscopy like expansion microscopy to confirm these results.
Expansion microscopy allows for higher-resolution images by physically enlarging the AIS
itself. Thus, we will be able to examine the cytoskeletal organization of the AIS to figure
out any specific changes in the structural organization of proteins. AIS function in part
depends on the composition and organization of proteins like NaV and KV channels. Many
of these proteins have isoforms with different combinations and distribution which might
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impact neuronal firing properties such as its shape, frequency, and pattern. Thus, the
composition and organization of different isoforms of AIS proteins that play an important
role in action potential firing should be analyzed using expansion microscopy or other
high-resolution techniques.
Structure and function interactions at the AIS are also being studied at our lab. It
is imperative to analyze the relationship among axonal excitability and the morphology
and/or composition of the AIS. Do morphological/compositional modifications to the AIS
alter neuronal excitability? We hypothesize that modifying the structure of the AIS will
alter neuronal activity. This study may lead to indications of a novel therapeutic strategy
in treating NDDs.
Our understanding is that this study is the first to report morphological restructuring
of the AIS of Gabra2-1 and Mecp2+/- mouse models. The results provide indications for
additional neuropathological studies that have yet to be conducted. For example, the
fundamental processes leading to the shared symptomatology of NDDs still need to be
explored. Specially, we lack the understanding about how these processes are impacted
under the neuropathology of NDDs and whether they contribute to their shared
symptoms. These studies could reveal new treatments for NDDs with a high incidence of
epilepsy by uncovering converging pathogenic processes.
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CHAPTER SEVEN: Conclusion
Many patients with NDDs share symptoms including deficiencies in communication and
motor skills, behavior, memory, learning, and/or other neurological functions despite
being a heterogeneous group of brain conditions. These disorders are often associated
epilepsy, and this points to an underlying pathology during early brain development.
Epilepsy is caused by a recurrent atypical neuronal firing pattern. Neuronal excitation is
mainly controlled by the AIS, an axonal compartment whose morphology and composition
in part determines the generation of action potentials. The morphology and composition
of the AIS are modified throughout typical development, but alterations in response to
modifications in neuronal excitability have also been shown by previous research (Grubb
and Burrone, 2010; Kuba et al., 2010). Taking this into account, we suggested that the
AIS is a ‘point of convergence’ of mechanisms leading to pathologies in NDDs. Furthering
research on the development of the AIS compartment is essential to increasing out
understanding about this structure impacts typical and atypical neurodevelopment. To
address this, out study focused on the analysis of the AIS of pyramidal neurons at the
mPFC of mouse models of NDDs with epilepsy as a common symptom.
Our analysis of the AIS in wildtype mice at PND 5, PND 10, and PND 40-50
demonstrated restructuring of the AISs morphology and composition across
development. Then, we explored the morphology and composition of AIS in Gabra2-1 Het
at PND 10 and in PND 40-50 mice which indicated that the changes seen at the AIS occur
before the onset of seizures (before PND 10). We also demonstrated that these AIS
restructurings globalize to other NDDs.
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In this research, we have demonstrated that neuronal excitability may be
modulated through morphological and compositional restructuring of the AIS. We have
also determined that the morphological changes at the AIS seem to play a causal role in
pathogenesis since they are already present at the time of seizure onset. Collectively, our
results show morphological restructuring of the AIS in wildtype mice during development
is typical, but this is exacerbated in NDDs with a high incidence of epilepsy.
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