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Abstract

Ankyrin-G is a fundamental scaffolding protein that organizes neuronal excitable
membrane domains, including the axon initial segment (AIS) and nodes of Ranvier. A new critical
role for ankyrin-G was discovered in the formation of GABAergic inhibitory synapses.
GABAergic transmission is essential for the proper synchronization and function of neuronal
networks that underlie cognition, mood, and behavior. Recent work has shown ankyrin-G also
plays a role in excitatory glutamatergic synapses, important for brain function, by regulating
dendritic spine morphology, density, and function. Abnormalities in GABAergic interneuron
circuitry and dendritic spines have been linked to neuropsychiatric diseases; however, the
underlying cellular and molecular mechanisms remain poorly understood.

Studies designed in this thesis seek to understand the molecular mechanisms of ankyrin-G
at inhibitory GABAergic synapses and excitatory dendritic spines. We generated a knock-in mouse
model expressing a W1989R mutation in Ank3, which completely abolishes the ankyrin-
G/GABAA receptor-associated protein (GABARAP) interaction to understand how ankyrin-G
regulates GABAergic circuity in vivo. Using confocal microscopy and electrophysiological
techniques, we show Ank3 W1989R mice exhibit a striking reduction in forebrain GABAergic
synapse connectivity and function resulting in pyramidal cell hyperexcitability and disrupted
network synchronization. Furthermore, we found changes in pyramidal cell dendritic spines and
AlSs consistent with compensation for hyperexcitability. We identified the ANK3 W1989R variant

in a family with bipolar disorder, suggesting a potential role of this variant in disease. Lastly, this

viii



thesis explores the role of ankyrin-G in regulating dendritic spines to maintain normal neuronal
excitability. This work highlights the importance of ankyrin-G in inhibitory and excitatory
synapses and provides novel insights into how ANK3 loss-of-function may contribute to human

disease.
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CHAPTER 1

General Introduction!

Domains of the Neuron and Neuronal Networks

Neurons are highly specialized cells of the nervous system that receive, process, and
transmit electrical and chemical signals critical for normal brain function. Neurons are polarized
cells made up of structurally and functionally distinct domains, dendrites and axons, which allow
for the direct flow of information throughout neuronal networks. The dendrites are often composed
of multiple branches and dendritic spines that receive signals from upstream neurons and transmit
this information to the axon. The axon propagates electrical signals, known as action potentials, to
downstream neurons by the opening of voltage gated-sodium channels at specialized excitable
microdomains referred to as the axon initial segment (AIS) and nodes of Ranvier (Fig. 1.1). Action
potential initiation at the AIS and efficient propagation across the nodes of Ranvier require the
localization of high concentrations of voltage-gated ion channels. In addition, the AIS and nodes
also contain high densities of cell adhesion molecules and scaffolding proteins that anchor these
critical ion channels to the underlying cytoskeleton networks. Despite similar structural
composition between the AIS and the nodes, the mechanisms by which these microdomains form
are quite different. The formation of the nodes of Ranvier is strongly influenced by both intrinsic

and extrinsic factors, whereas localization of these same protein to the AIS relies mainly on

IThis review was published in Frontiers in Cellular Neuroscience. Nelson AD, Jenkins PM. Axonal Membranes and their
Domains: Assembly and Function of the Axon Initial Segment and Node of Ranvier. 2017 May 9; 11:136. PMCID:
PMC5422562.
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factors intrinsic to the neuron. The intricate formation and function of excitable axonal
microdomains of the vertebrate nervous system plays a critical role in fast neuronal signaling and
higher order cognitive processing.

Neurons form complex networks through neuron-to-neuron connections, called synapses,
which allow for communication between neurons. A synapse is made up of a presynaptic and
postsynaptic terminal. The presynaptic terminal is at the end of the axon and is the site where the
action potential, an electrical signal, is converted to a chemical signal, neurotransmitter release.
The postsynaptic terminal is located on the downstream receiving neuron and contains specific
receptors that the neurotransmitters released from the presynaptic terminal bind to activate.
Neuronal networks consist of two main types of neurons: excitatory pyramidal cells and inhibitory
interneurons. Pyramidal cells are characterized by the release of the major excitatory
neurotransmitter in the brain, glutamate, and interneurons are classified by the principle inhibitory
neurotransmitter, GABA. Glutamate acts on three types of ionotropic glutamate receptors (AMPA
receptors, NMDA receptors, and kainate receptors), which elicits fast excitatory signaling and
depolarizes the postsynaptic neuron. GABA exerts its fast-inhibitory action through GABAAa-type
ionotropic receptors. GABAergic inhibition balances glutamatergic excitatory transmission to
maintain neuron firing and stabilize neuronal networks. The balance between excitatory and
inhibitory networks (E/I balance) is important for proper neuronal circuitry function. Abnormal
E/l balance has been implicated in a number of diverse pathological conditions including
neurodevelopmental and neuropsychiatric disorders (Del Pino, Rico, and Marin 2018; Selten, van
Bokhoven, and Nadif Kasri 2018; Sohal and Rubenstein 2019; Tatti et al. 2017). This chapter
focuses on recent advances in our understanding of structural and functional mechanisms

underlying the formation and function of the AIS and nodes of Ranvier and how disruptions in
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these mechanisms influence neurological health and disease. The following chapters are centered
on GABAergic inhibitory and glutamatergic excitatory synapses and how their dysfunction may

contribute to neuropsychiatric and neurodevelopmental diseases.

Overview of the Function and Intrinsic Assembly of the AIS

The AIS is a specialized membrane domain approximately 10-60 um long and is generally
located at the most proximal region of the axon (Palay et al. 1968). This domain is characterized
by high-densities of voltage-gated ion channels and functions as the gatekeeper of action potential
initiation as well as axonal polarity (Kole et al. 2008; Bender and Trussell 2012; Kole and Stuart
2012; Jones and Svitkina 2016) (Fig. 1.1). AIS assembly is an intrinsic process within the neuron,
in contrast to the formation of nodes of Ranvier, which also require extracellular glial-derived
signals. The scaffolding protein ankyrin-G is regarded as the master organizer of the AIS as it
coordinates the localization of all known AIS components (Bennett and Baines 2001; Jenkins and
Bennett 2001; Leterrier et al. 2017). Other critical proteins involved in AIS assembly and function
include Nav channels (Kordeli, Lambert, and Bennett 1995; Zhou et al. 1998), neuronal KCNQ
potassium channels (Pan et al. 2006), the cell adhesion molecule neurofascin-186 (NF186)
(Jenkins and Bennett 2001; Ango et al. 2004; Davis and Bennett 1994; Dzhashiashvili et al. 2007),
casein kinase II (CK2) (Brechet et al. 2008), and BIV spectrin-actin cytoskeletal proteins (Komada

and Soriano 2002; Yang et al. 2007) (Fig. 1.1).
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Figure 1.1: Domain organization of a neuron. The neuron consists of a somatodendritic domain, the axon initial
segment (AIS), nodes of Ranvier, and presynaptic terminals. The action potential is generated at the AIS, located in
the proximal region of the axon, and propagates via saltatory conduction down the nodes of Ranvier of a myelinated
axon to the presynaptic terminals. Ankyrin-G (red) is considered the master organizer of the AIS and controls
localization of membrane-associated proteins such as Kv and Nav channels as well as the cell adhesion molecules
NF186 and NrCAM. Nav channels found at the AIS include Nav 1.1, Nav1.2, and Nav1.6. Ankyrin-G is also linked
to the underlying actin cytoskeleton through its interaction with BIV-spectrin and to the microtubule cytoskeleton
through interactions with EB1/3 proteins. Other components of the AIS include protein kinases CK2, CdkS, and
CAMKII as well as Cav, Kv1, and PSD-93.




Work from Gary Banker and others with cultured hippocampal neurons has established the
nomenclature for stages of neuronal development (Dotti, Sullivan, and Banker 1988). At the start
of neuron development, referred to as stage 1, multiple lamellipodia protrude around the entire
circumference of the cell. In stage 2, the lamellipodia progress into several short and identical
neurites within 12-24 hours of plating. Neuronal polarity begins to develop at 24-48 hours in stage
3 during which one of the immature neurites rapidly elongates and subsequently acquires axonal
properties shortly after the formation of the axon, where the remaining immature neurites slowly
transition into the dendrites at 3-4 days (Dotti, Sullivan, and Banker 1988). The AIS first forms in
cultured hippocampal neurons between stages 3 and 4 (approximately three to four days in vitro)
indicated by the clustering of ankyrin-G, the first detectable marker of the AIS (Yoshimura and
Rasband 2014). In utero electroporation of GFP to label neurons in vivo revealed the first
noticeable accumulation of ankyrin-G occurs in the proximal axon at approximately P1 after most
neurons have migrated to their final destination in layer II/III of the cortex (Galiano et al. 2012).
In contrast, Gutzmann et al. discovered ankyrin-G appears at the proximal axon at embryonic day
14.5 in the visual cortex (Gutzmann et al. 2014). Further, analysis of AIS formation in vivo using
spinal motor neurons, demonstrated that ankyrin-G is first expressed along the length of the axon
before gradually becoming restricted to the proximal axon at embryonic day 13.5 (Le Bras et al.
2014). It is not clear whether these findings represent a difference in assembly of the AIS in a brain
region-specific or cell type-specific manner (i.e. primary motor cortex versus visual cortex versus
spinal motor neurons); however, in all cases ankyrin-G is the first resident protein of the AIS to

appear.



Giant ankyrins key to axonal structure and function

The vertebrate genome contains three members of the ankyrin gene family: ANKI, ANK2,
and ANK3 (encoding ankyrin-R, ankyrin-B, and ankyrin-G, respectively). Alternative splicing is a
key mechanism underlying the functional diversity and cellular distribution of ankyrins. In
addition to the canonical 190 kDa ankyrin-G, alternative splicing of the giant 7.8-kb exon produces
a 270 kDa isoform, which only utilizes the first ~2700 nucleotides of the giant exon due to in-
frame splicing, and a giant 480 kDa isoform which utilizes the entire giant exon. Similar alternative
splicing of ANK?2 gives rise to a 220 kDa isoform and a 440 kDA isoform of ankyrin-B. The giant
ankyrin-G differs from the large isoform of ankyrin-B due to the presence of a 40 kDa serine and
threonine rich domain located on the N-terminal side that is modified by O-linked N-
acetylglucosamine residues with unknown function (Vosseller et al. 2006; Zhang and Bennett
1996). Interestingly, giant ankyrins are more prevalent in the genome throughout evolution than
originally thought, with many bilaterians expressing giant isoforms with variation between species
in the site of insertion (Jegla et al. 2016). Between three species that share homologous insertion
sites (Drosophila, Ciona intestinalis, and Stronglyocentrotus purpuratus), there is no significant
sequence homology outside of a composition bias of increased usage of serine and glutamic acid
and there is a huge variation in exon size (7.8kb in vertebrates versus 13.3kb in C. intestinalis and
27.8kb in Drosophila). Although the Drosophila giant splice variants also show some ability to
restrict ion channel mobility within the axon (Jegla et al. 2016), more work is necessary to
determine the functions of these different giant ankyrins.

In vertebrates, the 480 kDa isoform of ankyrin-G is localized to the AIS and nodes of
Ranvier in myelinated axons. Recent studies demonstrated that, of all the ANK3 isoforms, the giant

480 kDa ankyrin-G is specifically required for the proper localization of voltage-gated Nav
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channels, KCNQ?2/3 channels, NF186, and BIV-spectrin to the AIS (Jenkins et al. 2015). The
authors also identified a critical serine residue located within the giant exon, but outside of the
canonical binding site of PIV-spectrin, that regulates spectrin localization via a likely
phosphorylation-dependent mechanism. Surprisingly, mice lacking the giant 270 kDa and 480k
Da splice variants of ankyrin-G survive through weaning, whereas mice lacking all three main
isoforms of ankyrin-G die immediately after birth (Jenkins et al. 2015). Survival of mice lacking
the giant splice forms of ankyrin-G may be because of a compensatory increase in expression of
the smaller 190 kDa isoform. Further, mice lacking giant ankyrin-G demonstrate severe movement
defects and significant reductions in higher order cognitive processing such as working memory
and sensory stimulation as compared to control littermates (Jenkins et al. 2015). These findings
highlight the critical importance of the giant exon of ankyrin-G for normal neuronal function at
both the cellular level and for synchronization of complex brain circuits.

In contrast to the giant splice variant of ankyrin-G, the 440 kDa variant of ankyrin-B is
found in unmyelinated axons where it interacts with oll-spectrin and BII-spectrin to establish an
intra-axonal barrier that limits ankyrin-G expansion within the axon (Fig. 1.2) (Galiano et al.
2012). During postnatal axonal development the majority of the 440 kDa ankyrin-B is replaced by
the 220 kDa isoform, lacking the giant insert, which has been shown to be important for the long-
range trafficking of cargo down the axon (Lorenzo et al. 2014). Future work will be necessary to
fully elucidate the roles of the different splice variants of ankyrin-B and their relationships to
ankyrin-G in the proper structure and function of the AIS.

Ankyrins and their spectrin counterparts play a central role in the formation of discrete
plasma membrane domains by coordinating the specific subcellular localization of membrane-

associated
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Figure 1.2: Proposed mechanisms of assembly of the AIS. A) Phosphorylation of Nav channels by protein kinase CK2 and
KCNQ?2/3 channels increases affinity for ankyrin-G. Phosphorylation sites within the giant exon of ankyrin-G (red), potentially
regulated by CK2, are important for BIV-spectrin binding. B) Palmitoylation of a critical cysteine 70 residue in the membrane-
binding domain of ankyrin-G is necessary to target ankyrin-G to the AIS and recruit known binding partners. C) Ankyrin-B
interacts with all-spectrin and BII-spectrin to establish an intracellular barrier or “axonal fence” and maintain ankyrin-G within

the proximal axon.




proteins. Ankyrins interact with their membrane-associated proteins through a membrane-binding
domain that consists of 24 ANK repeats folded into an extended solenoid structure on the N-
terminus (Bennett and Lorenzo 2013). In canonical ankyrins, the membrane-binding domain is
followed by two ZU5 domains, a UPA domain (Wang et al. 2012), a death domain (Wang et al.
2009), and an unstructured C-terminal regulatory domain. The membrane-binding domain of
ankyrin-G directly binds to a highly conserved intracellular motif located in the II-III linker
domain of Nav channels and to the C-terminus of Kv channels and recruits them to the AIS both
in vivo and in vitro (Gasser et al. 2012; Pan et al. 2006). The cell adhesion molecules NF186 and
NrCAM directly interact with the membrane-spanning domain of ankyrin-G through a conserved
intracellular five amino acid motif (FIGQY) (Zhong et al. 2014; Zhang et al. 1998). The clustering
of ion channels, including Nav and Kv channels, at the AIS is critical for normal neuronal function.
The specific subtypes of Nav channels at the AIS include Navl.1, Navl.2, and Navl.6. Early in
AIS development, Navl.2 is the predominant channel found at the AIS; however, as the neuron
matures Nav1.6 becomes the primary channel (Boiko et al. 2003; Osorio et al. 2005). The reason
for this shift in Nav channel expression and its physiological impact remains poorly understood.
Multiple subtypes of Kv channels have also been identified at the AIS, these include Kv1.1, Kv1.2,
Kv1.4,Kv2.1, Kv2.2, Kv7.2 (KCNQ2) and Kv7.3 (KCNQ3), which are important for modulating
neuronal excitability (Cooper 2011).

Deletion of ankyrin-G prevents clustering of other AIS members including KCNQ2/3
channels, NF186, NrCAM, BIV-spectrin, and Nav channels in the proximal axon (Jenkins et al.
2015; Jenkins and Bennett 2001; Pan et al. 2006; Zhou et al. 1998). Genetic deletion of ankyrin-
G in mice or silencing ankyrin-G using shRNA in dissociated neurons results in the loss of Nav
channel clustering at the membrane (Fache et al. 2004; Hedstrom, Ogawa, and Rasband 2008;

9



Zhou et al. 1998). The assembly of the AIS through interaction of both the ion channels and cell
adhesion molecules to ankyrin-G is regulated by phosphorylation. Interestingly, the
phosphorylation of Nav channels is facilitated by protein kinase CK2, which greatly increases Nav
affinity for ankyrin-G (Fig. 1.2) (Brechet et al. 2008), whereas phosphorylation of the FIGQY
motif on NF186 and NrCAM inhibits interaction with ankyrin-G (Tuvia, Garver, and Bennett
1997). The NF186-ankyrin-G-Nav channel protein complex is linked to the underlying actin
cytoskeleton through ankyrin-G’s interactions with BIV-spectrin (Berghs et al. 2000).

Spectrins are a group of cytoskeletal proteins that contribute to the mechanical support of
axons through direct interaction with ankyrins. BIV-spectrin is a member of the spectrin family, a
group of flexible rod-shaped cytoskeletal proteins that exist as tetramers with two a and two 3
subunits (Galiano et al. 2012; Ogawa et al. 2006; Uemoto et al. 2007). In mammals, although (-
spectrins are encoded by five different genes, only BIV-spectrin is found to be enriched at the AIS
and nodes of Ranvier, and its recruitment to these sites depends on the direct interaction with
ankyrin-G (Yang et al. 2007). Since all B-spectrins contain the canonical ankyrin-spectrin
interaction site (Davis et al. 2009), what is unique about BIV-spectrin that allows its clustering at
the AIS and nodes of Ranvier? Studies have shown that the first Zu5 domain of ankyrin is the
canonical B-spectrin binding site since this is where BlI-spectrin binds to ankyrin-B in neonatal
cardiomyocytes and where Bl-spectrin binds to ankyrin-R in erythrocytes (Ipsaro et al. 2010;
Ipsaro and Mondragon 2010; Mohler, Yoon, and Bennett 2004). However, the presence of the
DAR999AAA mutation in the 480 kDa ankyrin-G, which is known to abolish ankyrin-spectrin
binding at Zu$5, had no effect on its ability to cluster fIV-spectrin to the proximal axon. In addition,
knockout and rescue with the 270 kDa ankyrin-G failed to properly localize BIV-spectrin to the

AIS despite the fact that all isoforms of ankyrin-G share the Zu5 domain and that 270 kDa ankyrin-
10



G is capable of interacting with BIV-spectrin in immunoprecipitation experiments (Hedstrom,
Ogawa, and Rasband 2008; Jenkins et al. 2015; Komada and Soriano 2002). Interestingly,
mutation of a critical S2417A site found within the giant exon of the 480 kDa ankyrin-G greatly
reduces BIV-spectrin localization to the AIS. These findings demonstrate that recruitment of BIV-
spectrin to the AIS by ankyrin-G occurs independently of the canonical ankyrin-spectrin binding
site in the first Zu5 domain and perhaps offers a novel mechanism as to why BIV-spectrin is
localized to the AIS. In addition, the 270 residues between the last spectrin repeat and the PH
domain of BIV-spectrin, which are not found in other B-spectrins, may play an important role in
the noncanonical recruitment of BIV-spectrin to the AIS. Although this stretch is predominantly
unstructured, there are ~70 amino acids that are strongly predicted to form alpha helical coils and
this may represent an important interaction surface. More work is necessary to determine the
precise mechanisms by which ankyrin-G recruits BIV-spectrin to the AIS.

Despite the fact that BIV-spectrin can interact with all-spectrin (Uemoto et al. 2007); all-
spectrin has not yet been identified at the AIS. In contrast, BII-spectrin and all-spectrin assemble
with one another in the distal axon (Uemoto et al. 2007). BlI-spectrin has been implicated in the
initial assembly of the AIS as genetic ablation of BlI-spectrin in immature neurons alters BIV-
spectrin’s ability to appropriately accumulate at the AIS (Zhong et al. 2014). BII-spectrin becomes
enriched in a periodic arrangement in the AIS very early in development, before the other AIS
proteins are detectable, and then migrates to more distal regions within the axon. The migration
of BII-spectrin down the axon coincides with the appearance of ankyrin-G and BIV-spectrin at the
AIS (Zhong et al. 2014). If BIl-spectrin is providing initial structural support, what is the function

of the clustered BIV-spectrin? One potential role could be to function as the coordinator of a
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signaling platform for calcium-mediated signaling through calmodulin-dependent kinase II (Hund

et al. 2010).

Potential mechanisms of ankyrin-G recruitment to the AIS

Increasing evidence supports the role of ankyrin-G as the master organizer of the AIS;
however, a major unresolved question is how ankyrin-G itself is recruited to the proximal axon to
initiate this process (Fig. 1.2). It has been shown that multiple domains of ankyrin-G cooperate
with one another to drive its localization to the AIS (Zhang et al. 1998). He et al. demonstrated
that the addition of a fatty acid palmitate, termed S-palmitoylation, to a critical cysteine residue in
the membrane-binding domain of the 190 kDa ankyrin-G is necessary for ankyrin-G membrane
association and proper polarized localization in epithelial cells (He, Jenkins, and Bennett 2012).
In addition, palmitoylation of the 270 kDa ankyrin-G at the cysteine 70 site is necessary to target
ankyrin-G to the AIS and the presence of a C70A mutation in ankyrin-G fails to cluster at the AIS
and cannot recruit neurofascin or Nav channels (He, Jenkins, and Bennett 2012). Of the 23
members of the  aspartate-histidine-histidine-cysteine =~ (DHHC)-containing  protein
palmitoylacyltransferases, zZDHHCS and zDHHCS8 were identified as the only family members that
localize to the lateral membrane and are responsible for the palmitoylation and targeting of
ankyrin-G (He, Abdi, and Bennett 2014). Although the cysteine 70 residue is conserved within all
major splice variants of ankyrin-G, it remains unknown which palmitoylacyltransferases localize
the giant 480 kDa isoform to the AIS and whether palmitoylation of ankyrin-G occurs specifically
at the AIS or within the cell body (Fig. 1.2). Future studies are needed to characterize the
palmitoylacyltransferases capable of palmitoylating neuronal ankyrin-G and to evaluate the spatial

and temporal regulation of this process during AIS development.
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Another important mechanism for the control of AIS formation is phosphorylation of
ankyrin-G and its binding partners. Phosphorylation of KCNQ2/3 channels by cyclin-dependent
kinase 5 (Cdk5) and phosphorylation of Nav channels by casein kinase (CK2) increase binding
affinity to ankyrin-G. Bréchet ef al. showed that CK2 phosphorylation of various serine residues
(S1112, S1124, and S1126) and a glutamate residue (E1111) on Navl.2 regulates Nav channel
association with ankyrin-G (Brechet et al. 2008). These data show that increasing the affinity of
ion channels for ankyrin-G is an important regulatory step in the formation of the AIS. Overall,
posttranslational modifications are an important step in AIS formation. It will be interesting to see
if there are other posttranslational modifications on ankyrin-G and its partners and how these
modifications are altered under different signaling conditions.

Lastly, the distal axon cytoskeleton, which is composed of ankyrin-B, all-spectrin, and
BII-spectrin complexes, has been proposed to create a boundary that restricts ankyrin-G to the
proximal axon (Fig. 1.2). Manipulating the position of this boundary closer to the soma by
overexpression of ankyrin or spectrin resulted in a shorter AIS, whereas shifting the boundary
away from the soma caused the AIS to become elongated (Galiano et al. 2012). Silencing of
ankyrin-B with short hairpin RNA (shRNA) inhibits AIS assembly and causes ankyrin-G to
distribute throughout the distal axon in cultured neurons (Galiano et al. 2012). In contrast, Lorenzo
et al. observed no gross detectable abnormalities in the AIS in 8 DIV hippocampal neurons derived
from ankyrin-B-null mice lacking the 440 kDa and 220 kDa isoforms (Lorenzo et al. 2014).
Instead, deletion of ankyrin-B results in shortened axonal tracts and impaired axonal transport due
to the loss of ankyrin-B association with dynactin and dynein mediated cargo transport (Lorenzo
et al. 2014). Elucidating the role of the ankyrin-B/all-spectrin/Bll-spectrin network in the

formation of the AIS in vivo will be important for the understanding of human diseases involving
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dysfunction of ankyrins and spectrins. In addition, it remains unclear how 480 kDa ankyrin-G,
found both at the AIS and at the distal nodes of Ranvier, is able to avoid the restriction at the
proximal axon by the ankyrin-B/spectrin cytoskeletal boundary. It is attractive to speculate that
nascent ankyrin-G protein is locally translated at the node of Ranvier or perhaps locally
palmitoylated; however, the exact mechanisms controlling AIS ankyrin-G versus that found at the

node of Ranvier remains poorly understood.

AIS maintenance and analysis of cytoskeletal composition through high-resolution
microscopy

A primary function of the AIS is to maintain polarity of the proximal axon. One potential
mechanism is the role of the AIS as a diffusion barrier to inhibit the mobility of membrane-
associated proteins from dispersing from one neuronal domain to another. To support this theory,
Kobayashi et al. first suggested the presence of a diffusion barrier at the axonal hillock or AIS
after they observed fluorescently labeled phospholipids are static within the axonal membrane in
hippocampal cultures, whereas no labeling was observed within the somatodendritic domain
(Kobayashi et al. 1992). Winckler et al. then showed that the transmembrane protein L1ICAM and
the GPI-anchored protein Thy-1 display markedly reduced mobility at the AIS and they may be
constrained by a cytoplasmic tether to actin filaments since the disruption of actin caused the
proteins to freely distribute between the axonal and somatodendritic compartments (Winckler,
Forscher, and Mellman 1999). Nakada et al. further supported these findings by showing that
ankyrin-G accumulation in the AIS at 7-10 DIV of developing hippocampal neurons correlates
with a dramatic decrease in the rate of phospholipid and Nav channel diffusion (Nakada et al.

2003).

14



A more recent study by Song et al. proposed a second role of the AIS in which ankyrin-G
and actin filaments create a selective filter or intracellular sieve within the cytoplasm that blocks
the passage of somatodendritic proteins and large macromolecule from entering the axon (Song et
al. 2009). For example, axonal motor proteins of the kinesin superfamily (KIFs) were allowed
entry into the axon, whereas dendritic cargos and the microtubule-associated protein 2 (MAP2)
were found exclusively in the somatodendritic domain of the neuron and become excluded from
the AIS throughout the course of assembly (Song et al. 2009). Silencing ankyrin-G expression in
hippocampal neurons or genetic deletion of ankyrin-G in vivo results in disassembly of the AIS
and causes the proximal portion of the axon to acquire dendritic characteristics including dendritic
spines and the presence of MAP2 (Hedstrom, Ogawa, and Rasband 2008; Sobotzik et al. 2009). In
addition, Jenkins ef al. showed invasion of MAP2 into the axonal process in mice lacking only the
giant isoforms 270/480 kDa of ankyrin-G, which indicates that the AIS does play a role in
determining the site of axonal specification. Interestingly, however, the axonal process eventually
excludes MAP2 and acquires the axonal marker, neurofilament, despite a complete lack of the AIS
(Jenkins et al. 2015). These data demonstrate that the AIS is critical for maintaining axonal identity
in the proximal axon, but also that a transition from dendritic to axonal character can occur in an
ankyrin-G-and AlIS-independent manner. The exact mechanisms underlying this transition are
unknown.

An important prediction of both the diffusion barrier and selective filter models is that
dendritic and axonal cargos would randomly mix in the absence of the AIS. Studies evaluating the
dendritic-specific cargos, transferrin receptor and TGN38, in neurons completely lacking ankyrin-
G showed that these dendritic proteins maintain localization within the dendrites, but were

excluded from the distal axon despite the absence of all known AIS components. In addition, the
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complete loss of the AIS in ankyrin-G-null neurons revealed anterograde and retrograde transport
rates of LAMP-1, a relatively large (50-500nm) lysosome, were indistinguishable between the AIS
and distal axon in hippocampal neurons (Jenkins et al. 2015). These findings correspond with other
work showing there is no difference in the trafficking of the neuronglia cell adhesion molecule
(NgCAM) in the AIS as compared to the distal axon (Petersen, Kaech, and Banker 2014).
Furthermore, despite the loss of the AIS in total ankyrin-G-null or 480 kDa ankyrin-G-null
neurons, MAP2 remains excluded from the distal axon (Jenkins et al. 2015), which suggests
neurons may contain a secondary intrinsic property necessary to maintain distal axonal identity.
The exclusion of dendritic cargo from the distal axon in cells lacking ankyrin-G is reminiscent of
the separation of dendritic and axonal compartments seen before the AIS has been established
(Petersen, Kaech, and Banker 2014; Nakada et al. 2003; Silverman et al. 2001). Future studies
need to evaluate additional AIS-independent mechanisms and how they may be critical to establish
and maintain distinct axonal and dendritic polarized compartments.

While this work supports the existence of a diffusion barrier or selective filter that restricts
phospholipids, membrane and cytoplasmic proteins, and transport vesicles, the molecular
composition of the cytoskeletal structure involved in the maintenance of neuronal polarity remains
poorly understood. Recent work utilizing light and scanning microscopy showed that dense
clusters of actin filaments within the AIS prevented the transport of vesicles that contain dendritic
cargo from entering into the axon (Watanabe et al. 2012). Further, live-imaging experiments
demonstrated that vesicles containing dendritic cargo enter the axon and dendrites with equal
frequency; however, once inside the AIS the vesicles with dendritic proteins reverse directions and
proceed toward the somatodendritic domain via an actin and myosin Va-dependent mechanism,

whereas vesicles with axonal proteins proceed efficiently down the axon (Al-Bassam et al. 2012).
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These findings indicate actin filaments may be a key component for the transport of selective
axonal cargo; however, there was still a lack in our understanding regarding actin organization
within the AIS. Jones et al. recently sought to evaluate the sophisticated architecture of the AIS
cytoskeleton in mature hippocampal neurons using platinum replica electron microscopy (PREM).
The results showed an array of microtubule bundles covered in a dense submembranous coat
comprised of known AIS proteins including ankyrin-G, BIV-spectrin, neurofascin, Nav channels,
and actin filaments (Jones, Korobova, and Svitkina 2014). Interestingly, although they failed to
identify a dense actin network within the AIS, they discovered subpopulations of actin that
alternate between short, stable and longer, flexible filaments.

Recent advances in super resolution microscopy have revealed further insights to the
arrangement of the submembranous axonal cytoskeleton and the mechanisms by which the AIS
may maintain axonal polarity. A recent study quantitatively sought to determine the nanoscale
organization of the AIS using Stochastic Optical Reconstruction Microscopy (STORM). They
revealed the actin filaments form “actin rings” that distribute consecutively throughout the entire
length of the AIS and are spaced roughly 190nm apart. In addition, they also determined that
ankyrin-B was also found to be periodically localized between the adjacent actin rings in the distal
axon (Xu, Zhong, and Zhuang 2013). This unique orientation occurs because PIV-spectrin
connects between the adjacent actin rings in a lateral, head-to-head orientation. Further,
implementation of 3D-STORM, utilizing antibodies directed against epitopes to either end of
ankyrin-G, revealed BIV-spectrin binds periodically on the N-terminus of ankyrin-G, whereas the
unstructured C-terminal tail extends ~30nm internally into the AIS cytoplasm where it may interact

with additional cytoplasmic binding partners (Leterrier et al. 2015).
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Axonal polarization and vesicle trafficking

Besides ankyrin-G, BIV-spectrin, and actin, what additional cytoskeletal proteins are
important to maintain neuronal polarity? There is strong evidence that microtubule-based motor
proteins influence the selective filtering of cargo transport into axons and dendrites, but the
mechanisms underlying this process is not well understood (Hoogenraad and Bradke 2009; Witte,
Neukirchen, and Bradke 2008). Interestingly, Jacobson et al. showed that the axonal transport
protein, kinesin-1, accumulates at a single immature neurite before polarization, which suggests
that molecular differences between neurites exist long before the emergence of the axon (Jacobson,
Schnapp, and Banker 2006). The selective transport of signaling proteins to the axon would allow
for axon-specific growth from an individual neurite and the timing of this process throughout
neuron development would be critical to initiate and maintain axonal polarity. One model suggests
the pre-axonal exclusion zone (PAEZ), which is located within the axon hillock, distinguishes the
AIS from the soma and may be important for the sorting of somatodendritic and axonal cargo
(Farias et al. 2015) . Here, the carrier vesicles bind to different microtubule motors that mediate
transport either towards the dendrites or down the axon. Organelles that normally bind kinesin-1
or other axonal kinesins can migrate across the PAEZ and down the axon; however, vesicles that
bind to dynein or other kinesins are directed to the dendrites.

Another model suggests that, since the microtubules within the AIS are primarily oriented
with the plus-ends facing away from the cell body and in the dendrites the microtubules are of
mixed orientation, the designated kinesins prefer one orientation over the other driving selective
axonal or dendritic trafficking (Kapitein and Hoogenraad 2011; Jacobson, Schnapp, and Banker
2006; Hirokawa and Takemura 2005). In further support of this model, recent work showed that
microtubule plus-end binding proteins EB1 and EB3 accumulate in the AIS through direct
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association with ankyrin-G. Following shRNA-mediated knockdown of ankyrin-G the AIS
disassembles and results in a dramatic upregulation in the expression of EB1 and EB2. Thus, it is
possible that the C-terminal tail of ankyrin-G extends within the axoplasm to control the proper
formation of microtubule bundles and regulate AIS stability. This prediction is consistent with the
loss of bundled microtubules seen in the proximal axon of mice lacking ankyrin-G (Sobotzik et al.
2009). Fréal et al. showed the cooperative interaction between 480 kDa isoform of ankyrin-G and
end-binding proteins of the microtubule cytoskeleton drives AIS assembly and axon polarity and
suggests another potential mechanism that drives ankyrin-G localization to the AIS (Freal et al.
2016).

Kinesins motors are mainly involved in the anterograde transport of dendritic cargo by
migrating towards microtubule plus-ends, whereas dynein motors move in retrograde fashion
towards microtubule minus-ends within axonal tracts. In support of this view, experiments using
fluorescently-labeled mutant kinesin motors were conducted to monitor which subtypes of kinesin
motors translocate to either dendritic or axonal domains (Nakata et al. 2011). Kuijpers et al.
discovered that the Nuclear distribution element-like 1 (NDEL1) facilitates dynein activation on
somatodendritic cargos that enter the proximal axon and reverses their movement to a retrograde
manner (Kuijpers et al. 2016). NDELL is highly concentrated in the AIS via a direct link with
ankyrin-G through its C-terminus tail and with LIS1 through its N-terminus tail. LIS1 has been
shown to be an important regulator of NDEL1-based dynein activity at the AIS (Vallee and Tsai
2006). The knockdown of ankyrin-G, NDELI, or LIS1 results in the entry of dendritic cargo into
the proximal axon, thus these findings suggest a “quick-switch” mechanism for selective vesicle

filtering at the AIS. In addition to kinesin and dynein transport, myosin motors have also been
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implicated to be important for the sorting of cargo between axonal or dendritic polarized domains

by interacting directly with different microtubule components (Lewis et al. 2009).

Electrical activity and plasticity at the AIS

In vertebrate neurons, the AIS is the site of action potential initiation (Kole et al. 2008;
Palay et al. 1968). It has recently been proposed that changes in AIS length, location, and/or ion
channel expression may occur following varying degrees of neuronal activity (Fig. 1.3) (Yamada
and Kuba 2016). This striking plasticity of the AIS arises in an attempt to maintain homeostasis
within individual neurons and balance synchronization between complex neuronal circuits.
Changes in AIS length were first observed in neurons removed from the avian cochlear nucleus
(Kuba, Oichi, and Ohmori 2010). Decreased stimulation of these neurons resulted in elongation of
the AIS and an increase in the number of surface Nav channels, which, in turn, enhanced
membrane excitability and promoted action potential firing (Kuba, Oichi, and Ohmori 2010). In
addition, low-frequency stimulation caused the AIS to shift within about 10um of the soma,
whereas high-frequency stimulation shifted the AIS about 45pum away from the soma (Kuba, Ishii,
and Ohmori 2006). A similar observation was seen after chronic stimulation of dissociated
hippocampal neurons, which also caused a distal shift in the AIS and a corresponding decrease in
membrane excitability (Evans et al. 2013; Grubb and Burrone 2010). These findings suggest
changes in electrical activity affect both the dynamics and location of the AIS, but what are the
molecular mechanisms that contribute to this plasticity?

Recent studies demonstrated that prolonged depolarization activates L-type and T-type

Ca?* channels in pyramidal hippocampal neurons and that the subsequent increase in intracellular

20



Figure 1.3: Electrical activity and plasticity at the AIS. Increased neuronal activity causes the AIS
to shrink (red arrows) and shift more distally away from the soma (yellow arrow). In contrast, inhibiting
stimulation of the neuron promotes the AIS to elongate (red arrows) and causes the AIS to shift closer
to the soma (yellow arrow).
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Ca?" levels activate Ca?'- and calmodulin-dependent protein phosphatases, which may ultimately
be responsible for the distal migration and contraction of the AIS (Evans et al. 2015; Evans et al.
2013; Grubb and Burrone 2010; Muir and Kittler 2014). Increased intracellular Ca?* has also been
shown to activate cyclin-dependent kinase 5 (cdk5) in olfactory bulb dopaminergic interneurons.
In addition, heightened cdk5 activity extended AIS length by as much as 100% in mushroom body
neurons of Drosophila, while depleting cdk5 causes the AIS to significantly shrink or disappear
altogether (Trunova, Baek, and Giniger 2011). To date, the majority of studies that evaluated
activity-dependent AIS plasticity and the underlying cellular mechanisms were conducted in fixed
cells and these changes were analyzed amongst a population of neurons. The development of
innovative tools capable of labeling the AIS for live-imaging experiments will be beneficial to
examine AIS plasticity in individual neurons both in vitro and in vivo. Recently, Dumitrescu et al.
used a construct consisting of the intracellular domain of a voltage-gated sodium channel Nav1.2
fused to a yellow-fluorescent protein (YFP-Navll-III) to examine the AIS in live neurons
(Dumitrescu, Evans, and Grubb 2016). This construct localized specifically to the AIS of dentate
granule cells (DGCs) in dissociated hippocampal cultures as well as accurately demonstrated both
baseline and activity-induced plasticity changes of the AIS without altering intrinsic neuronal
excitability (Dumitrescu, Evans, and Grubb 2016). This construct may be useful in future studies
to investigate AIS plasticity in individual neurons. Live-imaging the AIS in individual neurons
will reduce cell-to-cell and experimental heterogeneity and provide greater insight to the
physiological impact underlying changes in AIS size and position.

Relatively little is known about what happens to the ankyrin-spectrin protein networks
during periods of AIS plasticity and the physiological impact these changes have on action

potential initiation. Post-translational modifications, such as phosphorylation of Nav channels by

22



CK2 or palmitoylation of ankyrin-G and NF186, may be involved in this process (Fig. 1.2)
(Brechet et al. 2008; He, Jenkins, and Bennett 2012; Ren and Bennett 1998). In addition, the
changes in the expression levels of ankyrin could underlie AIS plasticity. In dissociated
hippocampal cultures, the overexpression of ankyrin-G was shown to elongate the length of the
AIS, whereas overexpression of the distal axon cytoskeletal protein ankyrin-B shortened the AIS
(Galiano et al. 2012). While phosphorylation is necessary to assemble and maintain proper AIS
structure and function, the Ca?*-dependent cysteine protease calpain works in opposition to
promote the degradation and disassembly of the AIS. Calpain activates the proteolysis of the
axonal cytoskeletal proteins including ankyrin-G and PIV-spectrin in the proximal axon and
ankyrin-B, all-spectrin, and BlI-spectrin in the distal axon (Harada et al. 1997; Czogalla and
Sikorski 2005; Bevers and Neumar 2008). In addition, (Schafer et al. 2009) showed that
pharmacological inhibition of calpain was sufficient to attenuate degradation and maintain the
molecular organization of the AIS both in vitro and in vivo. It is also possible that the shortened
and distal translocation of the AIS is caused by an overload of Ca®" levels and the subsequent
potentiation of calpain-mediated proteolysis.

What are the physiological impacts these changes in AIS structure and position may have
on action potential generation? Jenkins et al. recently showed that mice lacking the giant isoforms
(270/480 kDa) of ankyrin-G, and thus all other known components of the AIS, were still able to
fire current-induced action potentials with modest effects on action potential frequency and
dynamics (Jenkins et al. 2015). One possibility for this phenomenon is that the small 190 kDa
ankyrin-G, which displayed a four- to five-fold increase in expression in the giant-exon null mice,
is capable of compensating for the 480 kDa ankyrin-G and rescuing Nav channel localization to

the plasma membrane. Another possibility is that the action potentials might be generated by Nav
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channels clustered locally in the somatodendritic domain (Lai and Jan 2006). If the AIS is
dispensable for action potential generation with only minor deficits, what is the evolutionary
advantage of having an AIS? One potential answer to this question comes from the abnormalities
seen in the gamma oscillations from the EEG recordings of the giant ankyrin-G knockout mice.
Gamma oscillations arise through the activity of cortical GABAergic interneurons, which synapse
directly on to the AIS and soma of pyramidal neurons and are essential for the proper
synchronization of the cortical network (Bartos, Vida, and Jonas 2007; Markram et al. 2004;
Somogyi 1977). The AIS thus provides a defined physical location to allow interneurons precise

temporal and spatial modulation of action potentials.

Nodes of Ranvier

Following initiation at the AIS, action potentials must travel rapidly across long distances
down the axon in order to reach the synapse. In myelinated axons, action potential regeneration
occurs at the nodes of Ranvier, which are gaps between myelin sheaths characterized by very high
densities of Nav channels (Fig. 1.1). The molecular composition of the nodes of Ranvier and the
AIS are very similar in that they both consist of similar ion channels, cell adhesion molecules, and
scaffolding proteins (Fig. 1.4) (Rasband 2010). In contrast to the AIS, which is regulated solely by
axonal intrinsic signaling, the proper assembly and function of nodes depend on both intrinsic and
glial-derived extrinsic mechanisms.
Molecular organization of the Nodes of Ranvier

The complex organization of the Nodes of Ranvier is accomplished in part by myelinating
Schwann cells in the peripheral nervous system (PNS) and oligodendrocytes in the central nervous

system (CNS). The clustering of Nav channels to the node is critically important for the rapid,
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saltatory propagation of action potentials. Myelination divides the axonal membrane into distinct
domains including nodes of Ranvier, paranodes, juxtaparanodes, and internodes. The nodes of
Ranvier are the sites of action potential repolarization and depolarization due to the clustering of
high concentrations of ion channels, including Nav and Kv channels. The complement of Nav and
Kv channels at the node are diverse and can include Navl.1, Navl.2, Nav1.6, Navl.7, Nav 1.8,
and Nav1.9 which interact with B-subunits Navf1, Navp2, and Navf34 (Boiko et al. 2003; Chen
et al. 2002; Fjell et al. 2000; Henry et al. 2005; Duflocq et al. 2008; Black and Waxman 2012).
2-subunits covalently bond with Nav channels via an extracellular disulfide bond and regulate
their surface expression (Chen et al. 2012). Kv channels at the node include Kv3.1b, KCNQ2, and
KCNQ3 (Cooper 2011). In addition to ion channels, ankyrin-G and BIV-spectrin scaffolding
proteins are also highly concentrated at the nodes and, similar to the AIS, anchor the ion channels
and cell adhesion molecules NF186 and NrCAM to the underlying cytoskeleton network. Recent
studies using STimulated Emission Depleted (STED) microscopy demonstrated a periodic
organization of ankyrin-G and BIV-spectrin with the underlying microtubule cytoskeleton at the
nodes of Ranvier, similar to that seen in the AIS (D'Este et al. 2015). The paranode flanks the node
of Ranvier and is the site where myelinating glial cells form septate-like junctions with the axonal
membrane. Ankyrin-G has been shown to be highly enriched within oligodendrocytes on the glial
side of the paranodal junction, whereas ankyrin-B is highly expressed at the Schwann cell
paranodal membrane (Chang et al. 2014). Glial ankyrins bind to the cell adhesion molecule NF155
at the paranodal junction and contribute to the assembly and maintenance of nodes of Ranvier in
both the CNS and PNS. Thus, mutations within ANK2 or ANK3 may lead to abnormalities in the
AIS and axonal nodes of Ranvier as well as the paranodes within glia. The juxtaparanodes flank

the paranodes and are enriched with dense populations of Kv channels known to module action
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potential conduction and help maintain internodal resting potential. Finally, the internodes make

up the majority of the axon and are found underneath the myelin sheaths.

Assembly of the PNS Nodes of Ranvier

Although the molecular composition between PNS and CNS nodes of Ranvier are similar,
the mechanisms involved in their assembly are different mainly due to the glial cells types involved
in myelination (Fig. 1.4). In PNS node assembly, Nav channels are initially clustered at the edges
of developing myelin sheaths, referred to as the heminodes, by the extracellular matrix molecules
gliomedin and neuronal cell adhesion molecule (NrCAM) from Schwann cell microvilli interacting
with axonal NF186. (Eshed et al. 2005). (Eshed et al. 2005; Feinberg et al. 2010; Lambert, Davis,
and Bennett 1997; Schafer et al. 2006). Secondly, Nav channels are restricted to the nodal gap by
the paranodal junction, which consists of glial-derived NF155, found at paranodal region, in
conjunction with Caspr and contactin within the axonal membrane. The interaction between
NF155 and the Caspr-contactin complex mediates Schwann cell interaction with the axon and
formation of the paranodal junction. These paranodal junctions are thought to act as a restriction
barrier during node of Ranvier assembly as the nodes are fully capable of forming in NrCAM and
gliomedin knockout-mice, despite the fact that NF186 fails to localize to the heminodes of these
mice (Feinberg et al. 2010). In addition, the paranodal junction between myelinating Schwann
cells of the PNS (and oligodendrocytes in the CNS) may function as a diffusion barrier to prevent
the lateral movement of ion channels along the axonal plasma membrane (Pedraza, Huang, and
Colman 2001; Rasband et al. 1999). In contrast, the significance of a diffusion barrier remains
controversial since disturbing the paranodal junction only slightly perturbed Nav clustering (Bhat

et al. 2001; Thaxton et al. 2011). Interestingly, Amor et al. recently showed that the paranodal
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junctions are sufficient to cluster Nav channels to the node of Ranvier in peripheral sensory
neurons and retinal ganglion cells of knockout mice deficient of nodal NF186 (Amor et al. 2017).
Further, the authors demonstrate that BIl-spectrin plays a role as a diffusion barrier within the
paranodal junction to mediate Nav clustering at the node. These findings suggest that the intact
paranode can function as a secondary mechanism for Nav nodal clustering independent of axonal
NF186 localization by glial-derived proteins.

In addition to gliomedin, other extracellular matrix (ECM) proteins involved in heminode
formation include syndecans, laminins, NG2, and versican, all of which also directly interact with
NF186 (Occhi et al. 2005). Additional proteins unique to the PNS nodal microvilli are exrin,
radixin, moesin, EBP50, dystphin, and utophin (Occhi et al. 2005). The paranodal junction then
constrict leading to stabilization of the node by NF186 association with ankyrin-G, which
subsequently interacts with and recruits Nav channels, Kv channels, and BIV-spectrin. Nav and
Kv channels bind with high affinity to the membrane-binding domain of ankyrin-G at the node via
a CK2 phosphorylation-dependent mechanism as seen in the AIS (Wang et al. 2014; Xu and
Cooper 2015). Recent studies by Ho et al. discovered that in the absence of ankyrin-G Nav
channels are still clustered to the node of Ranvier by compensation of ankyrin-R and its binding
partner Bl-spectrin in peripheral sensory neurons and retinal ganglion cells (Ho et al. 2014).
However, the ability of ankyrin-R to compensate for ankyrin-G at the node of Ranvier remains

controversial (Saifetiarova et al. 2017).

Assembly of CNS Nodes of Ranvier
Similar to the PNS, glial-derived extrinsic mechanisms contribute to CNS formation;

however, in contrast to the microvilli of Schwann cells that make contact to the node in the PNS,
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the oligodendrocytes do not directly interact with the nodes in the CNS. Three important
components have been proposed to be important for node of Ranvier assembly in the CNS (Fig.
1.4). First, an ECM complex produced by glial cells promotes NF186 to cluster at the node. The
ECM in the CNS contains the chondroitin sulfate proteoglycans brevican, versican, neurocan, and
phosphacan in addition to tenascin-R, BRall, and NrCAM. The glial-derived ECM directly
interacts with the axonal cell adhesion molecules NF186, NrCAM, contactin-1, and the B-subunit
of sodium channel and are likely involved in the long-term maintenance of CNS nodes (Susuki et
al. 2013; Weber et al. 1999; Oohashi et al. 2002; Bekku et al. 2009; Dours-Zimmermann et al.
2009; Xiao et al. 1999). Secondly, the paranodal axo-glial complex forms, which consists of three
main cell adhesion molecules: neurofascin 155 kDa isoform (NF155) derived from glial cells, and
Caspr (contactin-associated protein) and contactin which are generated in the neuron. Lastly, the
axonal scaffolding protein ankyrin-G is necessary to cluster and stabilize Nav channels to the node
(Gasser et al. 2012). Deletion of the giant splice variants of ankyrin-G resulted in an 80% loss in
the number of nodes of Ranvier in vivo and the remaining nodes of the corpus callosum were
malformed and elongated (Jenkins et al. 2015). Interestingly, while the remaining nodes lacked
480 kDa ankyrin-G and NF186, BIV-spectrin and Nav channels were still present and NF155
persisted at the paranode. Nav channels were clustered at the node, likely due to the dramatic
upregulation seen in the 190kDa isoform of ankyrin-G (Jenkins et al. 2015).

Ankyrin-G is referred to as the master organizer of the AIS; however, because the nodes
require extrinsic regulation for their proper formation and function, the role of ankyrin-G as the
master organizer of the node of Ranvier is less clear. The fact that ankyrin-G contains binding sites
for all known nodal components supports the theory that ankyrin-G is necessary and sufficient for
node formation (Gasser et al. 2012; Hill et al. 2008). In addition, mutation of the ankyrin-G-
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binding domain in NF186 inhibits its ability to cluster at the node (Susuki et al. 2013). Zonta et al.
demonstrated that genetic deletion of both isoforms of NF186 and NF155 completely disrupted
nodal and paranodal complexes; however, the authors show that rescue with either NF186 or
NF155 independently can promote the assembly of the nodal complex and recruit Nav channels
(Zonta et al. 2008). Since Nav channels, their 3 subunits, and ankyrin-G can interact with NF186
directly, it may not be a surprise that the addition of NF186 is capable of rescuing the node and
may even subsequently promote more delivery of NF186. Rescuing with NF155 is more intriguing
as NF155 is not found at the node with ankyrin-G or Nav channels, but is still sufficient to rescue
assembly of the node (Zonta et al. 2008). Zhang et al. recently discovered a third isoform of
neurofascin, NF140, which is highly expressed early in embryonic development and is capable of
clustering Nav channels to the developing node of Ranvier independently of NF186 and NF155
(Zhang et al. 2015). Future research should expand on these findings to better understand how
deletion of ankyrin-G or neurofascin disrupts Nav clustering throughout CNS, and how this loss
of Nav channels at the node impacts brain function.

While the pioneering work on the AIS and nodes of Ranvier done in cultured cells in vitro
has given us great insights into the formation and function of these critical subcellular domains,
recent work has highlighted the need to examine these mechanisms in vivo (Amor et al. 2017;
Chang et al. 2014; Komada and Soriano 2002; Saifetiarova et al. 2017; Sherman et al. 2005; Susuki
et al. 2013; Zonta et al. 2008). Specific knockout animal models have elucidated how the AIS and
nodes of Ranvier are formed in the intact organisms and have supported many of the findings from
in vitro studies. Importantly, animal models also give us the ability to examine whether the

mechanisms are conserved between cell types. For example, much of the work on the mechanisms
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Figure 1.4: Mechanisms underlying assembly of peripheral nervous system (PNS) and central nervous system
(CNS) nodes of Ranvier. Axons are myelinated by Schwann cells in the PNS and oligodendrocytes in the CNS. The
nodes are gaps in myelinated sheaths and are sites of action potential regeneration. In both the PNS and CNS the
node contains high densities of Nav and KCNQ2/3 channels, ankyrin-G, bIV-spectrin, all-spectrin, NF186 and
NrCAM. In the PNS, gliomedin from the microvilli of myelinating Schwann cells directly interacts with NF186 and
NrCAM at the node. In contrast, the node of the CNS contains an extracellular matrix (ECM) complex made up of
chondroitin sulfate proteoglycans brevican, versican and phosphacan, which interact with contactin, Brall,
hyaluronan and NF186. The paranodal junction (PNJ) flanks the nodes of Ranvier and is the site of Schwann cell
contact in the PNS and oligodendrocyte contact in the CNS. In the PNS, Ankyrin-B interacts with NF155 in Schwann
cells, which then binds to contactin to connect the myelinating Schwann cell with the axon, whereas in the
oligodendrocytes of the CNS, ankyrin-G associates with NF155. Within the paranodal axolemma, ankyrin-B binds
bl and all-spectrin cytoskeleton complexes that play important roles in maintaining paranode barriers. The
juxtaparanodes (JXP) are characterized by high-density clustering of Kv1 channels as well as ankyrin-B and bll-
spectrin and all-spectrin tetramers.
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of CNS node of Ranvier formation has been done in spinal cord or optic nerve. Are these

mechanisms conserved in myelinated axons in the brain?

Axonal Domain Proteins in Disease and Injury

An increasing number of studies have shown that genetic mutations in components of both
the AIS and nodes of Ranvier are involved in the pathophysiology of multiple diseases and injuries.
As previously mentioned, ankyrin-G is absolutely essential to maintain the structural composition
of the AIS and nodes of Ranvier and for normal axonal polarity. Thus, mutations or loss-of-
function of ANK3 might be expected to have a profound effect on neurological function. Consistent
with this idea, genome-wide association studies have identified ANK3 as one of the most
significant risk loci for bipolar disorder, and to a lesser degree schizophrenia (Ferreira et al. 2008).
Post-mortem brains of schizophrenic patients revealed a 15-20% decrease in ankyrin-G expression
at the AIS of pyramidal neurons in the superficial cortical layer as compared to neurotypical
controls, while no significant changes in AIS length were observed (Cruz et al. 2009). A recent
study by Lopez et al. showed that the presence of a bipolar disorder-associated variant in ANK3
results in reduced expression of the ANK3 exon 1b isoform in the AIS of parvalbumin-positive
(PV) GABAergic interneurons. Interestingly, mice lacking the exon 1b isoform lose Nav channel
clustering at the AIS of PV interneurons and demonstrate behavioral characteristics of bipolar
disorder, epilepsy, and sudden death (Lopez et al. 2017). In addition, de novo missense mutations
in ANK3 have been identified in autistic patients as well as severe cognitive deficits, borderline
intelligence, severe attention deficit hyperactivity disorder (ADHD), and sleeping problems
(Talkowski et al. 2012; Awadalla et al. 2010; Hamdan, Gauthier, Araki, Lin, Yoshizawa, Higashi,

Park, Spiegelman, Dobrzeniecka, Piton, Tomitori, Daoud, Massicotte, Henrion, Diallo, Shekarabi,
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et al. 2011). The presence of a homozygous premature stop codon predicted to abolish the 480 kDa
isoform of ankyrin-G resulted in dramatic cognitive dysfunction and intellectual disability with IQ
values below 50 (Igbal et al. 2015). It will be important to elucidate the precise effects of ANK3
mutations on neuronal function.

Mutations in voltage-gated sodium channel a subunits and their associated 3 subunits found
at the AIS and nodes of Ranvier have a wide range of profound neurological effects, including
epilepsy, neurodegeneration, and sudden death. For example, mutations in SCN/4 (Navl.l) are
associated with Dravet syndrome, a severe myoclonic epilepsy of infancy, as well as West
syndrome, genetic epilepsy with febrile seizures plus (GEFS+), and others (Steinlein 2014).
SCN24 (Nav1.2) and SCN8A (Nav1.6) mutations are found in patients with early infantile epileptic
encephalopathy (Steinlein 2014; Wagnon and Meisler 2015). Mutations in the sodium channel 3
subunits are associated with multiple neurological disorders, including GEFS+, Dravet syndrome,
and neurodegenerative disease (O'Malley and Isom 2015). In addition to mutations in sodium
channel genes, loss-of-function mutations in both KCNQ2 and KCNQ3 potassium channel genes
are linked to benign familial neonatal convulsions (Singh et al. 2003).

Disruptions in spectrin cytoskeletal function and assembly have also been associated with
neurological disease. The human spectrin family consists of two alpha- and five beta- spectrin
subunits, which form heterodimers that assemble into tetramers through head-to-head and lateral
associations (Bennett and Lorenzo 2013). Human dominant in-frame duplications and deletion
mutations in SPTANI have been found in patients with early-onset epileptic encephalopathies,
hypomyelination, intellectual disability, and blindness starting in children under age 3. (Saitsu et
al. 2010; Nicita et al. 2015). Mutations in BIII-spectrin, which is highly expressed in cerebellar
Purkinje neurons, have been associated with spinocerebellar ataxia type 5 (Ikeda et al. 2006).
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Increasing evidence also suggests degeneration of the axon is an important component
underlying multiple sclerosis (MS) pathology; however, the mechanisms that contribute to axonal
loss remain elusive (Dutta and Trapp 2007). Patients suffering from MS demonstrated changes in
expression and localization of Nav channels and neurofascin, as well as the paranodal protein
Caspr (Wolswijk and Balesar 2003; Craner et al. 2004; Howell et al. 2006; Coman et al. 2006).
One potential mechanism that contributes to MS may be abnormal axo-glial interaction at the
paranode, which would be expected to disrupt axonal transport and alter normal organization of
myelinated axons (Sousa and Bhat 2007). Mathey ef al. identified autoantibodies from MS patients
that specifically target the extracellular domains both axonal NF186 and glial NF155, disrupt
conduction, and ultimately lead to axonal injury that mimics the pathology of MS (Mathey et al.
2007). In addition to the nodes of Ranvier, the effect of demyelination on the AIS may be another
potential mechanism that contributes to MS. Hamada and Kole showed that demyelinating axons
using cuprizone caused the AIS to shift more proximal to the soma and reduced action potential
initiation (Hamada and Kole 2015). However, they observed no changes in ankyrin-G, BIV-
spectrin, and Nav1.6 expression at the AIS following demyelination (Hamada and Kole 2015).
Consistent with these findings, Clark ef al. also found AIS components remained intact following
cuprizone-induced demyelination (Clark et al. 2016). In contrast, the authors discovered the proper
clustering of ankyrin-G, PIV-spectrin, and Navl.6 was lost at the AIS of mice after chronic
exposure of experimental autoimmune encephalomyelitis (EAE), an inflammatory model of MS
(Clark et al. 2016). Ultimately, the AIS is a primary target during inflammation and, in addition to
demyelination of the distal axon, may contribute to inflammatory demyelinating diseases such as

MS.
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In a rat model of mild traumatic brain injury, Baalman et al. showed that exposure to a
single blast wave results in long-term changes in memory within these rats and, at the cellular
level, significant decreases in AIS length (Baalman et al. 2013). These changes in the AIS perhaps
highlight a potential mechanism underlying mild traumatic brain injury and future studies will be
important to elucidate the specific molecular components that contribute to the structural and
functional changes in the AIS.

Overall, changes in excitable domains of the axon or their constituent proteins have
profound impact on neurological function. Although many of the proteins of the AIS and nodes of
Ranvier have important functions in other cellular domains, the overlapping phenotypes seen with
loss of function of different AIS and nodal components suggest that dysfunction of these axonal
membrane domains is a major factor in the development of disease. As we increasingly understand
the genetic basis of neurological disorders, we will likely uncover more genes involved in the
formation and function of axonal domains that can give us more insight into the etiology of human

disease.

Conclusion

The structural assembly and maintenance of the axon relies on the precise organization
between ankyrins, spectrins, membrane-associated proteins, and actin and microtubule
cytoskeletal proteins. The mechanisms underlying the interaction between these components at the
AIS and nodes of Ranvier are now becoming more apparent. A better understanding of the
organization and maintenance of axonal excitable domains as well as how abnormalities in their
signaling may lead to altered axonal function will provide insight to novel therapeutic targets for

the treatment of human diseases of the nervous system.
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Hypothesis and Aims

The overall goal of the work described in this thesis is to explore new roles of ankyrin-G
in GABAergic inhibitory synapses and glutamatergic excitatory synapses, outside of its canonical
role at the AIS and nodes of Ranvier. The goals are to determine the mechanisms by which ankyrin-
G stabilizes GABAergic synapses onto excitatory pyramidal neurons, determine the effects of loss-
of-function ankyrin-G at GABAergic synapses on neuronal circuitry in vivo, and to understand
mechanisms of ankyrin-G in dendritic spine plasticity and neuronal excitability. Given that the
ANK3 gene, which encodes the protein ankyrin-G, is associated with multiple neuropsychiatric
diseases and is one of the strongest genes linked to bipolar disorder, this work will provide data

on how mutations in A NK3 may alter neuronal circuitry and contribute to disease pathophysiology.

Chapter 2: Investigate the effect of loss-of-function ankyrin-G at GABAergic inhibitory synapses
on neuronal circuitry in vivo.

GABAergic interneurons synapse onto unique postsynaptic domains on pyramidal
neurons; however, the molecular mechanisms that regulate the subcellular organization of
GABAergic synapses is not completely understood. Chapter 2 investigates the ankyrin-
G/GABARAP mechanism of GABAergic synapse formation onto cortical and hippocampal
pyramidal neurons. The studies in this chapter utilize an Ank3 W1989R knock-in mutant mouse
model, immunostaining and confocal microscopy, and whole-cell patch clamp to evaluate the
effects of abolishing the ankyrin-G/GABARAP interaction on GABAergic synapse connectivity
and function. Further, we use a multi-electrode array to evaluate kainite-induce gamma
oscillations, a measure of synchronization of neuronal networks. We then assess the effect of

GABAergic synapse loss on pyramidal cell hyperexcitability as well as plasticity changes in
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dendritic spines and AISs. Finally, we collaborated with the Heinz C. Prechter Bipolar Research
Program at the University of Michigan and found the first family with bipolar disorder with
affected individuals heterozygous for ANK3 W1989R, linking the ANK3 WI1989R variant to
human disease. In analyzing the Ank3 W1989R loss-of-function ankyrin-G model, a greater
understanding of the role of ankyrin-G on forebrain neuronal network connectivity and function

was uncovered.

Chapter 3: Investigate the role of ankyrin-G in homeostatic scaling of dendritic spines to maintain
proper neuron excitability.

Dendritic spines are highly dynamic and spine plasticity is important to regulate synaptic
efficacy and maintain neuron excitability within a physiological range. Chapter 3 focuses on the
recently discovered role of ankyrin-G in spine morphology, function, and density. We
hypothesized that activity-dependent modulation of ankyrin-G regulates dendritic spine density
and AMPA receptor-mediated transmission, as a novel intrinsic mechanism to maintain
homeostasis of neuronal excitability. We investigated the effect of hyperexcitability in the Ank3
W1989R mouse model on ankyrin-G expression and dendritic spine density. We evaluated the
genetic and post-translational modifications that may contribute to the observed changes in
ankyrin-G expression in the Ank3 W1989R mouse model of hyperexcitability. Furthermore, we
tested if pharmacological manipulation of neuron activity with tetrodotoxin (TTX) or bicuculline
or chronic depolarization with KCl affected ankyrin-G expression, spine density, and AMPA

receptor levels to assess the role of ankyrin-G in homeostatic scaling in wild-type neurons.

Chapter 4: Discussion and Future Directions
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CHAPTER 2
Ankyrin-G Regulates Forebrain Connectivity and Network Synchronization via

Interaction with GABARAP?

Summary

GABAergic circuits are critical for the synchronization and higher order function of brain
networks. Defects in this circuitry are linked to neuropsychiatric diseases, including bipolar
disorder, schizophrenia, and autism. Work in cultured neurons has shown that ankyrin-G plays a
key role in the regulation of GABAergic synapses on the axon initial segment and somatodendritic
domain of pyramidal neurons where it interacts directly with the GABAA receptor associated
protein (GABARAP) to stabilize cell surface GABAA receptors. Here, we generated a knock-in
mouse model expressing a mutation that abolishes the ankyrin-G/GABARAP interaction (4nk3
W1989R) to understand how ankyrin-G and GABARAP regulate GABAergic circuitry in vivo.
We found that 4Ank3 W1989R mice exhibit a striking reduction in forebrain GABAergic synapses
resulting in pyramidal cell hyperexcitability and disruptions in network synchronization. In
addition, we identified changes in pyramidal cell dendritic spines and axon initial segments
consistent with compensation for hyperexcitability. Finally, we identified the ANK3 W1989R

variant in a family with bipolar disorder, suggesting a potential role of this variant in disease. Our

2This research was published in Molecular Psychiatry. Nelson AD, Caballero-Floran RN, Rodriguez Diaz JC, Li J, Chen K, Walder
KK, Bennett V, Lopez-Santiago LF, Mclnnis MG, Isom LL, Wang C, Zhang M, Jones KS, Jenkins PM. Ankyrin-G Regulates
Forebrain Connectivity and Network Synchronization via Interaction with GABARAP. Molecular Psychiatry Published online
2018 Nov 20.
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results highlight the importance of ankyrin-G in regulating forebrain circuitry and provide novel

insights into how ANK3 loss-of-function variants may contribute to human disease.

Introduction

GABAergic interneurons are essential for the proper synchronization and function of
neuronal networks that underlie normal cognition, mood, and behavior. GABAergic interneurons
target to unique postsynaptic domains on excitatory neurons; however, the molecular mechanisms
underlying the subcellular organization of forebrain GABAergic synapses remain poorly
understood. Abnormalities in GABAergic interneuron circuitry and decreased gamma oscillations
have been implicated in many neurodevelopmental and neuropsychiatric disorders (Benes 2010;
Benes and Berretta 2001; Konradi et al. 2011; Lazarus, Krishnan, and Huang 2015; Ozerdema et
al. 2013; Schubert, Focking, and Cotter 2015; Sohal 2012; Torrey et al. 2005). Thus, the
understanding of the cellular and molecular mechanisms that contribute to the development and
function of GABAergic synapses as well as identification of genetic variants that contribute to
neuropsychiatric disorders is critical to the discovery of new therapeutic agents for the treatment
of diseases involving altered inhibitory circuits.

ANK3 encodes ankyrin-G, a fundamental scaffolding protein that organizes critical plasma
membrane domains (Bennett and Lorenzo 2013; Nelson and Jenkins 2017). Alternative splicing
of ANK3 in the brain gives rise to three main isoforms of ankyrin-G: the canonical 190 kDa
isoform, a 270 kDa isoform, and a giant, 480 kDa isoform. The 190 kDa isoform is expressed in
most tissues and cell types throughout the body including brain, heart, skeletal muscle, kidney,
and retina. The 270 kDa and 480 kDa isoforms of ankyrin-G are predominantly expressed in the

nervous system, and arise from alternative splicing of a single 7.8 kb giant exon (Bennett and
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Lorenzo 2013; Kordeli, Lambert, and Bennett 1995). The 480 kDa ankyrin-G isoform has been
identified as the master organizer of axon initial segments (AIS) and nodes of Ranvier, sites of
action potential (AP) initiation and propagation (Nelson and Jenkins 2017). This splice variant is
necessary for the proper clustering of voltage-gated sodium channels, KCNQ2/3 potassium
channels, the cell adhesion molecule neurofascin-186, and the cytoskeletal protein BIV-spectrin to
excitable domains (reviewed in (Nelson and Jenkins 2017)).

Importantly, the 480 kDa ankyrin-G isoform has also been shown to stabilize GABAergic
synapses on the soma and AIS of excitatory pyramidal neurons by interacting with the GABAA
receptor-associated protein (GABARAP) to inhibit GABAA receptor endocytosis (Tseng et al.
2015). GABARAP and GABARAP-like 1, members of the ubiquitin-like LC3 family of
microtubule-associated proteins, mediate GABAAx receptor trafficking between the cell surface and
intracellular compartments (Chen and Olsen 2007). GABARAP and other members of the LC3
family interact with LC3-interacting region (LIR) motifs (Alemu et al. 2012). The giant exon that
encodes the 480 kDa ankyrin-G isoform contains an LIR motif, which includes residue W1989
(Jenkins et al. 2015; Tseng et al. 2015). Mutation of W1989 to arginine (W1989R) completely
abolished the binding between ankyrin-G and GABARAP (Tseng et al. 2015). Deletion of wild-
type (WT) ankyrin-G and replacement with W1989R 480 kDa ankyrin-G failed to rescue GABAA
receptors to the soma and AIS or restore miniature inhibitory postsynaptic currents (mIPSCs) in
cultured mouse hippocampal neurons (Tseng et al. 2015). Taken together, these findings suggested
that 480 kDa ankyrin-G plays a critical role in stabilizing GABAergic synapses in vitro; however,
whether ankyrin-G loss-of-function at GABAergic synapses disrupts forebrain circuitry in vivo

has not been investigated.
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Here, we have generated a novel knock-in mouse model expressing Ank3 W1989R. This
allowed us to study, for the first time, the relationship between the 480 kDa ankyrin-G isoform
and GABAergic synapse formation and function in vivo in a model that survives to adulthood and
is capable of forming the AIS and nodes of Ranvier. We show that the 4nk3 W1989R mutation
causes decreases in GABAergic synapses in layer II/III of somatosensory cortex and CAl of
hippocampus, while sparing inhibitory synapses on cerebellar Purkinje neurons and thalamic
neurons. The decreases in inhibitory synapses cause hyperexcitability of cortical and hippocampal
pyramidal neurons and decreases in gamma oscillations. Interestingly, we also detect changes
consistent with compensation for the loss of inhibitory tone, including shortening of the AIS and
decreases in dendritic spine density and excitatory postsynaptic currents. Finally, we report the
identification of a family with bipolar disorder (BD) that carries the Ank3 W1989R human variant
(rs372922084, ¢.5965T>C (p.Trpl989Arg)), which may contribute to the pathophysiology of

psychiatric disease.

Results
Ank3 W1989, located within the giant exon of ankyrin-G, is necessary for binding to a
hydrophobic pocket in GABARAP

The 480 kDa Ank3 splice variant interacts with GABARAP to inhibit GABAA receptor
endocytosis and stabilize GABAergic synapses (Tseng et al. 2015). Here, we explored the
molecular basis governing this interaction by resolving the crystal structure of the ankyrin-
G/GABARAP complex. Crystallography data show that the LIR motif within the giant exon of
ankyrin-G contains aromatic residues, W1989 and F1992, which insert into two hydrophobic

pockets of GABARAP (Fig. 2.1a). Moreover, a unique C-terminal helix extension contributes to
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ankyrin-G/GABARAP binding by forming a critical salt bridge between residues E1996 of
ankyrin-G and R67 of GABARAP and additional hydrophobic interactions with a hydrophobic
surface of GABARAP (Fig. 2.2a). This newly defined binding mode with the presence of the C-
terminal helix is unique compared to previously known GABARAP/LIR motifs or other LC3
family members/LIR interactions (Fig. 2.1b) (Li et al. 2018), suggesting a specific neuronal
function of the ankyrin-G/GABARAP interaction outside the autophagic processes for GABARAP
(Rogov et al. 2017). To address the role of the W1989 residue in more detail, we performed
Isothermal Titration Calorimetry (ITC) to quantitatively measure the dissociation constant (Kq)
between a series of ankyrin-G truncations and GABARAP. Using this approach, we mapped the
minimal region of ankyrin-G that is capable of binding to GABARAP to a fragment of 26 amino
acids (residues 1985-2010), which included residue W1989 contained within the canonical LIR
motif (Fig. 2.2b). This ankyrin-G fragment associated with GABARAP with a K4 0of 2.9 nM, which
is more than 1000-fold stronger than previously reported interactions between GABARAP and
other LIR motifs (Fig. 2.2c and Fig. 2.1b) (Rogov et al. 2017). Mutation of the W1989 residue to
R abolished the interaction between ankyrin-G and GABARAP, and decreased the binding affinity
to approximately 11 uM, which is 4000-fold weaker than WT ankyrin-G (Fig. 2.2c) (Tseng et al.
2015). Overall, these results demonstrate that ankyrin-G residue W1989 is necessary for high
affinity binding to GABARAP, while F1992 and the C-terminal helix extension play important

roles in maintaining this interaction.
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Figure 2.1: Crystal structure of ankyrin-G/GABARAP reveals the critical W1989 residue of ankyrin-G interacts
with hydrophobic pocket of GABARAP. (a) Combined surface (GABARAP) and ribbon-stick model (ankyrin-G)
showing a hydrophobic pocket of GABARAP is accommodated by the critical W1989 reside within the giant exon of
ankyrin-G. The surface for hydrophobic residues of GABARAP are shown in yellow while the hydrophilic surfaces are
light purple. The crystal structure of ankyrin-G/GABARAP complex is at a 2.2A resolution. (b) Ribbon-stick model of
superposition of ankyrin-G/GABARAP, KBTBD6/GABARAP and p62/LC3B complex structures showing the comparison
of ankyrin-G/GABARAP complex with common binding mode of LIR/Atg8s.
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Figure 2.2: W1989 residue in ankyrin-G is necessary for high affinity binding to GABARAP. (a) Ribbon representation
of the ankyrin-G/GABARAP complex structure. Key residues critical for the binding are shown in the stick model. Salt bridges
and hydrogen bonds are indicated with dashed lines. (b) Biochemical analysis of the complex formation between ankyrin-G
and GABARAP. Isothermal Titration Calorimetry (ITC)-based mapping of the minimal region of the giant exon of ankyrin-G
capable of binding to GABARAP. The minimal and complete fragment identified is highlighted in magenta, and the amino
acid sequence of ankyrin-G 1985-2010 is listed at the bottom. “ND” denotes that the construct had no detectable binding to
GABARAP. (¢) ITC-derived binding curves of WT ankyrin-G and W1989R ankyrin-G to GABARAP.
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W1989R 480 kDa ankyrin-G maintains WT functionality in assembly of the AIS and nodes
of Ranvier in vivo

Several mouse models have been generated to evaluate the neuronal role of ankyrin-G in
vivo, however these mice either die early in development or lack the AIS, nodes of Ranvier, and
GABAergic synapses simultaneously, making it difficult to understand the specific role of ankyrin-
G-dependent GABAergic circuits (Jenkins et al. 2015; Jenkins et al. 2013; Tseng et al. 2015). To
examine the role of 480 kDa ankyrin-G specifically in GABAergic synapse formation and function
in vivo, we generated a knock-in mouse model expressing the Ank3 W1989R ((c.5965T>C
(p-Trp1989Arg)) mutation within the giant exon of ankyrin-G. Homozygous 4nk3 W1989R mice
survive well into adulthood, similar to WT littermate controls, as ~90% (32/36) of Ank3 W1989R
mice live to P250 or longer. Homozygous 4Ank3 W1989R mice are similar to WT mice in
appearance and grooming behavior, and have no obvious neurological phenotype.

Previous studies demonstrated that expression of the W1989R 480 kDa ankyrin-G in an
Ank3 null background failed to restore GABAa receptor clustering and mIPSCs in cultured
hippocampal neurons (Tseng et al. 2015). However, the W1989R mutant appropriately localized
to the AIS and clustered all known binding partners (Tseng et al. 2015). Thus, we expected the
knock-in Ank3 W1989R mutation to function similar to WT at the AIS and nodes of Ranvier in
vivo. As predicted, immunolabeling of cortical neurons in layer II/III of the somatosensory cortex
in coronal brain sections from P30-35 mice with antibodies specific to ankyrin-G revealed that
W1989R 480 kDa ankyrin-G appropriately localized to the AIS (Fig. 2.3a and b). In addition,
W1989R 480 kDa ankyrin-G clustered all tested ankyrin-G binding partners to the AIS, including

BIV-spectrin, neurofascin, KCNQ2 channels, and voltage-gated sodium channels (Fig. 2.4a-h).
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In addition to regulating the AIS, 480 kDa ankyrin-G plays a central role in the formation
and maintenance of nodes of Ranvier (Jenkins et al. 2015). Analysis of the corpus callosum in
homozygous Ank3 W1989R mice revealed no detectable changes in the total number of nodes of
Ranvier (Fig. 2.3c and d) or nodal length (WT: 1.48 = 0.04 um, N=3, n=109; W1989R: 1.6 + 0.03
pum, N=3, n=116) compared to WT mice (Fig. 2.3¢c). Thus, W1989R 480 kDa ankyrin-G maintains

WT functionality in forming the AIS and nodes of Ranvier in vivo.

GABAergic synapses and synaptic activity are decreased in Ank3 WI1989R forebrain
pyramidal neurons in vivo

GABAergic interneurons synapse onto the dendrites, soma, and AIS of pyramidal neurons,
and regulate excitability, synaptic transmission, and the synchronization of neuronal ensembles
(Rudy et al. 2011; Somogyi et al. 2014). To determine the effect of 4nk3 W1989R on GABAergic
synapses in vivo, we immunostained WT and homozygous mutant P30-35 coronal brain sections
with antibodies to the presynaptic inhibitory marker, vesicular GABA transporter (VGAT). Ank3
W1989R mice showed a ~50-65% reduction in the number of GABAergic synapse clusters on the
somatodendritic domain and AIS of cortical pyramidal neurons compared to WT neurons (Fig.
2.5a-c). Moreover, clustering of postsynaptic GABA4 receptors was significantly decreased in
dissociated hippocampal neurons from Ank3 WI1989R mice vs. WT (Fig. 2.5d and e). These
findings demonstrate that both pre- and postsynaptic structural components of GABAergic

synapses are lost when 480 kDa ankyrin-G is unable to interact with GABARAP in vivo.
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Figure 2.3: AIS and nodes of Ranvier are maintained in the Ank3 W1989R mouse model. (a) Representative images
from coronal sections of layer II/IIl somatosensory cortex of P30-35 WT (top) and Ank3 W1989R homozygous (bottom) mice.
Immunostaining for BIV-spectrin (green), total ankyrin-G (red), and NeuN (white). Scale bar: 20 um. (b) Quantification of
ankyrin-G fluorescence intensity (a.u.) as fraction of WT between WT (black circles) and Ank3 W1989R homozygous (red
squares) mice. t-test P =0.5618 (WT: 1 + 0.02, N=3, n=27; W1989R: 1.02 £ 0.03, N=3, n=27). (¢) Representative images of
nodes of Ranvier from corpus callosum of P30 WT (top) and Ank3 W1989R homozygous (bottom) mice. Sections
immunostained for the paranodal marker Caspr (green) and BIV-spectrin (red). Scale bar: 20um. (d) Quantification of the total
number of nodes of Ranvier per 1000 um? from WT (black bar) and 4nk3 W1989R homozygous (red bar) mice. t-test P =
0.62, ns: not significant (WT: 17.04 + 0.5, N=3, n=20; W1989R: 17.4 £ 0.5, N=3, n=18). Data shown as mean + SEM.
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Figure 2.4: W1989R 480 kDa ankyrin-G is capable of clustering all known ankyrin-G binding partners to the AIS.
(a) Representative images of the AIS of pyramidal neurons in layer II/III of the somatosensory cortex of P30 WT (left)
and Ank3 W1989R homozygous (right) mice. Coronal brain sections immunostained with BIV-spectrin (green) and NeuN
(white). Scale bar: 10 um. (b) Quantification of BIV-spectrin fluorescence intensity (a.u.) as fraction of WT between WT
(black circles) and Ank3 W1989R homozygous (red squares) mice. ¢-test P =0.6375 (WT: 1 + 0.03, N=3, n=27; W1989R:
1.02 £ 0.04, N=3, n=27). (¢) Representative images of cortical pyramidal neuron AISs of P30 WT (left) and Ank3 W1989R
homozygous (right) mice immunostained with pan-neurofascin (green) and NeuN (white). Scale bar: 10 um. (d)
Quantification of neurofascin fluorescence intensity (a.u.) as fraction of WT between WT (black circles) and 4nk3 W1989R
homozygous (red squares) mice. ¢-test P = 0.517 (WT: 1 + 0.04, N=3, n=27; W1989R: 1.04 + 0.04, N=3, n=27). (e)
Representative images of cortical pyramidal neuron AISs of P30 WT (left) and Ank3 W1989R homozygous (right) mice
immunostained with KCNQ2 (green) and NeuN (white). Scale bar: 10 um. (f) Quantification of KCNQ2 fluorescence
intensity (a.u.) as fraction of WT between WT (black circles) and Ank3 W1989R homozygous (red squares) mice. ¢-test P
=0.116 (WT: 1 £ 0.03, N=3, n=27; W1989R: 0.92 + 0.03, N=3, n=27). (g) Representative images of cortical pyramidal
neuron AISs of P30 WT (left) and 4nk3 W1989R homozygous (right) mice immunostained with pan-NaV (green) and
NeuN (white). Scale bar: 10 pm. (h) Quantification of Nav fluorescence intensity (a.u.) as fraction of WT between WT
(black circles) and Ank3 W1989R homozygous (red squares) mice. ¢-test P =0.89 (WT: 1 + 0.07, N=3, n=27; W1989R:
099 + 007 N=3 n=27) Data shown as mean + SEM
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Figure 2.5: Pre- and post- GABAergic synaptic components are reduced in Arnk3 W1989R mice. (a)
Representative images of GABAergic synapses from layer II/IIl somatosensory cortex of P25-48 WT (top) and
Ank3 W1989R homozygous (bottom) mice. Coronal brain sections immunostained with a presynaptic GABAergic
marker vGAT (green), total ankyrin-G (red), and NeuN (white). Scale bar: 20 pm. (b) Quantification of the total
number of vGAT-positive clusters per soma above a set intensity threshold from WT (black circles) and 4nk3
W1989R homozygous (red squares) mice. t-test ****P < 0.0001 (WT: 21.42 + 0.8, N=3, n=57; W1989R: 7.25 +
0.5, N=3, n=60). (c¢) Quantification of total number of vVGAT-positive clusters per AIS from WT (black circles) and
Ank3 W1989R homozygous (red squares) mice. ¢-test ****P < 0.0001 (WT: 12.38 £ 0.7, N=3, n=56; W1989R:
6.27 £ 0.5, N=3, n=60). (d) Representative images of dissociated hippocampal cultured neurons at 21 DIV from
WT (top) and Ank3 W1989R homozygous (bottom) mice. Soluble GFP shown in green and immunostaining for
GABAA receptor 2-3 subunit shown in red. Scale bar: 20 pum. (e) Quantification of the total number of GABAA
receptor clusters per 100 um per neuron. ¢-test **P =0.0013 (WT: 54.1 £ 7.7, N=3, n=9; W1989R: 19.8 £ 3.1, N=3,
n=8). Data shown as mean + SEM.
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To evaluate the functional consequences of 4nk3 WI1989R on GABAergic signaling, we
performed whole-cell patch-clamp recordings in acute brain slices of P25-48 WT and homozygous
mutant mice. The frequency and amplitude of spontaneous inhibitory postsynaptic currents
(sIPSCs) were significantly reduced in layer II/III cortical neurons as well as CA1 hippocampal
neurons of Ank3 W1989R mice relative to WT (Fig 2.6). The magnitude of reduction in sIPSC
frequency (~65%) and amplitude (~40%) were similar between pyramidal neurons in cortical layer
II/IIT and CA1 hippocampal neurons in Ank3 W1989R mice compared to WT, suggesting that the
binding of 480 kDa ankyrin-G to GABARAP may be a common mechanism for stabilizing
GABAergic synapses in the forebrain. To address whether the decrease in quantal GABA release
observed in Ank3 W1989R mice is independent of AP firing, we measured mIPSCs in the presence
of 1 uM tetrodotoxin (TTX) in acute brain slices of P25-48 mice. Consistent with the sIPSC data,
we observed a significant reduction in both the frequency and amplitude of mIPSCs in Ank3
W1989R cortical neurons versus WT (Fig. 2.7a-c). The iPSC response was completely attenuated
following the administration of the GABAA receptor antagonist bicuculline, confirming that the
loss of inhibitory tone in Ank3 W1989R neurons is specific to GABAAa receptor function rather

than to other means of inhibitory synaptic transmission (Fig. 2.7d).

49



a
UL

100 pA

| 1300 ms
WAQBOR ™Y e
’ |
b 7 2 = C 1507  __xwer
N _— o
E o g- J
O > 00 O g Ogo
(D o oo GJ O o
geel = . gl E
® 3 o o RS %0 gt
o 0P ooo = E‘,:puq_.,ﬂ
L O °| DUDDDDD%D < 0
WT W1989R WT  W1989R

T
WWWW 200pAL____
1000 ms

W1989R WW("—“"W

e 10- ke
< 1 ° AZOO: ok
T | ° R °
O > O o ] o
» e g 0N o 7]
255 T o 3100] —sfs
w 5 o 0n = T o)
sl 2 e "Rl Y a
o E E [o] [m[w]
R S

o
o

WT  W1989R WT  W1989R

Figure 2.6: Loss of GABAergic synapse function onto Ank3 W1989R cortical and hippocampal pyramidal neurons.
(a) Spontaneous inhibitory postsynaptic current (SIPSC) representative traces from layer II/ and III somatosensory cortical
neurons in WT (black) and Ank3 W1989R (red) slices. Scale bars: 100 pA, 1300 ms. (b) Quantification of sIPSC frequency
from layer II/III somatosensory cortical neurons in WT (black circles) and Ank3 W1989R (red squares) brain slices. ¢-test
*#**¥P < 0.0001 (WT: 4.82 + 0.6 Hz, n=16; WI1989R: 1.63 + 0.3 Hz, n=21). (¢) Quantification of sIPSC amplitude from
layer II/IIl somatosensory cortical neurons in WT (black circles) and Ank3 W1989R (red squares) brain slices. ¢-test ***P
< 0.0001 (WT: 81.1 £ 5.7 pA, n=16; W1989R: 48.22 + 3.7 pA, n=21). (d) Spontaneous inhibitory postsynaptic current
(sIPSC) representative traces from CA1 hippocampal neurons in WT (black) and 4nk3 W1989R (red) slices. Scale bars:
200 pA, 1000 ms. (e) Quantification of spontaneous inhibitory postsynaptic current (sSIPSC) frequency in CA1 hippocampal
neurons WT (black circles) and Ank3 W1989R (red squares) brain slices. #-test ***P = 0.0002 (WT: 4.7 £ 0.6 Hz, n=11;
W1989R: 1.5 £ 0.3 Hz, n=10). (f) Quantification of sSIPSC amplitude in WT (black circles) and Ank3 W1989R (red squares)
CA1 hippocampal neurons in brain slices. t-fest ***P = 0.0027 (WT: 89.1 + 10.1 pA, n=11; W1989R: 51.0 + 3.3 pA,
n=10). Data shown as mean + SEM.
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Figure 2.7: Miniature inhibitory postsynaptic currents (mIPSCs) are decreased in Ank3 W1989R cortical
pyramidal neurons. (a) Representative traces of miniature inhibitory postsynaptic currents (mIPSCs) of whole
cell voltage-clamp recordings from layer II/IIl somatosensory cortical neurons in WT (black) and 4nk3 W1989R
(red) homozygous brain slices. Scale bar: 100 pA, 500 ms. (b) Quantification of mIPSC frequency in WT (black
circles) and Ank3 W1989R homozygous (red squares) brain slices. #-test **P = 0.0023 (WT: 4.0 + 0.9 Hz, n=6;
W1989R: 0.83 + 0.27 Hz, n=8). (¢) Quantification of mIPSC amplitude in WT (black circles) and W1989R (red
squares) brain slices. t-test **P = 0.0052 (WT: 54.4 + 6.0 pA, n=6; W1989R: 29.5 + 4.5 pA, n=8). (d)
Quantification of IPSC frequency in response to tetrodotoxin (TTX) and bicuculline between WT (black circles)
and Ank3 W1989R homozygous (red squares). Data shown as mean + SEM.
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To determine whether the 480 kDa ankyrin-G interaction with GABARAP is specific to
stabilizing forebrain GABAergic synapses, we immunostained Purkinje neurons in the cerebellum
and thalamic neurons of P30-35 mice with antibodies to vVGAT. We found that W1989R 480 kDa
ankyrin-G is capable of stabilizing pinceau synapses at the AIS as well as somatodendritic GABA
synapses on Purkinje neurons (Fig. 2.8a-c). The frequency and amplitude of sSIPSCs and mIPSCs
of Purkinje neurons were unchanged in 4nk3 W1989R mice relative to WT (Fig. 2.8d-h). We
found no difference in the number of vGAT-positive puncta on the soma or AIS of thalamic
neurons in Ank3 W1989R mice as compared to WT (Fig. 2.9a-c). The function of GABA-mediated
currents was also unchanged in Ank3 W1989R thalamic neurons, as sSIPSC and mIPSC frequency
and amplitude were not significantly different than WT thalamic neurons (Fig. 2.9d-h). Overall,
these results demonstrate that stabilization of cell surface GABAA receptors mediated by 480 kDa
ankyrin-G and GABARAP is a cell type- and brain region-specific mechanism for the proper

formation and function of GABAergic synapses in vivo.
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Figure. 2.8: GABAergic synapses are maintained in the cerebellum of Ank3 W1989R mice. (a) Representative images
of GABAergic synapses from cerebellar Purkinje neurons of P30 WT (top) and Ank3 W1989R homozygous (bottom) mice.
Sagittal brain sections immunostained for vGAT (green), total ankyrin-G (red), and calbindin (white). Scale bar: 10 pm.
(b) Quantification of the total number of vGAT-positive clusters per soma above a set intensity threshold from WT (black
circles) and Ank3 W1989R homozygous (red squares) mice. t-fest P = 0.54 (WT: 43.07 £2.0, N=3, n=27; W1989R: 41.3 +
2.1, N=3, n=31). (¢) Quantification of vGAT fluorescence intensity (a.u.) as fraction to WT between WT (black circles)
and Ank3 W1989R homozygous (red squares) mice. t-fest P=0.1 (WT: 1 + 0.04, N=3, n=24; W1989R: 0.91 + 0.03, N=3,
n=23). (d) Spontaneous inhibitory postsynaptic current (SIPSC) representative traces from cerebellar Purkinje neurons in
WT (black) and Ank3 W1989R (red) slices. Scale bars: 50 pA, 500 ms. (e) Quantification of sSIPSC frequency in WT (black
circles) and Ank3 W1989R (red squares) brain slices. ¢-test P =0.33 (WT: 6.9 + 1.8 Hz, n=7; W1989R: 8.9 + 1.0 Hz, n=7).
() Quantification of sIPSC amplitude in WT (black circles) and 4nk3 W1989R (red squares) brain slices. ¢-test P = 0.76
(WT: 54.4 + 13.9 pA, n=7; W1989R: 48.8 + 10.74 pA, n=7). (g) Quantification of mIPSC frequency in WT (black circles)
and Ank3 W1989R (red squares) brain slices. t-test P =0.11 (WT: 1.23 £ 0.1 Hz, n=5; W1989R: 0.75 + 0.2 Hz, n=7). (h)
Quantification of mIPSC amplitude in WT (black circles) and 4nk3 W1989R (red squares) brain slices. ¢-test P =0.69 (WT:
34.78 + 12.4 pA, n=5; W1989R: 29.71 £+ 5.8 pA, n=7). Data shown as mean + SEM.
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Figure 2.9: Thalamic neurons display normal GABAergic signaling in Ank3 W1989R mice. (a) Representative
images of GABAergic synapses on thalamic neurons of P30 WT (top) and 4nk3 W1989R homozygous (bottom) mice.
Coronal brain sections immunostained for vGAT (green), total ankyrin-G (red), and NeuN (white). Scale bar: 10 um. (b)
Quantification of the total number of vGAT-positive clusters per soma above a set intensity threshold from WT (black
circles) and Ank3 W1989R homozygous (red squares) mice. t-test P = 0.6 (WT: 22.24 + 1.1, N=3, n=45; W1989R: 21.41
+ 1.2, N=3, n=32. (¢) Quantification of total number of vGAT-positive clusters per AIS from WT (black circles) and Ank3
W1989R homozygous (red squares) mice. t-test P = 0.09 (WT: 4.6 + 0.4, N=3, n=24; W1989R: 5.7 + 0.5, N=3, n=23).
(d) Spontaneous inhibitory postsynaptic current (sIPSC) representative traces from thalamic neurons in WT (black) and
Ank3 W1989R (red) slices. Scale bars: 20 pA, 2000 ms. (e) Quantification of sIPSC frequency in WT (black circles) and
Ank3 W1989R (red squares) brain slices. t-fest P = 0.34 (WT: 1.38 = 0.3 Hz, n=10; W1989R: 1.75 + 0.2 Hz, n=12). (f)
Quantification of sIPSC amplitude in WT (black circles) and Ank3 W1989R (red squares) brain slices. ¢-test P = 0.99
(WT: 28.8 £ 3.5 pA, n=10; W1989R: 28.8 + 5.4 pA, n=12). (g) Quantification of mIPSC frequency in WT (black circles)
and Ank3 W1989R (red squares) brain slices. t-test P = 0.84 (WT: 1.2 + 4 Hz, n=6; W1989R: 1.1 + 0.2 Hz, n=12). (h)
Quantification of mIPSC amplitude in WT (black circles) and Ank3 W1989R (red squares) brain slices. ¢-test P = 0.28
(WT: 32.6 + 7.4 pA, n=6; W1989R: 25.0 + 3.2 pA, n=12). Data shown as mean + SEM.
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Homozygous Ank3 W1989R mice show altered network synchronization

Parvalbumin-positive (PV+) GABAergic interneurons are critical for the synchronization
of forebrain networks due to their rhythmic, fast-spiking electrophysiological properties, and
because a single PV+ interneuron can synapse onto hundreds or thousands of pyramidal neurons
simultaneously (Sohal et al. 2009; Tamas et al. 2000). There are two main subtypes of PV+
interneurons: the PV+ basket cells, which synapse onto the soma and proximal dendrites of
pyramidal neurons, and PV+ chandelier cells, which innervate the AIS. Decreased GABAergic
synapses and sIPSC frequency observed in the 4Ank3 W1989R mouse model (Fig. 2.5 and Fig 2.6)
suggested a reduction in presynaptic connectivity or reduced density of PV+ interneurons. To test
this hypothesis, we measured PV+ cell number and function in layer II/III of the somatosensory
cortex. Immunostaining of coronal brain sections with anti-PV antibodies revealed no detectable
changes in the density of PV+ interneurons in 4nk3 W1989R mice compared to WT (Fig. 2.10a
and b). To evaluate the firing properties of PV+ interneurons, we evoked AP firing by injecting
somatic current in acute brain slices of P25-48 homozygous Ank3 W1989R or WT mice. Ank3
W1989R PV+ interneurons maintained their fast-spiking electrophysiological properties and
demonstrated similar AP frequency and amplitude compared to WT PV+ neurons (Fig. 2.10c, e,
and f). We observed a significant increase in the membrane resistance in 4Ank3 W1989R PV+
interneurons compared to WT (2.10d), suggesting decreased ion channel expression at the plasma
membrane.

PV+ interneurons comprise approximately 40% of the total number of interneurons in the
somatosensory cortex (Fogarty et al. 2007). To examine the effect of the Ank3 W1989R mutation
on two additional subclasses of GABAergic interneurons, we performed whole-cell patch clamp

recording on regular spiking non-pyramidal interneurons (RSNP) and irregular spiking
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interneurons (IS). Despite a large decrease in detectable GABAergic synapse connectivity, there
was no significant difference in action potential frequency or amplitude of RSNP interneurons or
IS interneurons in Ank3 WI1989R mice compared to WT (Table 2.1). Moreover, there was
significant reduction in AP threshold from RSNP and IS interneurons between WT and Ank3
W1989R mice; however, the input resistance, resting membrane potential, AP amplitude, and AP
T were unchanged (Table 2.1). These data suggest that loss-of-function of the 480 kDa isoform of
ankyrin-G results in decreases in GABAergic synaptic connectivity; however, GABAergic

inhibitory interneurons are present at normal density and maintain function.

PV+ interneurons are responsible for the synchronization of neuronal networks, which
results in the generation of gamma oscillations (Tamas et al. 2000). Gamma oscillations reflect the
synchronization of local neuronal network activity providing a “temporal framework” for proper
information processing, sensory integration, and cognitive function (Buzsaki and Wang 2012;
Cardin et al. 2009; Sohal et al. 2009). We hypothesized that, because Ank3 W1989R mice exhibit
reductions in somatodendritic and AIS GABAergic synapses, network synchronization would be
decreased resulting in a reduction in the power of gamma oscillations. To evaluate the
synchronization of neuronal ensembles, we used planar multi-electrode arrays to record kainate-
induced gamma oscillations in acute slices of hippocampus from WT and homozygous Ank3
W1989R mice (Fisahn et al. 2004) (Fig. 2.11a and b). The power of the kainate-induced gamma
oscillations was ~30% decreased in CA1 and CA3 hippocampal regions in Ank3 W1989R mice
compared to WT (Fig 2.11 ¢ and d and Fig. 2.12a-d). This significant reduction in gamma
oscillations in 4Ank3 W1989R mouse hippocampus suggests disruptions in network synchrony,

consistent with reduced connectivity of PV+ interneurons.
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Figure 2.10: Normal density and fast-spiking properties of Ank3 W1989R PV+ GABAergic interneurons. (a)
Representative images of parvalbumin-positive (PV+) interneurons in layer II/IIl somatosensory cortex of P30 WT (left) and
Ank3 W1989R homozygous (right) mice. Coronal brain sections immunostained with PV (white). Scale bar: 50 um. (b)
Quantification of total number of PV-positive cells per 500 pm? from WT (black bar) and Ank3 W1989R homozygous (red bar)
sections. t-test P =0.497, ns, not significant (WT: 33.59 + 3.0, N=3, n=15; W1989R: 30.53 £ 3.3, N=3, n=14). (c) Representative
traces of evoked firing patterns and AP frequencies of fast-spiking PV+ interneurons in layer II/III somatosensory cortex from
WT (top) and Ank3 W1989R homozygous (bottom) brain slices. Scale bar: 20 mV, 500 ms. (d) Quantification of membrane
resistance of PV+ cells in WT (black circles) and Ank3 W1989R homozygous (red squares). ¢-test *P = 0.0276 (WT: 334.5 +
52.8,n=10; W1989R: 574.9 + 85.31, n=10). (e) Quantification of PV+ cell maximum frequency in WT (black circles) and Ank3
W1989R homozygous (red squares). t-test P = 0.256 (WT: 88.99 + 8.3, n=10; W1989R: 73.83 + 9.7, n=11). (f) Quantification
of single AP amplitude of PV+in WT (black circles) and Ank3 W1989R homozygous (red squares). t-test P =0.422 (WT: 98.09
+ 5.0, n=9; W1989R: 93.02 + 3.5, n=10). Data shown as mean + SEM.
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g < (n=17) (n=18) (n=18) (n=18) (n=18) | (n=18) | (n=17)
S o WT 227.03 -609+5 | -439+2 [88.3+56|3.1+04 (3.0+05|95+0.7
= = (n=1) (n=3) (n=3) (n=3) (n=3) (n=3) (n=3)
g% W1989R 156.2+14 |-64.2+4 |-494+£1*|107.4+£12| 2.7+£0.2 [3.1+£0.3| 9.1 1
= (n=4) | (=4) | (n=4) | (=4 | (=4) | (n=4) | (n=4)

Table 2.1: Comparison of cell-type specific electrophysiological properties between WT and Ank3 W1989R mice.
Quantification of various electrophysiology measurements of layer II/III cortical pyramidal neurons and the main classes of
inhibitory interneurons following evoked APs in acute brain slices from WT and Ank3 W1989R homozygous mice.
Yellow/asterisk indicates significantly different from WT.
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Figure 2.11: Reduced gamma oscillations in the hippocampus of Ank3 W1989R mice. (a) Representative traces of kainate-
induced gamma oscillations from local field potential (LFP) recordings in CA1 hippocampal neurons and (b) CA3 hippocampal
neurons of WT (top) or Ank3 W1989R homozygous (bottom) mice in acute brain slices. (¢) Representative time-frequency
sonograms of CA1 hippocampal neurons from WT (top) and W1989R homozygous (bottom) mice. (d) Representative time-
frequency sonograms of CA3 hippocampal neurons from WT (top) and W1989R homozygous (bottom) mice.
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Figure 2.12: Reduced gamma oscillations as local field potential power in the hippocampus of Ank3 W1989R mice. (a) Power
spectral analysis from CA1 hippocampus in acute brain slices of P24-40 WT (black circles) and 4nk3 W1989R homozygous (red
squares) mice plotted as fold-change to baseline signal. (b) Quantification of the area under the curve for gamma band (30-60Hz)
from CA1 hippocampus in WT (black circles) and Ank3 W1989R homozygous (red squares). ¢t-test *P = 0.0118 (WT: 3.66 + 0.4,
N=3, n=48; W1989R: 2.59 + 0.2, N=3, n=62). (¢) Power spectral analysis from CA3 hippocampus WT (black circles) and 4nk3
W1989R homozygous (red squares) mice. (d) Quantification of the area under the curve for gamma band (30-60Hz) from WT (black
circles) and Ank3 W1989R homozygous (red squares). t-test *P=0.0343 (WT: 4.85 + 0.7, N=5, n=50; W1989R: 3.3 + 0.3, N=5,

n=59). Data shown as mean + SEM.
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Dendritic spine density and function are reduced in Ank3 W1989R neurons

GABAergic interneurons control the excitability of glutamatergic pyramidal neurons by
modulating their spike timing and firing rate. The loss of inhibitory tone, similar to that observed
here in Ank3 W1989R mice, has been linked to pathological neuronal hyperexcitability (Marin
2012). To address the effect of decreases in GABAergic synapses on AP firing rates, we compared
evoked APs in acute brain slices of P25-48 homozygous Ank3 W1989R and WT mice. The
frequency of AP firing was significantly increased in Ank3 WI1989R cortical and CAl
hippocampal neurons compared to WT (Fig. 2.13a, c, d, and f). Moreover, the maximum firing
rate per neuron was two-fold higher in Ank3 W1989R neurons versus WT (Fig. 2.13b and e). These
data demonstrate that cortical and hippocampal pyramidal neurons are hyperexcitable in vivo
following 480 kDa ankyrin-G loss-of-function at GABAergic synapses.

Neurons have developed multiple intrinsic mechanisms to maintain excitability
homeostasis and stabilize network activity. The AIS has been proposed to participate in activity-
dependent plasticity and decreasing AIS length may be one mechanism to reduce excitability. We
measured AIS length of layer II/IIl somatosensory cortical neurons in coronal brain sections in
P30 mice and in dissociated hippocampal neurons at 21 DIV from WT and mutant mice. We found
that AIS length was approximately 30% shorter in 4nk3 W1989R mice compared to WT (Fig.
2.14a-d)). Consistent with no change in inhibitory tone (Fig. 2.8 and 2.9), there was no detectable
difference in AIS length of cerebellar Purkinje neurons (WT: 15.3 £ 1.2 um, N=3, n=12; W1989R:
14.9 £0.6 um, N=3, n=14 ¢-test P = 0.72) or thalamic neurons (WT: 21.8 £ 0.7 um, N=3, n=34;

WI1989R: 21.6 £ 0.9 um, N=3, n=29 t-test P = 0.88) compared to WT mice.
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Figure 2.13: Increased firing rate of Ank3 W1989R cortical and CA1 hippocampal pyramidal neurons. (a)
Evoked AP frequency from cortical neurons for WT (black circles) or Ank3 W1989R homozygous (red squares) in
acute brain slices. Two-way ANOVA, Tukey’s post hoc *P < 0.05, *P <0.001, 5P <0.001 (WT: n=40; W1989R:
n=40). (b) Quantification of average maximum frequency of pyramidal neurons in layer II/IIIl somatosensory cortex
in WT (black circles) and Ank3 W1989R homozygous (red squares) mice. #-fest ****P < 0.0001 (WT: 11.18 £ 0.5,
n=30; W1989R: 16.49 + 0.8, n=33). (c¢) Representative AP traces from cortical pyramidal neurons of WT (left,
black) and Ank3 W1989R homozygous (right, red) mice. Scale bar: 500 ms. (d) Evoked AP frequency from CA1l
hippocampal neurons for WT (black circles) or Ank3 W1989R homozygous (red squares) in acute brain slices. 7wo-
way ANOVA, Tukey’s post hoc *P < 0.05, *P <0.001 (WT: n=27; W1989R: n=27). () Quantification of average
maximum frequency of pyramidal neurons in CAl hippocampus of WT (black circles) and Ank3 W1989R
homozygous (red squares) mice. t-fest **P = 0.0061 (WT: 11.38 + 1.1, n=12; W1989R: 17.49 + 1.6, n=13). (f)
Representative traces from CA1 hippocampal pyramidal neurons of WT (left) and 4nk3 W1989R homozygous
(right) mice. Scale bar: 500 ms. Data shown as mean + SEM.
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Figure 2.14: Cortical and hippocampal pyramidal neurons have decreased AIS length in Ank3 W1989R mice. (a)
Representative images from coronal sections of layer II/IIl somatosensory cortex of P30 WT (top) and Ank3 W1989R
homozygous (bottom) mice. Immunostaining for fIV-spectrin (green), total ankyrin-G (red), and NeuN (white). Scale bar:
20 pum. (b) Quantification of AIS length between WT (black circles) and W1989R homozygous (red squares) mice. -test
*AEEFP < 0.0001 (WT: 28.03 + 0.5, N=3, n=156; W1989R: 20.94 + 0.6, N=3, n=140). (c) Representative images of
dissociated hippocampal cultured neurons from WT (left) and Ank3 W1989R homozygous (right) mice at 21DIV filled
with soluble eGFP. Scale bar: 20 um. (d) Quantification of the AIS length between WT (black circles) and Ank3 W1989R
homozygous (red squares) neurons. ¢-test ****P <0.0001 (WT: 47.87 £ 1.8, N=3, n=61; W1989R: 36.11 + 1.8, N=3, n=56).
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Another neuronal mechanism to compensate for the lack of inhibitory tone is to decrease
AMPA receptor surface expression and decrease dendritic spine density (Lin and Koleske 2010).
We therefore examined dendritic spine density in dissociated hippocampal neurons and CAl
hippocampal neurons in vivo from Ank3 W1989R mice and observed a significant decrease in the
total number of dendritic spines compared to WT (Fig. 2.15a and b and 2.16a and b). Consistent
with this result, whole-cell patch clamp recordings from CA1 hippocampal neurons in brain slices
showed significant decreases in mEPSC amplitude in Ank3 W1989R mice compared to WT,
suggesting a reduction in dendritic AMPARs (Fig. 2.15¢ and e). Moreover, mEPSC frequency was
increased in Ank3 W1989R neurons (Fig. 2.15¢e). A previous study showed that 190 kDa ankyrin-
G plays a critical role in modulation of dendritic spine morphology and AMPA receptor
postsynaptic stability (Smith et al. 2014). Western blot analysis of hippocampal and cortical lysates
from Ank3 W1989R mice showed a 50% decrease in 190 kDa ankyrin-G expression, with no
change in the expression of the 270- or 480 kDa splice variants, compared to WT lysates (Fig.
2.15f and g and Fig. 2.17). Overall, these data suggest a novel intrinsic mechanism to compensate
for neuronal hyperexcitability by decreasing the expression of 190 kDa ankyrin-G and

subsequently dendritic spine density and function in neurons with reduced inhibitory tone.

64



(o

W1989R
£
3
8150' *kkk
>
g ] oooooo
& ¥ o
%J 50 oooogp . gn 5
'g 0 ? g {m]u]
g WT  W1989R
e
WT R . 20' o *
WWMWWMW T - T R
- © EE oa
W1989R 2 1 = 5101 °%° ?D%@—
=) e o
5| o & OE :
20 pA T g b < 0
300 ms WT W1989R WT W1989R
f wrw1989R
480-| o v g —ns _ns T S
-
(52 = 1 o @1—
c 8 = =
c 2 © ©
— 4 9 (o] . (| o
- S5 ) S
190- [N M| & © N e
S
X =~ 0 0 0-
WT W1989R ~ WT W1989R WT W1989R
IB: Ankyrin-G

Figure 2.15: Decreased spine density and function and reduced 190 kDa ankyrin-G expression levels in Ank3
W1989R neurons. (a) Representative images of dissociated hippocampal cultured neurons from WT (left) and Ank3
W1989R homozygous (right) mice at 21DIV filled with soluble eGFP. Scale bar: 20 um. (b) Quantification of the total
number of dendritic spines per 100 um per neuron. #-test ****P < 0.0001 (WT: 56.91 + 4.3, N=3, n=30; W1989R: 19.78
+ 2.3, N=3, n=34). (¢) Representative traces of spontaneous excitatory postsynaptic currents (SEPSCs) from CAl
hippocampal neurons in WT (top) and 4nk3 W1989R (bottom) slices. Scale bar: 300 ms. (d) Quantification of mEPSC
frequency in WT (black circles) and Ank3 W1989R (red squares) brain slices. ¢-test *P =0.049 (WT: 0.22 +£0.04 Hz, n=11;
WI1989R: 0.54 + 0.15 Hz, n=10). (e) Quantification of mEPSC amplitude in WT (black circles) and Ank3 W1989R (red
squares) brain slices. ¢-test *P =0.032 (WT: 12.5+ 1.1 pA, n=11; W1989R: 9.21 +£ 0.9 pA, n=10). (f) Western blot analysis
from hippocampal lysates of P30 WT (left) and Ank3 W1989R homozygous (right) mice. Blots were probed with
antibodies to total ankyrin-G. (g) Quantification of relative expression levels of 480 kDa ankyrin-G ¢-test P = 0.71 (WT:
1.0 £0.2, N=3; W1989R: 0.9 + 0.2, N=3), 270 kDa ankyrin-G ¢-test P = 0.95 (WT: 1.0 = 0.2, N=3; W1989R: 1.019 £ 0.2,
N=3), and 190 kDa ankyrin-G #-test *P = 0.02 (WT: 1 + 0.02 N=3; W1989R: 0.5 + 0.1, N=3). Data normalized to WT
controls. Data shown as mean + SEM.
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Figure 2.16: Decreased dendritic spine density in CA1 hippocampal pyramidal neurons in Ank3 W1989R mice
in vivo. (a) Representative images of biocytin-filled CA1 hippocampal pyramidal neurons of P30 WT (left) and Ank3
W1989R homozygous (right) mice. Images were pseudocolored white. Scale bar: 20 um. (b) Quantification of the total
number of dendritic spines per 100 um per neuron. ¢-fest *P <0.01 (WT: 69.48 + 4.3, N=3, n=7; W1989R: 47.37 + 6.3,
N=3, n=6). Data shown as mean + SEM.
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Figure 2.17: 190 kDa ankyrin-G expression levels are reduced in cortex of 4Ank3 W1989R mice. (a) Western blot
analysis from cortical lysates of P30 WT (left) and Ank3 W1989R homozygous (right) mice. Blots were probed with
antibodies to total ankyrin-G. (b) Quantification of relative expression levels of 480 kDa ankyrin-G ¢-fest P = 0.59 (WT:
1.0+ 0.1, N=3; W1989R: 0.81 £ 0.3, N=3), 270 kDa ankyrin-G ¢-test P = 0.75 (WT: 1.0 £ 0.1, N=3; W1989R: 0.92 + 0.2,
N=3), and 190 kDa ankyrin-G t-test **P =0.0073 (WT: 1 £ 0.1 N=3; W1989R: 0.43 £ 0.1, N=3). Data normalized to WT
controls. Data shown as mean + SEM.

67



Identification of ANK3 W1989R in a family with BD

Disruptions in forebrain circuitry and network-level activity observed in 4nk3 W1989R
mice predict that patients expressing this variant may experience altered brain activity and mood-
related behaviors. According to the most recent data from the gnomAD project, the ANK3 W1989R
variant (rs372922084, ¢.5965T>C (p.Trp1989Arg)) is found in approximately 1: 10,000 European
Americans (Lek et al. 2016). We used whole-genome and exome sequencing on blood samples
obtained through the Heinz C. Prechter Bipolar Research Program at the University of Michigan
to identify a patient expressing the ANK3 W1989R variant (Fig. 2.18a and b). We confirmed the
presence of the variant by extracting DNA from fibroblasts derived from the proband and
performing nested PCR followed by Sanger sequencing. The proband (I1:2, age 45) was diagnosed
with BD type I characterized by recurrent mania and depression with an age of onset of 17 years,
with current successful maintenance on lithium (1200 mg daily) and a benzodiazepine (pro re nata)
PRN at bedtime. The proband had a brief (<3 months) exposure to antipsychotic medication
(chlorpromazine), but no history of treatment with antidepressant medication. To determine
whether other family members also carried the ANK3 W1989R variant, we expanded our studies
to include the proband’s parents (I:1, 1:2), sister (II:1), and daughter (III:1). We extracted DNA
from whole blood and performed nested PCR of the region flanking ANK3 W1989 followed by
Sanger sequencing. The proband (II:2), the mother (I:2), the sister (II:1), and the daughter were
heterozygous for the ANK3 WI1989R variant (Fig. 2.18a and b). The mother (age 73) was
diagnosed with BD type I with age of onset in her mid-30’s. She is currently treated in the
community with lamotrigine (50 mg daily), clomipramine (50 mg daily) and lorazepam (1-3 mg
daily), as needed, for anxiety. Lamotrigine was given for mood stabilization. The proband’s sister

(age 50) was diagnosed with BD type II, with a prepubertal onset of mood instabilities and
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multipleepisodes of depression and hypomania with mixed affective features. Her treatment
currently includes antidepressants (fluoxetine 60 mg and buproprion 300 mg daily), an
anticonvulsant (lamotrigine 400 mg daily), a stimulant (amphetamine 60 mg daily), and a hypnotic
(temazepam 30 mg at bedtime). The proband’s daughter (age 19) was diagnosed with major
depression. The father (I:1) is WT for W1989 and has no history of depression or treatment of any
psychiatric disorder (Fig. 2.18b). This is the first reported characterization of the ANK3 W1989R
human variant (¢.5965T>C (p.Trpl1989Arg)) (Fig. 2.18c and d). Similar to results from Ank3
W1989R mutant mice, patients carrying the ANK3 W1989R variant have survived into adulthood,
demonstrating that this variant is compatible with normal lifespan in humans. However, the
presence of the ANK3 W1989R variant in four affected patients is consistent with a potential effect
of this variant on neuronal activity and mood-related behaviors.

The individuals in the family diagnosed with BD are all heterozygous for ANK3 W1989R
variant. To test the effect of the Ank3 W1989R variant on GABAergic circuitry in heterozygous
mice, we measured sSIPSCs and mIPSCs in layer II/III somatosensory cortical neurons of P30 mice.
Heterozygous Ank3 W1989R mice showed a significant reduction in sIPSC frequency (~50%) and
amplitude (~40%) compared to WT mice (Fig. 2.19a, b, and e). The frequency of mIPSCs was
also significantly reduced in heterozygous Ank3 W1989R compared to WT mice, with no change
in mIPSC amplitude (Fig. 2.19¢, d, and f). These results show that the presence of a single copy
of Ank3 W1989R is sufficient to significantly impact inhibitory signaling in forebrain and suggest

that the presence of this variant could contribute to the pathophysiology of BD.
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heterozygous for ANK3 W1989R mutation diagnosed with BD. Red: diagnosis of BD type 1. Blue diagnosis of BD type
II. Gray: individuals with signs and symptoms of mood disorders. White: neurotypical individuals. Circles: female.
Squares: male. The affected proband is individual II:2 represented by a red square. (b) Chromatogram from Sanger
sequencing confirming presence of ANK3 W1989R heterozygous mutation in affected mother 1:2, affected proband II:2,
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Figure 2.19: Heterozygous Ank3 W1989R mice have reduced GABAergic synapse function. (a) Quantification of sIPSC
frequency in WT (black circles), heterozygous 4nk3 WT/W1989R (blue triangles), and homozygous 4nk3 W1989R/W1989R (red
squares) brain slices. One-way ANOVA, Tukey’s post hoc. WT vs. WT/W1989R **P =(0.0023, WT vs. W1989R/W1989R *#**p
< 0.0001, WT/WI1989R vs. WI98IR/W1989R P = 0.33 (WT: n=16; WT/W1989R: n=16; W1989R/W1989R n=21). (b)
Quantification of sIPSC amplitude in WT (black circles), heterozygous 4nk3 WT/W1989R (blue triangles), and homozygous Ank3
WI1989R/W1989R (red squares) slices. One-way ANOVA, Tukey’s post hoc. WT vs. WT/WI1989R ***P = 0.0001, WT vs.
WI1989R/W1989R *##**p < (0.0001, WT/W1989R vs. WI1989R/W1989R P = 0.94 (WT: n=16; WIT/W1989R: n=16;
W1989R/W1989R n=21). (c¢) Quantification of mIPSC frequency in WT (black circles), heterozygous Ank3 WT/W1989R (blue
triangles), and homozygous Ank3 W1989R/W1989R (red squares) slices. One-way ANOVA, Tukey’s post hoc. WT vs.
WT/W1989R **P = 0.001, WT vs. WI989R/W1989R ***P = (0.0008, WT/W1989R vs. W1989R/W1989R P = 0.99 (WT: n=6;
WT/W1989R: n=6; W1989R/W1989R n=8). (d) Quantification of mIPSC amplitude in WT (black circles), heterozygous Ank3
WT/W1989R (blue triangles), and homozygous Ank3 W1989R/W1989R (red squares) slices. One-way ANOVA, Tukey’s post hoc.
WT vs. WI/W1989R P = 0.38, WT vs. W1989R/W1989R *P = 0.01, WI/W1989R vs. WI1989R/W1989R P = 0.21 (WT: n=6;
WT/W1989R: n=6; W1989R/W1989R n=8). (e) Representative traces of spontaneous inhibitory postsynaptic currents (sSIPSCs) of
layer IVIII somatosensory cortical neurons in WT (black circles), heterozygous Ank3 WT/W1989R (blue triangles), and
homozygous Ank3 W1989R/W1989R (red squares) slices. Scale bars: 200 pA, 1000 ms. (f) Representative traces of miniature
inhibitory postsynaptic currents (mIPSCs) from layer II/IIl somatosensory cortical neurons in WT (black), and Ank3 W1989R (red)
homozygous brain slices. Scale bar: 100 pA, 500 ms. Data shown as mean + SEM.
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Pyramidal Neurons

CA1 Hippocampal
Pyramidal Neurons

Thalamic

—_— _— N.D. N.D _—
Neurons

Cerebellar Purkinje - N.D N.D —_—
Neurons o o

Table 2.2: Summary of cell-type specific morphological and functional differences in Ank3 W1989R mice
compared to WT. Summary of results demonstrating differences in GABAergic synapse number, GABA-mediated
currents, action potential firing rate, dendritic spine density, and AIS length of layer II/III cortical and hippocampal
pyramidal neurons, thalamic neurons, and cerebellar Purkinje neurons in 4nk3 W1989R mice compared to WT mice.
Blue arrows indicate significantly decreased from WT, red arrows indicate significantly increased from WT, line indicated
no difference from WT. N.D. represents not determined.
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Discussion

Neuropsychiatric diseases, such as BD and schizophrenia, are highly heritable. Significant
progress has been made in the past decade identifying genetic risk factors associated with
neuropsychiatric diseases including common single nucleotide polymorphisms (SNPs) through
GWAS, copy number variants, and rare inherited and de novo variants(Goes et al. 2016). For many
neurological diseases, common genetic variants have minimal impact on disease susceptibility,
thus it is important to understand how rare genetic variants impact brain function and underlie the
pathophysiology of neuropsychiatric disease. ANK3 is among the most consistent and significant
genes associated with BD (Harrison, Geddes, and Tunbridge 2018; Hatzimanolis et al. 2012;
Leussis, Madison, and Petryshen 2012; Schulze et al. 2009); however, the mechanisms by which
ANK3 variants contribute to pathophysiology are not known. Although ANK3 has been associated
with multiple neurological disorders, the cellular and molecular mechanisms by which its loss-of-
function contributes specifically to BD are poorly understood.

In this study, we generated homozygous 4Ank3 W1989R knock-in mice to investigate
ankyrin-G/GABARAP interactions and to understand the effects of 480 kDa ankyrin-G loss-of-
function at GABAergic synapses in vivo (Table 2.2). We found that Ank3 W1989R mice have
reduced GABAergic synapses on the AIS and somatodendritic domain of cortical and hippocampal
pyramidal neurons, while the density and function of PV+ GABAergic interneurons are
maintained. Gamma oscillations were reduced in Ank3 W1989R hippocampus, suggesting
disruptions in network synchrony, consistent with reduced connectivity of PV+ interneurons. We
found that AIS length and dendritic spine density and function were reduced in Ank3 W1989R
cortical and hippocampal neurons, suggesting that regulation of ankyrin-G-dependent domains

may be a neuronal mechanism of homeostasis. Finally, we identified the ANK3 W1989R variant
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1s372922084 (¢.5965T>C (p.Trp1989Arg)) in a family with BD, suggesting that ANK3 W1989 is
a critical residue involved in disease mechanisms in human patients.

The decrease in AIS length in 4nk3 W1989R mice may be due to neural plasticity changes,
as recent reports have shown that alterations in AIS length, location, and/or ion channel surface
expression may occur following fluctuations in neuronal activity in an attempt to maintain
homeostasis of intrinsic excitability(Yamada and Kuba 2016). Further, we propose that the
decreased dendritic spine density and function observed in Ank3 W1989R mice may be an
additional compensatory mechanism to modulate neuronal hyperexcitability. The W1989R
mutation is specific to the giant exon, only included in the 270 kDa and 480 kDa splice variants of
ankyrin-G, which suggests that the observed decrease in 190 kDa ankyrin-G expression may be a
compensatory effect to maintain excitatory/inhibitory balance. It is possible that changes in
expression levels of the 190 kDa ankyrin-G may be a common mechanism for modulating
dendritic spine morphology and function to compensate for altered neuronal excitability. Future
experiments will be necessary to understand the mechanisms by which genetic or pharmacological
manipulation of neuronal excitability changes expression of 190 kDa ankyrin-G and dendritic
spines. Further, the observed increase in mEPSC frequency may be explained by hyperexcitability
of upstream glutamatergic neurons due to the decrease in inhibitory synapses.

Our work shows that the interaction between 480 kDa ankyrin-G and GABARAP is
necessary for stabilizing forebrain GABAergic synapses, while additional mechanisms are
involved in the formation of GABAergic synapses in the cerebellum and thalamus. Previous
studies have shown that deletion of 480 kDa ankyrin-G in vivo results in the loss of GABAergic
synapses at the AIS of cerebellar Purkinje neurons (Jenkins et al. 2015; Tseng et al. 2015). Further,

a study by Ango et al. showed an ankyrin-G-dependent subcellular gradient of neurofascin-186 at
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the AIS of Purkinje neurons is necessary for organizing GABAergic synapses (Ango et al. 2004).
These findings suggest that, while the formation of GABAergic synapses onto the AIS of
cerebellar Purkinje neurons is mediated through 480kDa ankyrin-G, this mechanism requires the
clustering of neurofascin-186 and is independent of the ankyrin-G/GABARAP mechanism (Ango
et al. 2004). In addition, abolishing the interaction between 480 kDa ankyrin-G and GABARAP
did not affect the number or function of thalamic neuron GABAergic synapses, suggesting the
formation of thalamic inhibitory synapses is mediation through an alternative mechanism than 480
kDa ankyrin-G/GABARAP. Future studies are needed to understand the postsynaptic mechanisms
underlying GABAergic synapse formation in thalamic neurons. Our results demonstrate that
ankyrin-G plays a critical role in stabilizing GABAergic synapses through brain region- and cell
type-specific mechanisms. Furthermore, the 480 kDa ankyrin-G/GABARAP interaction is unique
for stabilizing GABAergic synapses onto cortical and hippocampal pyramidal neurons.

Several mouse models have been generated to understand how Ank3 contributes to
neuronal development and function. Specific deletion of the exon encoding the giant 270- and 480
kDa isoforms of ankyrin-G results in the loss of all known AIS components, gross malformations
in the morphology and total number of nodes of Ranvier, and decreased GABAergic inhibitory
synapses. This genetic manipulation also results in lethality at P20, preventing the study of mature
animals (Jenkins et al. 2015). A recent study generated a mouse model with forebrain-specific
deletion of all splice variants of ankyrin-G (Zhu et al. 2017). These ankyrin-G conditional null
mice demonstrate “mania-like” behaviors including hyperactivity, decreased anxiety and
exploratory behavior, as well as depressive-like behaviors following social defeat stress (Zhu et
al. 2017). The behavioral phenotypes identified in this model were rescued following

administration of lithium and valproic acid (Zhu et al. 2017). Although the animals survived well
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into adulthood, the loss of the AIS, nodes of Ranvier, and GABAergic synapses simultaneously
made it difficult to determine which ankyrin-G-dependent domain underlies the observed
behavioral phenotypes related to BD. A study by Lopez et al. showed that deletion of 4Ank3 exon
Ib, which affects ankyrin-G splice variants encoded by alternative first exon and N-termini
splicing, results in decreased ankyrin-G expression at the AIS of PV+ interneurons (Lopez et al.
2017). These investigators found that gene dosage-dependent reductions in expression of ankyrin-
G corresponded to disease severity. Heterozygous mice displayed behavioral phenotypes
representative of BD, whereas homozygous mice demonstrated epilepsy and sudden death (Lopez
et al. 2017). In contrast to the Ank3 W1989R mice, which display no change in the expression of
480 kDa ankyrin-G at the AIS, Ank3 exon 1b mice show decreased expression of ankyrin-G at the
AIS of PV+ interneurons. Reduced ankyrin-G expression at the AIS results in reduced inhibitory
conductance due to changes in PV+ interneuron intrinsic excitability in Ank3 exon 1b mice
compared to the loss of GABAergic connectivity as seen in the Ank3 W1989R mice. Intriguingly,
despite the differences in mechanisms, both models result in reduced inhibitory tone and altered
excitation/inhibition balance. Another study compared the behaviors of 4nk3 heterozygous null
mice with mice in which ankyrin-G was deleted specifically in the hippocampal dentate gyrus
using short hairpin RNA (shRNA) viral vectors (Leussis et al. 2013). Both models demonstrated
reduced anxiety and increased impulsivity, behavioral phenotypes related to BD (Leussis et al.
2013). These behaviors were reversed following chronic lithium treatment (Leussis et al. 2013).
Taken together, these studies, along with the present work, provide evidence that ANK3 is critical
for normal brain function.

Abnormalities in excitatory/inhibitory circuit balance have been implicated in the

pathophysiology of BD and schizophrenia (Benes et al. 2007; Glantz and Lewis 2000; Konopaske
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et al. 2014; Lee et al. 2018; Ohgi, Futamura, and Hashimoto 2015; Penzes et al. 2013; Penzes et
al. 2011). Postmortem brains of BD patients revealed decreased expression of the GABAergic
synapse marker GADg7, the GABA transporter GAT1, and various GABAA receptor subunits
(Chattopadhyaya and Cristo 2012; Konradi et al. 2011; Lazarus, Krishnan, and Huang 2015). We
found morphological and functional reductions in cortical and hippocampal GABAergic synapses
in our mouse model, consistent with GABAergic dysfunction reported in patients with BD (Benes
et al. 2007). Cortex and hippocampus are key brain regions associated with the cognitive,
emotional, and mood-related behaviors characteristic of BD (Benes 2010). Further, abnormalities
in dendritic spines have been associated with neuropsychiatric diseases including BD,
schizophrenia, autism spectrum disorders, and intellectual disability (Glantz and Lewis 2000;
Konopaske et al. 2014; Ohgi, Futamura, and Hashimoto 2015; Penzes et al. 2013; Penzes et al.
2011). We found reduced density and function of dendritic spines in our mouse model and
proposed that these effects act to reduce hyperexcitability and compensate for the lack of inhibitory
input. Previous studies have observed impairments in gamma oscillations in patients with
neuropsychiatric disease, including BD and schizophrenia (Benes and Berretta 2001; Marin 2012;
Schubert, Focking, and Cotter 2015; Sohal 2012; Torrey et al. 2005). Further, recent reports have
suggested that gamma oscillations may serve as biomarkers for diagnosing and tracking treatment
response in individuals with BD (Ozerdema et al. 2013). Consistent with these studies, we found
significant decreases in hippocampal gamma oscillations in the 4nk3 W1989R mice. A study by
Ozerdema et al. showed a ~35% reduction in gamma oscillations in patients with BD, which is
similar in magnitude to that seen in our mouse model, suggesting that even modest defects in
network synchronization can have significant clinical effects (Ozerdem et al. 2010). Thus, our

cellular and functional characterization of inhibitory and excitatory synaptic dysfunction in the
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Ank3 W1989R mouse model may inform the future development of novel therapeutics for the
treatment of BD and other neurological diseases involving altered excitatory/inhibitory balance.
ANK3 variants have been associated with schizophrenia (Wirgenes et al. 2014), autism
(Kloth et al. 2017), epilepsy (Lopez et al. 2017), and intellectual disability in addition to BD (Igbal
et al. 2013). Variants in ANK3 may contribute to these neurological diseases by affecting ankyrin-
G expression levels, disrupting protein folding, impacting specific splice variants, or preventing
ankyrin-G from interacting with critical binding partners, as observed for GABARAP in the Ank3
W1989R mouse model. Thus, it remains important to understand how disease-associated variants
in ANK3 affect ankyrin-G function and contribute to disease pathology. Although ANK3 W1989R
is a rare variant, the data reported in this work may have broader impacts on BD patients carrying
other variants that reduce ankyrin-G expression. Several independent GWAS studies revealed
ANK3 BD-associated SNPs near the 5’ non-coding region, which could potentially lead to altered
expression levels of different isoforms of ankyrin-G (Craddock and Sklar 2009; Ferreira et al.
2008; Muhleisen et al. 2014; Schulze et al. 2009). Moreover, studies using postmortem brains from
BD patients found reduced ANK3 mRNA expression (Roussos et al. 2012; Rueckert et al. 2013)
Alternatively, a recent study also identified a SNP (rs41283526) in ANK3 with a strong protective
effect against BD (Hughes et al. 2016). Consistent with the ANK3 W1989R variant, BD-associated
rare variants have been detected within alternatively spliced exons of ankyrin-G (Doyle et al.
2012). One potential explanation to describe the genetic etiology of BD is that rare variants in
ANK3 have a high penetrance due to dysfunction of the gene or encoded splice variant.
Alternatively, multiple common variants with low penetrance may lead to BD due to the polygenic
nature of disease inheritance. In support of this hypothesis, rare variants in several genes involved

in GABAergic and glutamatergic neurotransmission as well as voltage-gated calcium channels
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contribute to increased risk of BD, as they may result in similar endophenotypes as individuals
with ANK3 mutations (Ament et al. 2015). Ultimately, it will be important to continue to evaluate
how patient-specific rare variants affect the expression and function of the different splice variants
of ankyrin-G to provide insight on additional pathways that may contribute to BD and other

neurological diseases.

Materials and Methods

Constructs, Protein Expression, and Purification: The coding sequence of the GABARAP
(UniProt: Q9DCD6) construct was PCR amplified from a mouse brain cDNA library. The coding
sequence of ankyrin-G construct was PCR amplified from the full-length rat 270 kDa ankyrin-G
(UniProt: O70511) template. All point mutations were generated using the Quikchange IT XL site-
directed mutagenesis kit and confirmed by DNA sequencing. All of the constructs used for protein
expression were cloned into a home-modified pET32a vector. Recombinant proteins were
expressed in BL21 (DE3) E. coli cells with induction of 0.25 mM IPTG at 16°C. The N-terminal
Trx-Hise-tagged proteins were purified using Ni>*-NTA agarose affinity columns followed by size-
exclusion chromatography (Superdex 200 column from GE Healthcare) in the final buffer
containing 50 mM Tris-HCL, 1 mM DTT, and 1 mM EDTA, pH 7.8 with 100 mM NaCl. The Trx-
Hiss tag was removed by incubation with HRV 3C protease and separated by size exclusion

columns or reverse usage of Ni>*-NTA columns when needed.

Crystallography: Crystallization of the ankyrin-G/GABARAP complex was performed using the

sitting drop vapor diffusion method at 16 °C. Crystals of ankyrin-G/GABARAP were grown in

solution containing 2.0 M ammonium citrate tribasic and 0.1 M BIS-TRIS propane buffer (pH
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7.0). Crystals were soaked in crystallization solution with higher salt concentration (3 M
ammonium citrate) for dehydration and cryoprotection. All datasets were collected at the Shanghai
Synchrotron Radiation Facility BL17U1 or BL19U1 beamline at 100 K. Data were processed and
scaled using HKL2000 or HKL3000. Structure was solved by molecular replacement using
PHASER with apo form structure of GABARAP (PDB: 1KJT) as the searching model. The
ankyrin-G peptide was manually built according to the Fo-F. difference maps in COOT. Further
manual model adjustment and refinement were completed iteratively using COOT and PHENIX.
The final model was validated by MolProbity and statistics are summarized in Table 1. All

structure figures were prepared by PyMOL (http://www.pymol.org).

Isothermal Titration Calorimetry Assay: Isothermal titration calorimetry (ITC) measurements
were carried out on a VP-ITC Microcal calorimeter at 25 °C with the titration buffer containing
50 mM Tris-HCl, pH 7.8, 100 mM NaCl, 1 mM DTT, and 1 mM EDTA. For a typical experiment,
each titration point was performed by injecting a 10 pL aliquot of protein sample (200 pM) into
the cell containing another reactant (20 uM) at a time interval of 120 seconds to ensure that the
titration peaks returned to the baseline. 27 aliquots were titrated in each individual experiment.
The titration data were analyzed using the program Origin 7.0 and fitted by the one-site binding

model.

Generation of WI98IR Mouse Model: A knock-in mouse was generated by inserting the
tryptophan to arginine mutation corresponding to human W1989R within the neuronal-specific
giant exon of the mouse Ank3 gene, which corresponds to exon 37 of human ANK3,

ENSTO00000280772. The exon 37 plasmid contained the W1989R mutation and a neomycin
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resistance cassette. The neomycin resistance cassette was flanked by LoxP sites containing flippase
recognition target (FRT) sites. The linearized construct was introduced into 129S6/SvEvTac-
derived TL1 embryonic stem (ES) cells by electroporation. ES cells selected for the W1989R
mutation using neomycin were injected into C57BL/6NHsd blastocysts. High percentage chimeric
animals were obtained and bred to C57BL/6NHsd mice to produce heterozygous animals. The neo
cassette was excised by crossing with the W1989R Ank3 mouse containing a floxed neo cassette
with a Sox2-Cre mouse [B6.Cg-Tg(Sox-cre)lAmc/J, stock number 008454; The Jackson
Laboratory]. Mutant mice were backcrossed for at least six generations to C57BL6/J mice from
the Jackson Laboratory and were compared to C57BL/6J mice as WT controls. All mouse
production was provided by the Duke Cancer Institute Transgenic Mouse Facility. All experiments
were performed in accordance with the guidelines for animal care of the Institutional Animal Care
and Use Committee (IACUC) and University Laboratory Animal Management (ULAM) at the

University of Michigan.

Immunocytochemistry of Brain Sections: For immunohistochemistry, P30-35 mice were
administered a ketamine/xylazine mixture (80 mg/kg body weight ketamine and 10 mg/kg
xylazine) via intraperitoneal injection. The mice were sacrificed by cardiac perfusion of PBS
followed by 4% paraformaldehyde and the brain was immediately removed and fixed overnight in
4% paraformaldehyde. The next day, the brains were processed using a standard single-day
paraffin preparation protocol (PBS wash followed by dehydrations through 70, 95, and 100%
ethanol with final incubations in xylene and hot paraffin under vacuum) using a Leica ASP 300
paraffin tissue processor. Paraffin sections were cut 7 pm thick using a Leica RM2155 microtome
and placed on glass slides. Sections were deparaffinized and rehydrated using a standard protocol

of washes: 3 x 4-min xylene washes, 2 x 2-min 100% ethanol washes, and 1 x 2-min 95%, 80%,

81



and 70% ethanol washes followed by at least 5 min in ddH>O. Antigen retrieval was then
conducted by microwaving the deparaftinized brain sections for 20 min in 10 uM sodium citrate.
Sections were cooled, washed for 15 min in ddH>O, rinsed in PBS for 5 min, and blocked using
blocking buffer (5% BSA, 0.2% Tween 20 in PBS) for 1 hour at room temperature. Slides were
incubated overnight at 4°C with primary antibodies diluted in blocking buffer. On the following
day, slides were washed 3 times for 15 min with PBS containing 0.2% Tween 20, incubated with
secondary antibodies diluted in blocking buffer for 1 hour at room temperature, washed 3 times
for 15 min, and mounted with Prolong Gold. AIS length was measured using maximum intensity
projections of z-stacks. We only quantified AISs which were entirely contained within the bounds
of the Z-stack. N refers to the number of mice used in the experiment, whereas n refers to the total
number of AISs measured. To measure dendritic spine density in vivo, we used coronal brain slices
(300-350 um thick) and filled 1-2 CA1 hippocampal neurons/slice using whole-cell patch clamp
with 2% biocytin in the internal solution. The brain slices were then incubated in 4%
paraformaldehyde at 4°C for 48 hours, washed 3 times for 15 min with 0.1M PBS at room , and
blocked using 10% blocking serum (0.3% Triton X-100 and 10% of 5% BSA + 0.2% Tween in
0.1M PBS) for 1 hour at room temperature. The brain slices were then incubated in Streptavidin-
594nm (1:1000 dilution in blocking serum) overnight at 4°C. The next day slices were washed 3
times for 15 min at room temperature, mounted on glass slides with Prolong Gold, and imaged on
a Zeiss LSM 880 with a 63X NA1.4 Oil/DIC Plan-Apochromat objective and 561 nm lasers.

Images were pseudocolored white.

Neuronal Culture and Transfection: Hippocampi were dissected from postnatal day 0 (P0) mice,

treated with 0.25% trypsin and 100 pg/ml DNase in 2 mL HBSS with 10 mM HEPES, and then
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gently triturated through a glass pipette with a fire-polished tip. The dissociated neurons were then
plated on poly-D-lysine and laminin-coated 35 mm MatTek dishes in 0.5 mL of Neurobasal-A
medium containing 10% (vol/vol) FBS, B27 supplement, 2 mM glutamine, and
penicillin/streptomycin. On the following day, 2.5 mL of fresh Neurobasal-A medium containing
1% FBS, B27, glutamine, and penicillin/streptomycin was added to the dish. AraC was added at
1:1000 to protect against glial and fibroblast overgrowth. Plates were returned to incubation at
37°C until experimentation. To fill the cells with soluble GFP, the dissociated hippocampal
cultures were transfected with eGFPN1 plasmid. Briefly, 1 ng eGFPN1 plasmid was added to 100
pl of Neurobasal-A and, in a second tube, 3 pl of Lipofectamine 2000 was added to 100 uL of
Neurobasal-A. The two tubes were mixed and incubated for 15 min at room temperature. The
neuronal growth media was then aspirated from the dishes and saved, the transfection was added
dropwise to 14 DIV neurons, and the transfected cells were incubated at 37°C for 1 hr. The
transfection mixture was aspirated and the original neuronal growth media was added. The cells

were maintained in culture until 21 DIV and fixed for immunofluorescence as described below.

Immunofluorescence of Cultured Neurons: Dissociated hippocampal neurons were fixed for 15
min at room temperature with 4% paraformaldehyde, followed by methanol for 10 min at -20°C,
and blocked with blocking buffer (5% BSA, 0.2% Tween 20 in PBS). Primary antibodies were
diluted in blocking buffer and incubated at 4°C overnight. The following day, cells were washed
3 x 15 min with PBS containing 0.2% Tween 20, incubated with secondary antibodies diluted in
blocking buffer for 1 hour at room temperature, washed 3 x 15 min, and mounted with Prolong

Gold.
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Confocal Microscopy: Samples were imaged on a Zeiss LSM 880 with a 63X NA1.4
Oil/DIC Plan-Apochromat objective and excitation was accomplished using 405, 488,

561, and 633 nm lasers.

In Vitro Electrophysiology Recordings and Analysis: Brains were obtained from WT C57BL/6J
or Ank3 W1989R mutant mice between P25-48. The animals were decapitated under isoflurane
and USP anesthesia, the brain was then quickly removed from the skull and placed in 4°C slicing
solution containing 62.5 mM NaCl, 2.5 mM KCI, 1.25 mM KH;POs, 26 mM NaHCOs3, 5 mM
MgCl,, 0.5 mM CaCl,, 20 mM glucose and 100 mM sucrose (pH maintained at 7.4 by saturation
with 02/CO2, 95/5% respectively). Coronal brain slices (300-350 pwm thick) containing layers II/I11
somatosensory cortex and hippocampus were cut with a microtome (VF-300, Compresstome). The
slices were then transferred to a holding chamber and maintained at room temperature in artificial
cerebrospinal fluid (ACSF) containing 125 mM NaCl, 2.5 mM KCI, 1.25 mM KH>PO4, 26 mM
NaHCO3, 1 mM MgCl,, 2 mM CaCl, and 20 mM glucose, pH 7.4 (with 95%0, and 5%CO>
bubbling through the solution) for at least 1 hour prior to recording. After equilibration, individual
slices were transferred to the recording chamber continuously perfused with ACSF (1-2 mL/min).
Recording micropipettes were pulled from borosilicate glass capillaries (1.5 mm O.D. HARVARD
APPARATUS) for a final resistance of 3-6 MQ and filled with a solution containing 135 mM K-
Gluconate, 4 mM NacCl, 0.4 mM GTP, 2 mM Mg-ATP,0.5mM CaCl2, 5 mM EGTA and 10 mM
HEPES. The signals were recorded with an Axoclamp 700B amplifier (Axon Instruments, Union
City, CA), low pass filtered at 10 kHz. Current clamp recordings were obtained from neurons in
layers II/III of somatosensory cortex, CA1 hippocampus, the thalamus, and the cerebellum; the

cells in these brain regions were identified using a Nikon Eclipse FN-1 microscope with a 40X
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water-immersion objective and a DAGE-MTI IR-1000 video camera. Neurons were characterized
using IR-DIC to evaluate their orientation, morphology, and spiking properties. Pyramidal neurons
used for action potential recordings exhibited prominent spike frequency patterns. We also
recorded from fast-spiking, irregular spiking, and regular spiking non-pyramidal neurons as
previously described (Cauli et al. 2000). Whole-cell patch-clamp recordings with a high cell
resistance (greater than 8 GQ before break-in) were obtained for cells according to the availability.
The neurons were characterized electrophysiologically by applying negative and positive current
pulses of 20 pA and 1500 ms to calculate the maximum frequency and positive pulses of 50 ms to
measure the features for the single AP. For sIPSC and mIPSC recordings in voltage-clamp
configuration, the K-gluconate in the internal solution was replaced by CsCl and the recordings
were acquired at 2 kHz fixing the voltage at -80 mV. The IPSCs were recorded in the presence of
the N-methyl-D-aspartate receptor blockers and non-N-methyl-D-aspartate glutamate receptors,
AP-5 (50 mM) and CNQX (10 pM). For measurement of mIPSCs, 1 uM tetrodotoxin (TTX) was
added to the superfusion to block synaptic responses dependent on the AP. Access resistance was
monitored throughout the experiment and experiments were canceled if changes greater than 20%
occurred. The mEPSCs were measured in the presence of bicuculline (10 uM) and TTX (1 pM)
while holding the resting membrane potential at -70 mV using K-gluconate internal solution. The
peak events were searched automatically using Minianalysis (Synaptosoft Inc.) and visually
monitored to exclude erroneous noise. Both the frequency and amplitude of the events and their
distribution were analyzed. Mean values were compared using the student’s #-test. All data are

presented as mean + SEM.
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In Vitro Kainate-Induced Oscillations: WT C57BL/6J or Ank3 W1989R mice between P25-40
were anesthetized with isoflurane. Mice were perfused intracardially with ice cold (4°C) modified
N-methy-D-glucamine (NMDG) HEPES artificial cerebrospinal fluid (aCSF) consisting of: 93
mM NMDG 2.5 mM KCI, 0.5 mM CaClz, 10 mM MgCl,, 1.2 mM NaH,PO4, 20 mM HEPES, 25
mM dextrose, 5 mM ascorbic acid, 2mM thiourea and 3 mM Na-pyruvate. pH was maintained at
7.4 by saturation with O2/COz, (95/5%, respectively). Horizontal hippocampal sections (300 pm
thick) were prepared with a Leica VT1200 vibratome. Sections were bi-laterally hemisected and
transferred to a holding chamber maintained at 33° C for 10-12 min, and then transferred to a
holding chamber with aCSF consisting of: 126 mM NaCl, 3 mM KCI, 2 mM CaCl,, 1 mM MgCl,,
1.25 mM NaH2POg, 25 mM NaHCO; and 10 mM dextrose. pH was maintained at 7.4 by saturating
aCSF with 95%0./5% CO> at 33° C for 35 min. Sections were then transferred to room
temperature for 15 min and were mounted on perforated multi-electrode array (pMEAs)
(Multichannel Systems, Reutlingen, Germany). Sections were secured to the surface of the pMEA
surface by using a peristaltic perfusion system (PPS2, Multichannel Systems, Reutlingen,
Germany) to create a slight vacuum through the perforations. The secured sections remained
submerged in aCSF (29 -31° C, 95% 02/5C0%%) and were superfused at a rate of 5-7 ml/min.
Local field potentials were recorded at 20 kHz. Baseline recordings were obtained for 1 hour.
Chemically-induced oscillations were evoked by bath application of 400 nM Kainic Acid (KA)
for 1 hour. LFP data were imported into MATALAB, downsampled to 10 kHz and low pass filtered
at 400 Hz for analysis. Fast Fourier Transformation (FFT) of LFP data was done in 1 sec bins to
calculate the power of oscillations. Sonograms are plotted as the average power in a 2 min window

and the last 2 min of each bath condition were used for further analysis. Change in oscillatory
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power was defined as (Powerka -Poweracsr)/Poweracsr. Peak frequency and the area under the

curve for gamma band (30 — 60 Hz) were calculated using custom written MATLAB scripts.

Western Blot: Homogenization buffer consisting of 8M urea, 5% SDS, and 5 mM N-
ethylmaleimide was heated to 65°C. Whole brains were dissected from P30-35 mice and
immediately frozen in liquid nitrogen. Frozen brains were then ground into a powder using a
mortar and pestle. The powder was scraped into a 1.5 mL microcentrifuge tube and hand-dounced
in 10 volumes/weight of 65°C homogenization buffer (i.e. 1.5 mL for 150 mg powder). The
homogenate was incubated at 65°C for 20 min and then mixed 1:1 with 5x PAGE buffer (5%
(wt/vol) SDS, 25% (wt/vol) sucrose, 50 mM Tris, pH 8, 5 mM EDTA, bromophenol blue). The
lysates were stored at -80°C until use. The samples (10 pL-volume) were separated on a 3.5-17%
gradient gel in 1X Tris buffer, pH 7.4 (40 mM Tris, 20 mM NaOAc, and 2 mM NaEDTA) with
0.2% SDS. Transfer to nitrocellulose was performed overnight at 300 mA at 4°C in 0.5X Tris
buffer with 0.01% SDS. Membranes were blocked with 5% bovine serum albumin (BSA) and
incubated overnight at 4°C with primary antibodies (rabbit total ankyrin-G 1:5,000) diluted in
blocking buffer. Membranes were washed 3 x 15 min with TBS-T and incubated for 1 hour with
LiCor fluorescent secondaries (1:50,000) in blocking buffer. Membrane were then washed 3 x 15
min in TBS-T, 1 x 5 min TBS, and 1 x 5 min in ddH>O before being imaged on LiCor Odyssey

Clx imager.

Antibodies and Reagents: The following antibodies and dilutions were used: rabbit anti-BIV-

spectrin (1:1000, lab-generated (Jenkins et al. 2015)), rabbit anti-total ankyrin-G (1:1000, lab-

generated (Kizhatil et al. 2007)), goat anti-total ankyrin-G (1:1000, lab-generated (Jenkins et al.
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2015)), rabbit anti-KCNQ2N1 (1:500 (Cooper et al. 2001)), rabbit anti-NaV (1:500, Sigma S6936),
rabbit anti-neurofascin FNIII (1:500, lab generated (Davis, Lambert, and Bennett 1996)), mouse
anti-NeuN (1:1000, Sigma MAB377), mouse anti-caspr (1:1000, Neuromab 75-001), guinea pig
anti-vGAT (1:1000, Synaptic Systems 131004), mouse anti-GABAa receptor 2-3 (1:1000,
Sigma, MAB341), mouse anti-parvalbumin (1:1000, Sigma P3088), rabbit anti-calbindin (1:1000,
Swant CB-38a). Antibodies against KCNQ2 were used to label heteromeric KCNQ2/3 channels
at the AIS (Cooper et al. 2001). Fluorescently conjugated secondary antibodies Alexa Fluor 488,
568, or 647 (1:250, Life Technologies) and Alexa Fluor 594-Streptavidin (1:1000, Jackson
ImmunoResearch 016-580-084). The following reagents were used: FBS, Poly-D-lysine, Laminin,
Paraformaldehyde, DNase, Urea, and N-ethylmaleimide were from Sigma-Aldrich. B27
supplement, GlutaMAX, Penicillin-Streptomycin, Neurobasal-A, Hank’s Balanced Salt Solution,
Trypsin, Hepes, Lipofectamine 2000 and Prolong Gold Antifade Reagent were from Life
Technologies. Bovine serum albumin was from Gemini Bioproducts. Tween 20 was from

Calbiochem.

Image acquisition and Statistical analysis: Multi-color imaging was performed as previously
described using a Zeiss 880 confocal microscope (Jenkins et al. 2015). All images were further
processed in Adobe Photoshop CC 2018 software. Statistical analyses were performed using
Microsoft Excel and GraphPad Prism 7. A confidence interval of 95% (P<0.05) was required for

values to be considered statistically significant. All data are presented as mean = SEM.

Subjects, Sequencing, and Genotyping: All subjects were identified with IRB approval through

the Heinz C. Prechter Bipolar Research Program at the University of Michigan. This program is
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the largest privately-funded longitudinal study of BD, which monitors BD patients for ten years
and beyond following an initial evaluation, bi-monthly questionnaires, and neuropsychological
testing by a clinical psychiatrist. The proband (Il:1) was initially identified using whole-genome
and exome sequencing of blood samples from the Prechter Bipolar Genetics Repository at the
University of Michigan. We confirmed the ANK3 W1989R variant (rs372922084, ¢.5965T>C
(p-Trp1989Arg) by extracting DNA from a fibroblast biopsy under IRB from the proband and
performing a nested PCR initially using the primer pair 5’-
GTAGCTGAAATGAAAGAGGACCT-3’ and 5’-TCTCAGAGGTGGAAGTCCTC-3’ then 5’-
GATGATGAAGAACCTTTCAAAATTG-3 and 5’-GAGGCATTTTGAGTTTGTGTTC-3'.
Blood was then drawn from the mother (I:2) and father (I:1) under IRB. We extracted the DNA
and performed a nested PCR using the same primers listed above. DNA from the sister (II:1) was
provided from the University of Michigan Central Biorepository as part of the Heinz C. Prechter
Bipolar Research Program. The 500 bp PCR fragments were purified following gel electrophoresis
using a gel extraction kit and sent for sequencing at the University of Michigan DNA sequencing
core. All subjects reported Caucasian ancestry. The clinical data is from a detailed clinical
interview using an established instrument, the Diagnostic Interview for Genetics Studies (DIGS)
(Nurnberger et al. 1994). The interview was conducted by a PhD or MD level clinician and
reviewed by two independent MD/PhD level faculty who had access to all available medical

records, including those from treating physicians.

Data Availability: Atomic coordinates and structure factors are available from the Protein Data

Bank under accession code PDB A9X (AnkG/GABARAPL).
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CHAPTER 3

Ankyrin-G Mediates Homeostatic Scaling of Dendritic Spines

Summary

The ability of neurons to maintain their excitability within a proper dynamic range is fundamental
for normal brain function. One homeostatic process is synaptic scaling, which is a process by
which neurons scale the strength of dendritic spines to compensate for increased or decreased
overall input to prevent neuronal network dysfunction. The 190 kDa ankyrin-G has been shown
to be regulate spine morphology, density, and function; however, the role of the 190 kDa ankyrin-
G in activity-dependent spine plasticity has not been fully elucidated. Here, we showed that Ank3
W1989R hyperexcitable pyramidal neurons have reduced 190 kDa ankyrin-G expression in
hippocampal synaptosomes and fewer dendritic spines. Re-expression with the 190 kDa ankyrin-
G partially restored dendritic spine density in Ank3 WI1989R cultured neuron, suggesting a
mechanistic link between 190 kDa ankyrin-G and spine scaling. Expression of the 190 kDa
ankyrin-G is reduced in Ank3 W1989R mice at the mRNA level as well as palmitoylation levels
of the protein, demonstrating multiple stages of regulation in response to altered neuronal activity.
We identified no change in 190 kDa ankyrin-G protein after short-term treatment (48hrs) or mRNA
expression after long-term treatment (18 days) by pharmacologically inducing homeostatic scaling
in WT neurons using TTX and bicuculline. However, modulating intrinsic neuron excitability with

KCl resulted in reduced spine density and faster rates of 190 kDa ankyrin-G turnover. This is the
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first demonstration that the 190 kDa ankyrin-G plays a role in homeostatic plasticity of dendritic

spines.

Introduction

Pyramidal neurons are the main excitatory cells in the neocortex and are critical for a
myriad of brain functions through the release of the neurotransmitter glutamate (Sekino, Kojima,
and Shirao 2007; Spruston 2008). Glutamatergic synapses occur mainly on dendritic spines,
mushroom-shaped protrusions on the dendrites characterized by the postsynaptic density (PSD).
The PSD consists of a number of critically important receptors, scaffolding and trafficking
proteins, and signaling pathways important for transmission of neuronal signals (Chen et al. 2011;
Chen et al. 2008). Dendritic spines are highly dynamic and have the capacity to undergo rapid
structural changes that affect spine shape, density, and function. Spine plasticity is important to
regulate synaptic efficacy and neuronal excitability. One form of plasticity known as “Hebbian
plasticity” includes long-term potentiation (LTP) and depression (LTD), which underlies synapse
strengthening and weakening, and is important for learning and memory (Andersen et al. 1977; Bi
and Poo 2001; Bliss and Collingridge 1993; Collingridge et al. 2010). Another mechanism of spine
plasticity, referred to as “homeostatic synaptic scaling”, is a compensatory form of plasticity by
which neurons continuously tune the PSD to maintain neuron firing following changes in upstream
input (Chowdhury and Hell 2018; Pozo and Goda 2010; Turrigiano 2008; Turrigiano and Nelson
2000). Homeostatic plasticity is achieved by upregulating (upscaling) or downregulating
(downscaling) the number of functional glutamatergic AMPA receptors at the PSD, which

corresponds with spine size (Chowdhury and Hell 2018). While synaptic scaling is a well-
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established phenomenon, the molecular mechanisms that underlie this process in response to
changes in neuronal activity are not completely understood.

Abnormalities in glutamatergic synapses and dendritic spines have been associated with
multiple neuropsychiatric disorders including schizophrenia, bipolar disorder (BD), intellectual
disability (ID), and autism spectrum disorder (ASD) (Garey et al. 1998; Glantz and Lewis 2000;
Konopaske et al. 2014; Nimchinsky, Sabatini, and Svoboda 2002). Further, genetic studies
revealed that a number of genes involved in PSD maintenance and spine plasticity are linked to
neuropsychiatric disease etiology (Hall et al. 2015; Hamdan, Gauthier, Araki, Lin, Yoshizawa,
Higashi, Park, Spiegelman, Dobrzeniecka, Piton, Tomitori, Daoud, Massicotte, Henrion, Diallo,
Group, et al. 2011; Kirov et al. 2012; Sanders et al. 2015). Identifying the role of these implicated
genes and key substrates in spine organization, function, and plasticity may significantly advance
our understanding of neuropsychiatric disease pathophysiology and reveal new molecular targets
for investigation.

The ANK3 gene, which encodes the protein ankyrin-G, is associated with multiple
neuropsychiatric diseases including BD (Ferreira et al. 2008; Harrison, Geddes, and Tunbridge
2018; Hatzimanolis et al. 2012; Leussis, Madison, and Petryshen 2012; Schulze et al. 2009; Stahl
et al. 2019), schizophrenia (Wirgenes et al. 2014), epilepsy (Lopez et al. 2017), ID (Igbal et al.
2013), and autism (Kloth et al. 2017). However, the mechanisms by which disease-causing
mutations in ANK3 affect protein function and/or expression and contribute to disease
pathophysiology remain unknown. Alternative splicing of ANK3 gives rise to three main classes
of ankyrin-G isoforms — the canonical 190 kDa isoform, and a 270 kDa and giant 480 kDa isoform
that utilize part or all of a giant, 7.8 kb exon (Bennett and Lorenzo 2013; Kordeli, Lambert, and

Bennett 1995; Nelson and Jenkins 2017). These different splice variants of ankyrin-G display
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distinct tissue-specific expression patterns and unique cellular functions. The 480 kDa ankyrin-G
organizes the axon initial segment (AIS) and nodes of Ranvier by localizing voltage-gated sodium
and KCNQ2/3 potassium channels, the cell adhesion molecule neurofascin-186, and the
cytoskeletal protein BIV-spectrin (Jenkins et al. 2015). The 480 kDa ankyrin-G also stabilizes
GABAergic synapses on the AIS and somatodendritic domain of cortical and hippocampal
pyramidal neurons by inhibiting the endocytosis of GABAAx receptors (Nelson et al. 2018; Tseng
et al. 2015). The 270 kDa isoform is suggested play a role in oligodendrocyte function and the
enrichment of myelin sheaths surrounding the nodes of Ranvier (Chang et al. 2014). The canonical
190 kDa isoform of ankyrin-G is found in most cell types and tissues throughout the body, and
plays a central role in the localization of key signaling proteins to the cardiac intercalated disc and
transverse tubule (Cunha and Mohler 2006; Lowe et al. 2008; Makara et al. 2014; Mohler et al.
2004), epithelial lateral membrane (Bennett and Healy 2009; He, Abdi, and Bennett 2014; Jenkins,
He, and Bennett 2015; Kizhatil et al. 2007), and photoreceptor outer segment (Kizhatil et al. 2009).

Recent work by Smith et al. identified a neuronal role for the 190 kDa ankyrin-G in
dendritic spine morphology and function (Smith et al. 2014). Specifically, the 190 kDa ankyrin-G
is localized to distinct nanodomains within the spine head and neck (Smith et al. 2014).
Knockdown of 190 kDa ankyrin-G in cultured cortical neurons resulted in fewer spines, reductions
in spine size, and smaller miniature postsynaptic current (mEPSC) amplitude (Smith et al. 2014).
In contrast, overexpression of 190 kDa ankyrin-G resulted in increased spine density, greater spine
size, and larger mEPSC amplitude (Smith et al. 2014). While these findings demonstrate that the
190 kDa ankyrin-G plays a role in AMPA receptor-mediated synaptic transmission and spine
morphology, how the 190 kDa ankyrin-G regulates spine density, morphology, and function in

response to changes in neuronal activity has yet to be explored.
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Previous work from our lab evaluated a mouse model expressing a W1989R mutation
within the giant exon of ankyrin-G that abolishes the interaction between ankyrin-G and the
GABAA receptor-associated protein (GABARAP) (Nelson et al. 2018). The Ank3 W1989R variant
is found within a family with BD suggesting this variant may be important to understand
pathological changes of brain diseases involving altered inhibitory circuitry (Nelson et al. 2018).
Ank3 W1989R mice demonstrated a striking reduction in GABAergic synapses on the AIS and
somatodendritic domain of layer II/IIl and CA1 hippocampal pyramidal neurons (Nelson et al.
2018). The loss of inhibitory input led to neuron hyperexcitability, shifting the balance between
excitatory and inhibitory signaling (Nelson et al. 2018). Interestingly, Ank3 W1989R mice show
reduced expression of the 190 kDa ankyrin-G, with no change in 270 or 480 kDa isoforms in the
cortex and hippocampus, as well as reduced dendritic spine density (Nelson et al. 2018). The
W1989R mutation is specific to the giant exon, only included in the 270 kDa and 480 kDa splice
variants, which suggests that the observed decrease in 190 kDa ankyrin-G expression may be a
compensatory effect in an attempt to maintain excitatory/inhibitory balance by reducing dendritic
spine density and function. We hypothesized that activity-dependent modulation of 190 kDa
ankyrin-G regulates dendritic spine density and AMPA receptor-mediated transmission and this
may be a novel intrinsic mechanism to maintain neuronal homeostasis and network balance.

Here, we investigated the role of 190 kDa ankyrin-G in homeostatic synaptic scaling in
both the 4nk3 W1989R mouse model and in response to alterations in neuronal activity in wild-
type (WT) neurons. We initially found the reduction in 190 kDa ankyrin-G expression in Ank3
W1989R mouse brains occurs in synaptosomes, suggesting that the loss of 190 kDa occurs in the
synapse. We demonstrated that rescue with 190 kDa ankyrin-G in Ank3 W1989R neurons partially

restored dendritic spine density, supporting a cell-autonomous role for 190 kDa ankyrin-G in
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regulating spine density. The 190 kDa ankyrin-G expression is reduced in 4nk3 W1989R at the
developmental time point when GABAergic synapses reach functional maturity, indicating
compensatory regulation of 190 kDa ankyrin-G to maintain neuron excitability. Pharmacological
manipulation of neuronal activity in WT neurons with tetrodotoxin (TTX) (promotes upscaling)
and bicuculline (promotes downscaling) had no effect on ankyrin-G protein expression or mRNA
levels; however, depolarization-induced downregulation of dendritic spine density with KCI
(Evans et al. 2013) corresponded with reduced 190 kDa ankyrin-G expression. These findings are
the first demonstration of ankyrin-G-dependent regulation of homeostatic plasticity following
changes in neuronal activity and may provide insight into mechanisms of neuropsychiatric

diseases.

Results
190 kDa ankyrin-G is expression is reduced in synaptosomes of Ank3 W1989R mice
Pyramidal neurons in layer II/III somatosensory cortex and CA1l hippocampus of Ank3
W1989R mice are hyperexcitable due to the loss of GABAergic synapse innervation on the soma
and AIS (Nelson et al. 2018). GABAergic deficits have been reported to result in pathological
hyperexcitability (Butt et al. 2008; Kitamura et al. 2002); however, in an attempt to reduce
excitability and return to homeostasis, neurons remove AMPA receptors from the PSD and reduce
spine density (O'Brien et al. 1998; Turrigiano 2011). Further, the 190 kDa ankyrin-G has been
proposed to play a role in dendritic spine density and AMPA receptor-mediated transmission
(Smith et al. 2014). Previous studies showed a reduction in dendritic spine density in hippocampal
neurons in Ank3 W1989R mice (Nelson et al. 2018). Further, cortical and hippocampal lysates

from Ank3 W1989R mice showed a 50% reduction in expression of 190 kDa ankyrin-G, with no
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change in the 270- or 480- kDa ankyrin-G (Fig. 3.1a and c) (Nelson et al. 2018). To evaluate
whether the 190 kDa ankyrin-G is reduced in the synapse, we isolated synaptosomes from WT and
Ank3 W1989R mice. Western blot analysis revealed a 50% reduction in 190 kDa ankyrin-G in

synaptosomes from Ank3 W1989R mice versus WT mice (Fig. 3.1b and d). These data demonstrate
that the 190 kDa isoform of ankyrin-G is localized to synaptosomes, consistent with its reported
function in dendritic spines (Smith et al. 2014). In addition, the magnitude of reduction in 190 kDa
ankyrin-G protein levels in Ank3 W1989R synaptosomes is similar to the expression changes in
cortical and hippocampal lysates, which suggests that the loss of 190 kDa ankyrin-G observed in

Ank3 W1989R mice is occurring, at least in part, within the synapse.

Re-expression of 190 kDa ankyrin-G partially rescues dendritic spine density in Ank3
W1989R neurons

To determine whether reduced 190 kDa ankyrin-G expression observed in Ank3 W1989R
synaptosomes is a homeostatic mechanism to decrease dendritic spine density, we transiently
transfected 190 kDa ankyrin-G-GFP into Ank3 W1989R cultured hippocampal neurons and
compared spine density versus WT and 4nk3 W1989R neurons filled with soluble GFP. 4Ank3
W1989R neurons showed a 65% reduction in dendritic spine density versus WT neurons (Fig. 3.2a
and b). Rescue with 190 kDa ankyrin-G-GFP partially restored dendritic spine density in Ank3
W1989R neurons (Fig. 3.2a and b). These findings demonstrate that the 190 kDa ankyrin-G plays
arole in dendritic spine density and suggests the 190 kDa ankyrin-G is being modulated to decrease

neuronal excitability to homeostasis.

96



A Hippocampal B Hippocampal
Lysates Synaptosomes

WT W1989R WT W1989R

480- 480-
270- 270-
190- 190-

IB: Ankyrin-G

50- IB: a-tubulin _' | 1B: i
IB: PSD-95 95-- IB: PSD-95

IB: BIV-spectrin  25(0- IB: BIV-spectrin

IB: Ankyrin-G

O
O

ns ns *k *
—~ 1 11 1 1
oE o 0 O 2
x X~ =~ < ¢
C“_ C C C
<'5 < < <9
© c @© © T O
0O o o A ()] D"é’_
o
R ® N & S S
VL\I_/ N ~— —
0

1 | 0 0
0 WT W1989R ~ WT W1989R ~ WT W1989R WT W1989R

Figure 3.1: 190 kDa ankyrin-G expression is reduced in synaptosomes of Ank3 W1989R hippocampal lysates. (a) Western
blot analysis from hippocampal lysates of P30 WT (left) and Ank3 W1989R homozygous (right) mice. Blots were probed with
antibodies to total ankyrin-G and o-tubulin, PSD-95, and BIV-spectrin. (b) Western blot analysis from synaptosome lysates of P30
WT (left) and Ank3 W1989R homozygous (right) mice. Blots were probed with antibodies to total ankyrin-G, PSD-95, BIV-spectrin,
and o-tubulin. (¢) Quantification of (a) relative expression levels of 480 kDa ankyrin-G ¢-test P = 0.98 (WT: 1.0 £ 0.0, N=3;
WI989R: 0.99 + 0.1, N=3), 270 kDa ankyrin-G t-test P = 0.45 (WT: 1.0 + 0.0, N=3; W1989R: 0.94 + 0.1, N=3), and 190 kDa
ankyrin-G t-test **P = 0.0066 (WT: 1.0 + 0.0, N=3; W1989R: 0.68 + 0.1, N=3). Data normalized to WT controls. (d) Quantification
of (b) relative expression levels of 190 kDa ankyrin-G from synaptosomes. ¢-test **P =0.012 (WT: 1 + 0.0, N=3; W1989R: 0.47 +
0.12, N=3). Data normalized to WT controls. Data shown as mean + SEM.
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Figure 3.2: Dendritic spine density is partially rescued in Ank3 W1989R cultured hippocampal neurons by 190 kDa
ankyrin-G. (a) Representative images of dissociated cultured hippocampal neurons at 21 DIV from WT (top) and 4nk3 W1989R
homozygous mice (middle/bottom). Neurons filled with soluble GFP or 190 kDa ankyrin-G shown in green and mCherry shown
in red. High magnification images (right) of orange rectangles from mCherry-filled images. Scale bar: 20 um. (b) Quantification
of the total number of dendritic spines per 100 um per neuron. One-way ANOVA, Tukey’s multiple comparisons test ****P <
0.0001, ***P = 0.0001, **P = 0.0014 (WT: 62.39 + 3.5, N=3, n=20; WI1989R: 27.21 + 1.7, N=3, n=22; WI1989R + 190 kDa
ankyrin-G-GFP: 42.99 + 3.0 N=3, n=13). Data shown as mean + SEM.
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Ank3 W1989R mice have reduced transcription and palmitoylation of 190 kDa ankyrin-G

Decreased 190 kDa ankyrin-G expression observed in the Ank3 W1989R mice could be
due to changes in gene expression, changes in translation, or post-translational modifications to
the protein. Gene products that play a role in synaptic plasticity can be controlled through activity-
dependent transcriptional regulation (Ibata, Sun, and Turrigiano 2008; Mao et al. 2018). In fact, a
number of molecules involved in homeostatic synaptic scaling display altered expression patterns
upon increased neuronal activity (Mao et al. 2018). Chronic excitability of Ank3 W1989R neurons
could lead to reduced 190 kDa ankyrin-G expression by modulating transcription of 190 kDa
ankyrin-G mRNA. To test this, total RNA was extracted from the hippocampus of P30 WT and
Ank3 W1989R mice and qRT-PCR was performed on the three main splice variants of ankyrin-G
as well as GAPDH as a loading control. The expression of the 190 kDa 4nk3 mRNA levels was
decreased approximately 50% in Ank3 W1989R mice compared to WT mice, whereas there was
no change in the expression levels of the 270- and 480 kDa ankyrin-G isoforms (Fig. 3.3a). This
is consistent with the previous findings of 50% reduction on 190 kDa ankyrin-G protein in Ank3
WI1989R cortical and hippocampal lysates and synaptosomes, suggesting a possible role for
transcriptional regulation of activity-dependent expression of 190 kDa Ank3 mRNA in response
to neuronal hyperexcitability.

Post-translational modifications of the 190 kDa ankyrin-G could provide an additional
level of regulation of spine density and function. Palmitoylation is a common mechanism for
regulating a large number of synaptic proteins, including PSD-95 and AMPA receptors, by
promoting protein stability, trafficking, and localization to the PSD in an activity-dependent
manner (Fukata et al. 2015; Jeyifous et al. 2016; Kaur et al. 2016). Ankyrin-G is membrane-

associated through S-palmitoylation, the reversible addition of a 16-carbon fatty acid palmitate, to
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the cysteine 70 residue (C70) within the ANK repeats domain (He, Abdi, and Bennett 2014; He,
Jenkins, and Bennett 2012). Further, mutation of the C70 residue to alanine prevents association
of 190 kDa ankyrin-G with the membrane and renders ankyrin-G completely non-functional in
epithelial cells and neurons (He, Jenkins, and Bennett 2012; Tseng et al. 2015). We evaluated
palmitoylation of 190 kDa ankyrin-G in 4nk3 W1989R mice using acyl resin-assisted capture
(acyl-RAC) (Fig. 3.3b). After normalizing to basal expression levels of 190 kDa ankyrin-G in the
starting material, we identified a ~65% reduction in palmitoylation of the remaining 190 kDa
ankyrin-G in Ank3 W1989R mice compared to WT (Fig. 3.3c). S-palmitoylation of ankyrin-G is
necessary for its targeting and function to the membrane and domain biogenesis. Removal of the
palmitate from ankyrin-G in 4nk3 W1989R neurons would be expected to dissociate ankyrin-G
from the membrane and potentially degraded to reduce spine size and density. Taken together,
these findings suggest ankyrin-G may be regulated at multiple levels, including gene expression
changes and post-translational modifications, to regulate dendritic spines in response to changes

in neuronal excitability.

Reduced 190 kDa ankyrin-G expression corresponds with GABAergic synapse development

Our data demonstrate a reduction in 190 kDa ankyrin-G in synaptosomes of P30 Ank3
W1989R mice (Fig. 1b and d). These changes may be compensatory to normalize neuronal activity
following the loss of inhibitory tone. GABAergic synapses being to develop between 3-8 DIV with
GABAA receptors first appearing at the postsynaptic membrane (Kato-Negishi et al. 2004). This
is followed by emergence of the pre-synaptic GABAergic marker GADss at 14 DIV and fully

functional GABAergic synapses at 21 DIV (Kato-Negishi et al. 2004; Swanwick et al. 2006).

100



>

AACt 480 Ank3

B

190-

50-

n.s.

AACt 270 Ank3

WT W1989R

WT W1989R

SM-HA +HA SM-HA +HA

L}

'
~u

IB: Ankyrin-G/ Flotillin

n.s.

WT W1989R

C

5

Q'/\
=E
ES 4]
o O
O 5
S X
s
o E
QO o
< £
S

— 0_

AACt 190 Ank3

WT W1989R

Palmitoylation

n.s.

WT W1989R

Figure 3.3. Decreased 190 Ank3 mRNA expression and palmitoylation levels in Ank3 W1989R mice. (a) qRT-PCR analysis
of P30 cortex showing relative transcripts levels of WT (black) and Ank3 W1989R (red) for 480 kDa ankyrin-G #-test P = 0.75
(WT: 1.023 £ 0.2, N=3; W1989R: 0.81 £ 0.6, N=3), 270 kDa ankyrin-G ¢-test P = 0.83 (WT: 1.008 + 0.1, N=3; W1989R: 0.87 +
0.6, N=3), 190 kDa ankyrin-G *P =0.03 (WT: 1.023 £ 0.2, N=3; W1989R: 0.39 + 0.1, N=3) after normalization to GAPDH as the
internal control. Data normalized to WT controls. Data shown as mean + SEM. (b) Western blot analysis of acyl rac of P30 WT
and Ank3 W1989R mice showing starting material (SM), -HA, and +HA samples. (¢) Quantification of (b) relative 190 kDa
ankyrin-G palmitoylation levels (+HA — (-HA))/(SM) and normalized to WT controls: t-test P=0.2 (WT: 1.0+ 0.4, N=3; W1989R:
0.39 + 0.2, N=3). Data shown as mean + SEM.
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Figure 3.4. 190 kDa ankyrin-G expression is reduced at time of GABAergic synapse maturity in Ank3 W1989R mice. (a)
Western blot analysis from cortical lysates of WT and 4Ank3 W1989R homozygous mice at P7, P14, and P21. Blots were probed
with antibodies against total ankyrin-G and a-tubulin. (b) Quantification of (a) relative expression levels of 480 kDa ankyrin-G at
P7: t-test P =0.44 (WT: 1.0 £ 0.4, N=3; W1989R: 0.56 + 0.3, N=3), P14: t-test P = 0.42 (WT: 1.0 + 0.1, N=3; WI989R: 1.11 +
0.1, N=3), and P21: ¢-fest P = 0.63 (WT: 1.0 = 1.2, N=3; W1989R: 1.2 + 0.2, N=3). Data normalized to WT controls at each age.
(¢) Quantification of (a) relative expression levels of 270 kDa ankyrin-G at P7: ¢-fest P =0.55 (WT: 1.0 £ 0.3, N=3; W1989R: 0.68
+ 0.4, N=3), P14: t-test P = 0.66 (WT: 1.0 + 1.3, N=3; W1989R: 1.0 + 0.4, N=3), and P21: t-test P = 0.23 (WT: 1.0 +£ 0.2, N=3;
W1989R: 1.5 £ 0.3, N=3). Data normalized to WT controls at each age. (d) Quantification of (a) relative expression levels of 190
kDa ankyrin-G at P7: t-test P = 0.6 (WT: 1.0 + 0.5, N=3; W1989R: 0.64 + 0.4, N=3), P14: t-test P = 0.25 (WT: 1.0 £ 0.2, N=3;
WI1989R: 0.73 + 0.1, N=3), and P21: t-test **P = 0.008 (WT: 1.0 £ 0.1, N=3; W1989R: 0.36 + 0.1, N=3). (e) Quantification of (a)
relative expression levels of 190 kDa ankyrin-G across development. Data normalized to P7 WT for each group. P7: t-test P = 0.6
(WT: 1.0 £ 0.5, N=3; W1989R: 0.6 + 0.4, N=3), P14: t-test P = 0.25 (WT: 3.8 £ 0.8, N=3; W1989R: 2.8 + 0.2, N=3), P21: t-test
**P =0.008 (WT: 6.3 £ 0.5, N=3; W1989R: 2.3 + 0.6, N=3). Data shown as mean + SEM.
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Figure 3.5. Ank3 W1989R mice demonstrate decreased 190 kDa ankyrin-G expression in cortex and cerebellum. (a)
Western blot analysis from cortical lysates of P30 WT (left) and 4nk3 W1989R homozygous (right) mice. Blots were probed with
antibodies against total ankyrin-G and a-tubulin. (b) Quantification of (a) relative expression levels of cortical 480 kDa ankyrin-
G t-test P =0.92 (WT: 1.0 = 0.6, N=3; W1989R: 1.07 + 0.2, N=3), 270 kDa ankyrin-G #-test P = 0.17 (WT: 1.0 + 0.1, N=3;
WI1989R: 0.80 + 0.2, N=3), and 190 kDa ankyrin-G ¢-test **P = 0.0026 (WT: 1.0 + 0.8 N=3; W1989R: 0.46 + 0.02, N=3). Data
normalized to WT controls. (¢) Western blot analysis from cerebellum lysates of P30 WT (left) and 4nk3 W1989R homozygous
(right) mice. Blots were probed with antibodies against total ankyrin-G and a-tubulin. (d) Quantification of (a) relative expression
levels of cerebellar 480 kDa ankyrin-G #-test P = 0.16 (WT: 1.0 £ 0.2, N=3; W1989R: 1.46 + 0.03, N=3), 270 kDa ankyrin-G ¢-
test P=0.62 (WT: 1.0 + 0.4, N=3; W1989R: 1.29 + 0.4, N=3), and 190 kDa ankyrin-G #-test **P = 0.0026 (WT: 1.0 + 0.2, N=3;
W1989R: 0.49 + 0.04, N=3). Data normalized to WT controls. Data shown as mean + SEM.
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The number of functional synapses increases gradually from 7 DIV to 14 DIV and becomes mature
at 21 DIV in cultured cortical and hippocampal neurons (Kato-Negishi et al. 2004; Swanwick et
al. 2006) and in vivo at P21 in mice (Insel 2010). If reduction in 190 kDa ankyrin-G expression
was in response to decreased GABAergic synaptic function, one would expect that 190 kDa
ankyrin-G would be normal in Ank3 W1989R mice prior to formation of fully functional
GABAergic synapses, then reduced at P21 to adapt for hyperexcitability. To test this, we evaluated
ankyrin-G expression levels in the cortical lysates at P7, P14, and P21 in Ank3 W1989R mice
versus WT. Western blot analysis revealed no change in the 270- or 480- kDa ankyrin-G in Ank3
W1989R versus WT mice all tested developmental ages (Fig. 3.4a, b, and C). Levels of 190 kDa
ankyrin-G are similar between Ank3 WI1989R and WT mice at P7 and P14; however, the
expression of 190 kDa ankyrin-G is significantly reduced by P21 in Ank3 W1989R mice (Fig.
3.4a, d, and e). These data demonstrate 190 kDa ankyrin-G protein levels are similar in Ank3
W1989R mice compared to WT controls early in development; however, consistent with an
attempt at homeostatic plasticity, 190 kDa ankyrin-G protein levels are significantly reduced at

P21, at the time when GABAergic synapses are reaching maturity.

Expression of 190 kDa ankyrin-G is reduced in multiple brain regions of Ank3 W1989R mice

Previous work demonstrated the loss of GABAergic synapse connectivity and function in
layer II/III somatosensory cortex and CA1l hippocampus leading to pyramidal -cell
hyperexcitability (Nelson et al. 2018). In contrast, 480 kDa ankyrin-G-dependent pinceau synapses
at the AIS and somatodendritic GABA synapses on Purkinje neurons in the cerebellum as well as
GABAergic synapses onto thalamic neurons are unaffected in 4nk3 W1989R mice (Nelson et al.

2018). We hypothesize that the changes in expression of 190 kDa ankyrin-G modulates spine
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density and function to compensate for hyperexcitability caused by the lack of GABAergic
synapses. Since GABAergic synapses are maintained in the cerebellum of 4nk3 W1989R mice,
we expected expression of 190 kDa ankyrin-G would be unchanged. Surprisingly, western blot
analysis of Ank3 W1989R cerebellum lysates demonstrated a 50% reduction in expression of 190
kDa ankyrin-G compared to WT cerebellum lysates, but no change in the 270- or 480- kDa
ankyrin-G isoforms (Fig. 3.5¢ and d). These changes in 190 kDa ankyrin-G expression in the
cerebellum of 4nk3 W1989R mice are consistent with changes identified in the cortex (Fig. 3.5a
and b) and hippocampus (Fig. 3.1a and b). These findings indicate that there may be altered
neuronal excitability and changes in 190 kDa ankyrin-G expression in brain regions outside the
forebrain in Ank3 W1989R mice, such as the cerebellum, perhaps due to functional and spatial

interactions between the hippocampus and the cerebellum (Yu and Krook-Magnuson 2015).

Pharmacological induction of homeostatic scaling with bicuculline and TTX did not affect
190 kDa ankyrin-G expression in WT neurons

Our data demonstrate that 190 kDa ankyrin-G regulates dendritic spine density and mEPSC
amplitude likely to compensate for hyperexcitability in Ank3 WI1989R neurons that exhibit
reduced inhibitory tone (Fig. 3.2a and b) (Nelson et al. 2018). We hypothesized that 190 kDa
ankyrin-G modulates spine density and function through homeostatic synaptic scaling. Multiple
studies have mimicked homeostatic AMPA receptor upscaling in cultured neurons by treating with

TTX, which blocks voltage-gated sodium channels and decreases neuronal activity,
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Figure 3.6. Acute pharmacological manipulation of neuron excitability with TTX and bicuculline had no effect on ankyrin-
G expression in WT cultured neurons. (a) Western blot analysis of cultured WT hippocampal neurons at 21 DIV treated with
vehicle (ddH,0) (left), 1 uM TTX (middle), or 40 uM bicuculline (right) for 48hrs. Blots were probed with antibodies against total
ankyrin-G and o-tubulin. (b) Quantification of (a) relative expression levels of 480 kDa ankyrin-G #-test P = 0.51 (vehicle: 1.0 +
0.2, n=3; TTX: 0.8 £ 0.1, n=3), P = 0.52 (vehicle: 1.0 + 0.3, n=3; bicuculline: 1.2 £ 0.2, n=3), 270 kDa ankyrin-G t-test P = 0.29
(vehicle: 1.0 £ 0.1, n=3; TTX: 0.85+ 0.01, n=3), P =0.12 (vehicle: 1.0 + 0.1, n=3; bicuculline: 2.0 + 0.5, n=3), and 190 kDa ankyrin-
G t-test P =0.47 (vehicle: 1.0 £ 0.1, n=3; TTX: 0.91 £ 0.1, n=3), P = 0.95 (vehicle: 1.0 + 0.1, n=3; bicuculline: 0.98 £ 0.2, n=3).
Data normalized to WT controls. Data shown as mean + SEM.
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Figure 3.7: Homeostatic scaling with TTX and bicuculline did not affect Ank3 mRNA expression levels in WT cultured
neurons. (a) Representative images of dissociated hippocampal neurons at 21 DIV from WT mice treated with vehicle
(ddH,O) (top), 1 pM TTX (middle), or 40 uM bicuculline (bottom) every 5 days for 18 days. Surface GluA1-N is shown in
green and MAP?2 is shown in white. Scale bar: 20 um. (b) Quantification of fluorescence intensity of surface GluAl per
neuron between vehicle and TTX: ¢-test **P = 0.004 (vehicle: 12.27 + 1.4, n=9; TTX: 19.64 = 1.7, n=10) and vehicle and
bicuculline: #-test *P = 0.049 (vehicle: 12.27 £+ 1.4, n=9; bicuculline: 8.83 + 0.9, n=10) (¢) qRT-PCR analysis of 21 DIV
cultured hippocampal neurons from WT mice treated with vehicle (ddH,O) (black), 1 uM TTX (red), or 40 uM bicuculline
(blue) every 5 days for 18 days showing relative transcripts levels for 480 kDa ankyrin-G ¢-test P = 0.92 (vehicle: 1.52 + 0.5,
n=8, N=3; TTX: 1.59 + 0.5, n=9, N=3), P = 0.3 (vehicle: 1.52, n=8, N=3; bicuculline: 2.79 + 1.1, n=8, N=3), 270 kDa
ankyrin-G #-test P = 0.3 (vehicle: 1.06 + 0.1, n=9, N=3; TTX: 0.79 £ 0.2, n=9, N=3), P = 0.99 (vehicle: 1.06 n=9, N=3;
bicuculline: 1.06 + 0.3, n=8, N=3), 190 kDa ankyrin-G #-fest P = 0.2 (vehicle: 1.13 + 0.2, n=9, N=3; TTX: 1.64 + 0.3, n=9,
N=3), P=0.53 (vehicle: 1.13 + 0.2, n=9, N=3; bicuculline: 1.34 &+ 0.2, n=9, N=3). Data normalized to GAPDH as the internal
control. Data shown as mean + SEM.
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Figure 3.8. Chronic neuron depolarization with KCl leads fewer PSD-95 puncta and reduced 190 kDa ankyrin-G expression.
(a) Representative images of dissociated hippocampal neurons at 21 DIV from WT mice treated with 10 mM NaCl (top) or 10 mM
KCl (bottom) for 48 hrs. Immunostaining for PSD-95 (green), total ankyrin-G (red) and MAP2 (white). Scale bar: 20 pm. (b)
Quantification of PSD-95 puncta intensity per neuron. #-test **P = 0.0013 (NaCl: 42.33 + 3.17, n=10; KCI: 28.58 + 1.8, n=10). (c)
Western blot analysis of cultured hippocampal lysates at 21 DIV with no treatment (NT) or treated with vehicle (V) (ddH,O) +
cycloheximide (CHX) or KCl + CHX at 24 or 48 hrs. (d) Quantification of (c) relative expression levels of 190 kDa ankyrin-G at 24
hrs t-test *P = 0.03 (vehicle + CHX: 1.1 £ 0.1, n=3; KCl + CHX: 0.64 + 0.14, n=3); 48hrs t-test P = 0.08 (vehicle + CHX: 0.62 + 0.1,
n=3; KCl + CHX: 0.47 £+ 0.03, n=3). (e) Quantification of (c) relative expression levels of PSD-95 at 24 hrs ¢-test *P = 0.03 (vehicle
+ CHX: 1.1 £ 0.1, n=3; KCI + CHX: 0.87 + 0.1, n=3); 48hrs ¢-test P = 0.7 (vehicle + CHX: 0.55 £ 0.1, n=3; KCl + CHX: 0.5 £ 0.1,
n=3). Data normalized to NT controls. Data shown as mean + SEM.
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or bicuculline, which is a GABAA receptor antagonist that increases neuronal excitability
(Rabinowitch and Segev 2008; Turrigiano et al. 1998; Wierenga, Ibata, and Turrigiano 2005). TTX
induces scaling-up by increasing surface localization of functional GluAl-containing AMPA
receptors and spine size, whereas stimulating activity with bicuculline leads to downscaling
(Gainey et al. 2009; Turrigiano et al. 1998). To determine if 190 kDa ankyrin-G plays a role in
homeostatic synaptic scaling, we treated WT cultured hippocampal neurons at 21 DIV with
vehicle, | uM TTX, or 40 uM bicuculline for 48 hrs. Given the proposed role of ankyrin-G in
regulation of spine size and density, we expected synapse upscaling with TTX would result in
elevated 190 kDa ankyrin-G expression after 48 hr treatment and downscaling with bicuculline
would have the opposite effect and downregulate 190 kDa ankyrin-G. However, western blot
analysis revealed no change 190 kDa ankyrin-G expression following TTX or bicuculline
treatment compared to vehicle controls (Fig. 3.6a and b). In addition, there was no change in
expression of the 270- or 480- kDa isoforms (Fig. 3.6a and b), suggesting manipulating neuronal
activity with TTX or bicuculline does not affect expression any of the ankyrin-G splice variants
after 48 hr treatment. However, additional studies need to be conducted to evaluate scaling of
AMPA receptors simultaneously with ankyrin-G protein levels following 48 hrs treatment.

To directly assess whether long-term homeostatic scaling of AMPA receptors was
regulated by ankyrin-G, we treated cultured WT hippocampal neurons with vehicle, 1 uM TTX,
or 40 uM bicuculline every 5 days for 18 days until 21 DIV. We initially examined surface GluA1
levels and found TTX treated neurons exhibited greater GluA1 surface levels when compared to
vehicle treated neurons, whereas bicuculline treated neurons exhibited lower GluAl levels (Fig.
3.7aand b). In contrast to GluA1 surface levels, 190 kDa Ank3 mRNA levels were not significantly

changed following long-term TTX or bicuculline treatment versus vehicle as well as no change in
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the expression levels of the 270- and 480 kDa Ank3 isoforms (Fig. 3.7c). These data suggest
pharmacological induction of homeostatic scaling in WT neurons does not affect Ank3 mRNA
expression; however, follow-up experiments should be performed to evaluate changes in ankyrin-
G protein expression under these conditions. Thus, 190 kDa ankyrin-G may play an important role
in dendritic spine density and function, but perhaps not continuous tuning of AMPA receptor-

mediated plasticity following changes in neuronal activity.

Depolarization-induced neuronal activity reduced spine density and 190 kDa ankyrin-G
turnover

We next wanted to determine whether other forms of manipulating intrinsic excitability,
such as chronic depolarization, affected overall spine density and 190 kDa ankyrin-G expression.
Chronic depolarization by KCI has been reported to cause activity-dependent reductions in
dendritic spine density (Evans et al. 2013). We treated WT cultured hippocampal neurons with 10
mM KCl and, consistent with previous reports, found a ~30% reduction in PSD-95 fluorescence
intensity as compared to neurons treated with 10 mM NaCl (Fig. 3.8a and b) (Evans et al. 2013).
To directly examine 190 kDa ankyrin-G protein turnover following depletion of dendritic spines,
we treated WT cultured rat hippocampal neurons at 21 DIV with 10 mM KCI and 100 pg/ml
cycloheximide (CHX), a protein synthesis inhibitor, for 48 hrs. Western blot showed the levels of
190 kDa ankyrin-G were reduced ~50% after 24 hrs KCIl + CHX treatment compared to vehicle +
CHX treated neurons (Fig. 3.8c and d). The increase in 190 kDa ankyrin-G turnover corresponded
with a reduction in PSD-95 expression at 24 hrs (Fig. 8c and e). After 48hrs, expression levels of
190 kDa ankyrin-G and PSD-95 in vehicle + CHX treated neurons equaled protein levels of KCI

+ CHX. This is likely because the cultures contain non-neuronal cells such as astrocytes, which
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also express 190 kDa ankyrin-G or due to labile pools of 190 kDa ankyrin-G within the neuron.
These data demonstrate that a non-synaptic approach of elevated intrinsic neuron activity with KCI
increases the rate of 190 kDa ankyrin-G and PSD-95 turnover in cultured WT hippocampal
neurons. These findings are consistent with our hypothesis that 190 kDa ankyrin-G is being
degraded at a greater rate following sustained depolarization with KCI treatment to reduced

dendritic spine density and maintain homeostasis of neuronal excitability.

Discussion

Maintaining the balance between excitation and inhibition is critical for normal function of
neuronal networks. This balance is maintained by modulating intrinsic neuron excitability,
synaptic strength, and synapse connectivity. Homeostatic synaptic plasticity mechanisms have
been shown to stabilize neuron firing rates through a negative feedback response to compensate
for changes in neuronal activity (Chowdhury and Hell 2018; Turrigiano and Nelson 2000). The
190 kDa ankyrin-G has been shown to be regulate spine morphology, density, and function (Smith
et al. 2014); however, the role of 190 kDa ankyrin-G in activity-dependent spine plasticity is not
completely understood. The Ank3 WI1989R mouse model exhibits cortical and hippocampal
pyramidal neuron hyperexcitability, decreased 190 kDa ankyrin-G expression, and fewer dendritic
spines (Nelson et al. 2018). In this study, we investigated the role of 190 kDa ankyrin-G in
homeostatic synaptic scaling to modulate dendritic spine density and function following changes
in neuronal activity. We provide evidence that Ank3 W1989R mice have reduced 190 kDa ankyrin-
G expression in hippocampal synaptosomes and re-expression of 190 kDa ankyrin-G partially
restored dendritic spine density in Ank3 W1989R cultured hippocampal neurons. Expression of

the 190 kDa ankyrin-G is reduced in Ank3 W1989R mice due to changes in transcription as well
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as less palmitoylation of the protein, presumably rendering it nonfunctional within the spines. We
identified no change in 190 kDa ankyrin-G protein or mRNA expression after pharmacologically
inducing homeostatic scaling in WT neurons using TTX and bicuculline after short term (48 hrs)
or long-term treatment (18 days). However, chronic depolarization of WT neurons with KCl
resulted in reduced spine density and increased rate of 190 kDa ankyrin-G turnover, suggesting
190 kDa ankyrin-G plays a critical role in regulating dendritic spine density following changes in
neuronal activity.

Our data showed re-expression of 190 kDa ankyrin- G in Ank3 W1989R mice restored
dendritic spine density, suggesting a mechanistic link between reduced 190 kDa ankyrin-G
expression and spine density in the Ank3 W1989R mouse model. These findings demonstrate the
190 kDa ankyrin-G may play a role in homeostatic synaptic scaling to maintain proper neuronal
firing. However, the big question that still remains is whether the change in 190 kDa ankyrin-G
expression and subsequently spine density normalizes neuron spiking frequency within
physiological range. The frequency of action potential (AP) firing is higher in cortical and
hippocampal pyramidal neurons from 4Ank3 W1989R mice compared to WT (Nelson et al. 2018).
In fact, the maximum firing rate per neuron is approximately two-fold greater in 4Ank3 W1989R
neurons (Nelson et al. 2018). Interestingly, Ank3 W1989R mice have no obvious behavioral
seizure activity (Nelson et al. 2018), perhaps because the neurons compensate for extreme
pathological excitability by reducing 190 kDa ankyrin-G expression, dendritic spine density and
mEPSC amplitude. Future studies should be conducted to evaluate the spiking property and
mEPSCs of Ank3 W1989R cortical and hippocampal neurons following re-expression of 190 kDa
ankyrin-G, which would be expected to return neuron firing rates to a “pre-homeostatic scaling

state”. This will allow us to determine the degree by which 190 kDa ankyrin-G scales dendritic
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spines and action potential firing frequency in an attempt to maintain homeostasis of neuronal
excitability.

Several synaptic components have been shown to regulate the number of AMPA-type
glutamate receptors in the PSD in homeostatic scaling. The majority of these molecules are
scaffolding proteins, kinases, and phosphatases that directly affect synapse function. These include
Arc, GRIP1, PICK 1, and PSD-95, as well as protein kinase A (PKA), Ca**/calmodulin-dependent
protein kinase I (CAMKII), and calcineurin (Anggono, Clem, and Huganir 2011; Kim et al. 2007;
Kim and Ziff 2014; Oh et al. 2006; Opazo et al. 2010; Shepherd et al. 2006; Tan, Queenan, and
Huganir 2015). Our results implicate the 190 kDa ankyrin-G as another regulator of dendritic
spines in the Ank3 W1989R model of hyperexcitability and following chronic depolarization with
KCl in WT neurons. Although many molecular mechanisms contribute to synaptic scaling, they
all appear to regulate either AMPA receptor trafficking or stabilization of the PSD. A major
question that remains is whether all of these components are simultaneously involved in AMPA
receptor scaling or whether these molecules operate at distinct phases of spine plasticity in
response to different timescales (chronic vs. acute) and intensities in neuronal activity. The latter
seems more plausible as some molecular components are involved in only the upscaling phase, the
downscaling phase, or both (Chowdhury and Hell 2018). The molecular mechanisms underlying
specificity of these molecular events on AMPA receptor plasticity is unclear. Our data show that
190 kDa ankyrin-G protein or mRNA does not respond to TTX or bicuculline treatment. However,
although this is a widely accepted method for inducing scaling in WT neurons, future studies need
to be performed to evaluate whether 48 hr treatment with TTX and bicuculline changes in AMPA
receptor surface localization in our own hands and if this corresponds with altered ankyrin-G

expression levels. Chronic depolarization of WT neurons with KCI resulted in a faster rate of 190
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kDa ankyrin-G turnover (~50% at 24 hrs) and subsequently reduced PSD-95 labeling within
spines. Furthermore, 190 kDa ankyrin-G expression is reduced in the Ank3 mouse model of
hyperexcitability, which correspond to changes in overall dendritic spine density. Taken together,
one possible explanation is that 190 kDa ankyrin-G plays a role in overall dendritic spine density,
rather than acute changes in AMPA receptor surface levels, under more intense and longer periods
of elevated excitability. Our data demonstrate that thel90 kDa ankyrin-G downscales dendritic
spines in Ank3 W1989R hyperexcitable neurons; however, the role of 190 kDa ankyrin-G in
synaptic upscaling of hypoexcitable neurons is unclear and should be tested in future studies.

Our data suggest that expression of 190 kDa ankyrin-G in Ank3 W1989R mice is possibly
due to reductions in 190 kDa Ank3 mRNA expression and/or palmitoylation levels of 190 kDa
ankyrin-G, which would presumably impact 190 kDa ankyrin-G localization within the spine. The
change in 190 kDa Ank3 mRNA expression is consistent with previous reports highlighting the
critical role of activity-dependent transcriptional and translational machineries involved in
homeostatic synaptic scaling. Specifically, studies have identified approximately 46 genes as
regulators of homeostatic up- and downscaling in hippocampal and cortical neurons (Mao et al.
2018). Further work is needed to is determine the mechanisms involved in 190 kDa Ank3 mRNA
expression changes following altered neuronal activity, such as histone modifications and
chromatin regulatory genes. We cannot rule out the possibility that the addition of loxP sites
flanking the neo cassette used to generate Ank3 W1989R mice affects alternative splicing of 190
kDa ankyrin-G. This may explain the decrease in 190 kDa ankyrin-G expression observed in all
brain regions, even in regions such as the cerebellum that showed no change in mIPSC frequency
or amplitude; however, this seems unlikely as we observed no change in levels of the giant 270-

and 480 kDa isoforms. While previous studies found no change in GABAergic synapse function
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on Purkinje neurons in the cerebellum (Nelson et al. 2018), the role of the 190 kDa ankyrin-G in
spine morphology, maintenance, and function has yet to be explored in these cells. In addition,
while previous studies showed no change in mIPSC frequency or amplitude (Nelson et al. 2018),
they did not evaluate intrinsic membrane properties or mEPSCs of Purkinje neurons in the
cerebellum or thalamic neurons. There is increasing recognition of crosstalk between the
hippocampus and cerebellum, in regards to structural connections as well as functional influence
from one region to the other (Yu and Krook-Magnuson 2015). It is possible that the changes in
inhibitory tone, action potential firing frequency, and dendritic spines observed in Ank3 W1989R
CAL1 hippocampal neurons affect excitability and ankyrin-G expression in the cerebellar Purkinje
neurons. Future work will be necessary to determine whether the reduction in 190 kDa ankyrin-G
expression is due to elevated excitability of Purkinje neurons. Overall, a number of
neurodevelopmental disorders have been linked to altered activity-regulated transcription of
multiple signaling proteins, indicating that these pathways are critical for cognitive development
and function (West and Greenberg 2011).

Activity-dependent palmitoylation regulates the localization and function of many synaptic
proteins, most notably PSD-95, SynDigl, GRIP1, and AMPA receptors (Fukata et al. 2015; Han
et al. 2015; Hayashi, Rumbaugh, and Huganir 2005; Kaur et al. 2016; Thomas et al. 2012),
consistent with reduced palmitoylation levels of 190 kDa ankyrin-G in Ank3 W1989R brain.
Changes in 190 kDa ankyrin-G palmitoylation would be expected to remove 190 ankyrin-G from
the membrane within the spine, causing decreased spine density and AMPA receptor function. S-
palmitoylation is controlled by palmitoyl acyl transferases (PATs), whereas palmitoyl
thioesterases catalyze the depalmitoylation of proteins. It would be expected that increased activity

of palmitoyl thioesterases in response to hyperexcitability in Ank3 W1989R neurons underlies the
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observed reduction in 190 kDa ankyrin-G palmitoylation levels. Future studies should investigate
the palmitoyl thioesterase activity in Ank3 W1989R neurons, most notably palmitoyl-protein
thioesterase-1 (PPT1), acyl-protein thioesterase-1 (APT1) and acyl-protein thioesterase-2 (APT2),
and the family of alpha beta hydrolase domain (ABHD) thioesterases, to determine the mechanism
of ankyrin-G removal from spine and the degree and time scale by which this occurs. Palmitate
turnover on PSD-95, for example, is regulated by neuronal activity (el-Husseini Ael and Bredt
2002; Yokoi et al. 2016). Therefore, additional studies should evaluate palmitoylation levels of
190 kDa ankyrin-G after KCIl compared to rates of ankyrin-G depalmitoylation with ankyrin-G
turnover at the spines. Understanding the dynamic turnover of ankyrin-G palmitoylation may
provide a key mechanism for rapidly changing synaptic strength. Since numerous proteins
involved in spine plasticity are regulated by palmitoylation and given that palmitoylation is
reversible, PATs and palmitoyl thioesterases could be potential therapeutic targets to restore
dendritic spine abnormalities observed in neurological and neuropsychiatric diseases (Penzes et al.
2011).

Previous reports showed the 190 kDa ankyrin-G contributes to LTP-induced spine
plasticity using a chemical LTP protocol that promotes rapid activation of NMDA receptors,
causing increased spine area and density (Smith et al. 2014). Thus, it is possible that 190 kDa
ankyrin-G plays a role in Hebbian plasticity (LTP/LTD), which drives positive feedback processes
such as strengthening/weakening of spines, and homeostatic scaling, which is a negative feedback
response to maintain homeostatic neuronal activity. The relationship between homeostatic
plasticity versus Hebbian plasticity is poorly understood. The effect of LTP on ankyrin-G may be
secondary to ankyrin’s role in homeostatic scaling or these may be two independent processes.

Additional studies will be necessary to tease this apart. Homeostatic adaptation for changes in
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neuronal excitability is required to maintain neuronal output in a proper range, but homeostatic
scaling must be accomplished without erasing information encoded by Hebbian signaling (Davis
and Bezprozvanny, 2001; Turrigiano and Nelson, 2004).

In summary, our findings suggest the 190 kDa ankyrin-G controls dendritic spine density
in a homeostatic manner. Mutations in ANK3 have been associated with numerous
neuropsychiatric and neurological disorders. A better understanding ankyrin-G’s function and
regulated expression in different neuronal domains, such as dendritic spines, may provide insight

to molecular mechanisms of disease.

Materials and Methods

Generation of WI98IR Mouse Model: A knock-in mouse was generated by inserting the
tryptophan to arginine mutation corresponding to human W1989R within the neuronal-specific
giant exon of the mouse Ank3 gene, which corresponds to exon 37 of human ANK3,
ENST00000280772 as previously described (Nelson et al. 2018). Mutant mice were backcrossed
for at least six generations to C57BL6/J mice from the Jackson Laboratory and were compared to
C57BL/6J mice as WT controls. All mouse production was provided by the Duke Cancer Institute
Transgenic Mouse Facility. All experiments were performed in accordance with the guidelines for
animal care of the Institutional Animal Care and Use Committee (IACUC) and University

Laboratory Animal Management (ULAM) at the University of Michigan.

Neuronal Culture and Transfection: Hippocampi were dissected from postnatal day 0 (P0) mice,

treated with 0.25% trypsin and 100 pg/ml DNase in 2 mL HBSS with 10 mM HEPES, and then
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gently triturated through a glass pipette with a fire-polished tip. The dissociated neurons were then
plated on poly-D-lysine and laminin-coated 35 mm MatTek dishes in 0.5 mL of Neurobasal-A
medium containing 10% (vol/vol) FBS, B27 supplement, 2 mM glutamine, and
penicillin/streptomycin. On the following day, 2.5 mL of fresh Neurobasal-A medium containing
1% FBS, B27, glutamine, and penicillin/streptomycin was added to the dish. AraC was added at
1:1000 to protect against glial and fibroblast overgrowth. Plates were returned to incubation at
37°C until experimentation. Dissociated hippocampal cultures were transfected with soluble
eGFPNI1 or 190 kDa ankyrin-G-GFP and empty pLentilox 3.7-mCherry. 1 pg of DNA total (500
ng/plasmid) was added to 100 pl of Neurobasal-A and, in a second tube, 3 ul of Lipofectamine
2000 was added to 100 pL of Neurobasal-A. The two tubes were mixed and incubated for 15 min
at room temperature. The neuronal growth media was then aspirated from the dishes and saved,
the transfection was added dropwise to 14 DIV neurons, and the transfected cells were incubated
at 37°C for 1 hr. The transfection mixture was aspirated and the original neuronal growth media
was added. The cells were maintained in culture until 21 DIV and fixed for immunofluorescence

as described below.

Immunofluorescence of Cultured Neurons: Dissociated hippocampal neurons were fixed for 15
min at room temperature with 4% paraformaldehyde, followed by methanol for 10 min at -20°C,
and blocked with blocking buffer (5% BSA, 0.2% Tween 20 in PBS). Primary antibodies were
diluted in blocking buffer and incubated at 4°C overnight. The following day, cells were washed
3 x 15 min with PBS containing 0.2% Tween 20, incubated with secondary antibodies diluted in
blocking buffer for 1 hour at room temperature, washed 3 x 15 min, and mounted with Prolong

Gold. Soluble eGFP was used as a control in WT and Ank3 W1989R neurons to evaluate spine
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density versus Ank3 W1989R neurons rescued with 190 kDa ankyrin-G GFP. Dendritic spine
density was quantified under each condition using the mCherry cell fill. To label surface AMPA
receptors containing GluAl subunits, 2.5 pg of GluA1-N primary antibody was added to the
growth media (2.5 mLs) and incubated at 4°C for 30 min. Neurons were washed 1x with 4°C
growth media to remove unbound, excess antibody. Neurons were then fixed in 4%
paraformaldehyde, 4% sucrose containing PBS solution for 20 min at 4°C and permeabilized with
0.2% Triton X-100 in PBS for 10 min at RT. Cells were blocked for 1 hr at room temperature in
10% normal goat serum. Primary antibodies (total ankyrin-G and MAP2) were diluted in blocking
buffer and incubated overnight at 4°C. Neurons were then washed, incubated in secondary
antibodies, washed again, and mounted as described above. Surface GluA1l levels were quantified
by tracing MAP2-labeled dendrites of individual neurons and measured at a set intensity threshold

using ImageJ software. Background noise was subtracted from mean intensity.

Confocal Microscopy: Samples were imaged on a Zeiss LSM 880 with a 63X NA1.4 Oil/DIC
Plan-Apochromat objective and excitation was accomplished using 405, 488, 561, and 633 nm

lasers.

Western Blot: Homogenization buffer consisting of 8M urea, 5% SDS, and 5 mM N-
ethylmaleimide was heated to 65°C. The desired brain region was dissected from P30-35 mice
(PO, P7, P14, and P21 for development experiments), and immediately frozen in liquid nitrogen.
Frozen brains were then ground into a powder using a mortar and pestle. The powder was scraped
into a 1.5 mL microcentrifuge tube and hand-dounced in 10 volumes/weight of 65°C

homogenization buffer (i.e. 1.5 mL for 150 mg powder). The homogenate was incubated at 65°C
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for 20 min and then mixed 1:1 with 5x PAGE buffer (5% (wt/vol) SDS, 25% (wt/vol) sucrose, 50
mM Tris, pH 8, 5 mM EDTA, bromophenol blue). The lysates were stored at -80°C until use. The
samples (10 pL-volume) were separated on a 3.5-17% gradient gel in 1X Tris buffer, pH 7.4 (40
mM Tris, 20 mM NaOAc, and 2 mM NaEDTA) with 0.2% SDS. Transfer to nitrocellulose was
performed overnight at 300 mA at 4°C in 0.5X Tris buffer with 0.01% SDS. Membranes were
blocked with 5% bovine serum albumin (BSA) in TBS and incubated overnight at 4°C with
primary antibodies (rabbit total ankyrin-G 1:5,000) diluted in blocking buffer. Membranes were
washed 3 x 15 min with TBS-T and incubated for 1 hour with LiCor fluorescent secondaries
(1:50,000) in blocking buffer. Membrane were then washed 3 x 15 min in TBS-T, 1 x 5 min TBS,

and 1 x 5 min in ddH>O before being imaged on LiCor Odyssey Clx imager.

Synaptosome Purification: WT (C57BL6/J) and Ank3 W1989R P30 mice were decapitated, and
hippocampi were quickly dissected, weighed, and placed in glass hand dounce containing 3 mL/g
(wt/vol) of ice-cold homogenization buffer (0.32 M sucrose, ImM EDTA, pH 7.4, and 1 cOmplete
Mini protease inhibitor cocktail tablet (Sigma-Aldrich/10 mLs buffer)). Hippocampi were
dissected from other hemisphere and lysates were generated as described above for starting
material controls. Dounce tissue exactly 50 times to homogenize and then add homogenate to 1.5
mL microcentrifuge tube. Place sample on ice until all samples are homogenized. Spin samples
for 10 mins at 5,650 RCF at 4°C. Remove supernatant in place in a new 1.5 mL microcentrifuge
tube and discard pellet. Spin supernatant from 30 mins at 18,400 RCF at 4°C. Discard supernatant
(may be beneficial to store at -80°C and run via western blot in case synaptosome fraction is lost).
Resuspend pellet in 100 uls of solubilization buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA,

pH 7.5 with protease inhibitors). Place samples on Nutator overnight at 4°C. Spine samples for 30
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mins at 21,100 RCF at 4 °C. Mix supernatant 1:1 with 5x PAGE buffer (5% (wt/vol) SDS, 25%
(wt/vol) sucrose, 50 mM Tris, pH 8, 5 mM EDTA, bromophenol blue). Run western blot analysis
as described above. Store lysates at -80°C indefinitely. Westerns blots of synaptosomes were
probed with PSD-95 as a positive control and BIV-spectrin was used as a negative control to assess

purity of synaptosome isolation.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR): RNA was extracted
from the cortex of P30 mice or 21 DIV cultured hippocampal neurons using Qiagen RNeasy mini
kit (Cat. #74104). 1ug of total RNA was used in 20 pl of reverse transcription reaction with
SuperScript III First-Strand Synthesis System (Life Technologies, Cat. #18080-051) with random
hexamers and reverse transcription.....The following primer pairs were used in the qPCR reaction:
480 kDa ankyrin-G = (forward: 5’-AGTAGGAGGACTGGTCCG-3’; reverse: 5’-
AGTTGTGGCATTCTTTCCG-3’), 270 kDa ankyrin-G (forward: 5-
GCCATGTCTCCAGATGTTG; reverse: 5 -TCTGTCCAACTAAGTCCCAG-3’), 190 kDa
ankyrin-G (forward: 5’-CTTTGCCTCCCTAGCTTTAC-3’; reverse: same primer as 270 kDa
ankyrin-G), and GAPDH (forward: 5’-TCACCACCATGGAGAAGGC -3’; reverse: 5’-
GCTAAGCAGTTGGTGGTGCA-3’) GAPDH was used as the internal control. The ankyrin-G
primer pairs were chosen from (Chang et al. 2014), who evaluated the efficiency of the primer
pairs by gel electrophoresis and sequencing the PCR products. Technical triplicates of each set of
WT (N=3) or Ank3 WI1989R (N=3) or vehicle (n=9), TTX (n=9), or bicuculline (n=9) and

biological replicates (N=3) were performed and analyzed for each experiment.
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Acyl Resin Assisted Capture (Acyl RAC): One cortical hemisphere was dissected from P30 WT
and Ank3 W1989R mice and immediately frozen in liquid nitrogen. Frozen brains were ground
into a powder using a mortar and pestle. The resulting powder was scraped into a 1.5 mL
microcentrifuge tube and homogenized in 500 uL of lysis buffer (100 mM HEPES, 1 mM EDTA,
2.5% SDS, and 2% methyl methanethiosulfonate (MMTS) (Sigma), pH 7.5), using a handheld,
battery-operated homogenizer. The samples were sonicated and left to rotate at 40°C overnight.
The next day, the samples were transferred into Slide-A-Lyzer Dialysis Cassettes 10,000 MWCO
(Thermo Scientific) and left to dialyze at room temperature by rotating overnight in “binding”
buffer (100 mM HEPES, 1 mM EDTA, and 1% SDS, pH 7.5). The following day, each dialyzed
sample was split into 3 1.5 mL Eppendorf tubes, 1 with 40 uL for “unmanipulated” starting
material, and 2 with 220 uL for the palmitoylation assay (one for +HA and one for -HA condition).
A 1:1 slurry of pre-activated thiopropyl sepharose beads (GE) was prepared using binding buffer
(50 mg beads = 250 uL of binding buffer). 50 uL of the activated bead slurry was added to each
220 uL lysate. 50 uL of freshly prepared 2 M hydroxylamine (HA) (Sigma), adjusted to pH 7.5,
were then added to the lysate designated “+HA”, while 50 uL of 2 M NaCl were added to the
sample designated “-HA”. Hydroxylamine/bead/lysate mixtures were left to incubate at room
temperature for 2.5 hours, rotating. To wash out the hydroxylamine and NaCl, the beads were spun
at 5000x g for 1 min, and the supernatant was removed and discarded. Bead resin was washed 5x
with 1 mL of binding buffer, each time spinning at 5000x g for 1 min and discarding the
supernatant to recover the beads. Palmitoylated proteins were eluted using 50 uL of 5x sample
buffer supplemented with 100 mM DTT. Samples were heated at 65°C for 10 mins and western
blot was performed using a 3.5-17% gradient gel. Membranes were probed with antibodies against

total ankyrin-G and flotillin-1 as a positive control to confirm efficiency of detecting
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palmitoylation levels. Palmitoylation levels were analyzed quantitatively by subtracting the -HA
signal intensity from the +HA signal and then dividing by the starting material (N=3 for each
genotype). The WT samples were then averaged and palmitoylation levels were calculated for each

sample by normalizing to the average WT values.

Protein Stability: Dissociated hippocampal neurons were cultured from postnatal day 1-2 rat pups
and grown to 21 DIV as previously described (Henry et al. 2017). At 21 DIV, neurons were treated
with vehicle (100% ethanol) plus 100 pg/ml cycloheximide (CHX) or 10 mM KCl and CHX.
Lysates were collected from a no treatment (NT) group (referred to as time = 0 hrs) and each
treatment condition at 24 and 48 hours with 5x PAGE buffer (5% (wt/vol) SDS, 25% (wt/vol)
sucrose, 50 mM Tris, pH 8, 5 mM EDTA, bromophenol blue), sonicated, heated to 65°C for 10
min, and western blot was performed as described above. All conditions were performed in
triplicates (n=3 per group). Corresponding dishes of WT neurons at 21 DIV were also treated with
10 mM NaCl or 10 mM KCI, immunostained for PSD-95, total ankyrin-G, and MAP2, and

mounted as described above.

Antibodies, Reagents, Drugs: The following antibodies and dilutions were used: rabbit anti-total
ankyrin-G (1:1000, lab-generated (Kizhatil et al. 2007)), mouse a-tubulin (1:10,000, Cedarlane
Labs (CLT9002)), mouse PSD-95 (1:1000, BioLegend (810401)), rabbit anti-BIV-spectrin
(1:1000, lab-generated (Jenkins et al. 2015)), chicken anti-GFP (1:1000, Abcam (ab13970)), goat
anti-total ankyrin-G (1:1000, lab-generated (Jenkins et al. 2015)), chicken anti-MAP2 (1:1000,
Sigma (AB5543)), mouse anti-GluR1-N (1:500, EMD Millipore (MAB2263)). Fluorescently

conjugated secondary antibodies Alexa Fluor 488, 568, or 647 (1:250, Life Technologies) and
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Alexa Fluor 594-Streptavidin (1:1000, Jackson ImmunoResearch 016-580-084). The following
reagents were used: FBS, Poly-D-lysine, Laminin, Paraformaldehyde, DNase, Urea, and N-
ethylmaleimide were from Sigma-Aldrich. B27 supplement, GlutaMAX, Penicillin-Streptomycin,
Neurobasal-A, Hank’s Balanced Salt Solution, Trypsin, Hepes, Lipofectamine 2000 and Prolong
Gold Antifade Reagent were from Life Technologies. Bovine serum albumin was from Gemini
Bioproducts. Tween 20 was from Calbiochem. The following drugs were used: 1(S) 9(R)-(-)-

Bicuculline Methbromide (Sigma, B7561) and Tetrodotoxin (Biotium, 00061).

Image acquisition and Statistical analysis: Multi-color imaging was performed as previously
described using a Zeiss 880 confocal microscope (Jenkins et al. 2015). All images were further
processed in Adobe Photoshop CC 2019 software. Statistical analyses were performed using
Microsoft Excel and GraphPad Prism 8. A confidence interval of 95% (P < 0.05) was required for

values to be considered statistically significant. All data are presented as mean = SEM.
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CHAPTER 4

Discussion and Future Directions

Summary and significance

Studies described in this thesis investigated newly identified roles of ankyrin-G in
stabilizing GABAergic inhibitory synapses and excitatory dendritic spine plasticity. ANK3
(encoding the protein ankyrin-G) is among the top genes associated with bipolar disorder and has
also been linked to schizophrenia, epilepsy, intellectual disability, and autism, although to a lesser
extent. Further, structural and functional abnormalities in both inhibitory and excitatory neurons
have been associated with multiple neuropsychiatric and neurodevelopment disorders. Our group
is focused on understanding how mutation or loss-of-function of ankyrin-G causes pathological
changes in brain circuitry in hopes of elucidating novel targets for drug development.

I have shown ankyrin-G stabilizes GABAergic synapses by interaction with the GABAa
receptor associated protein (GABARAP). I utilized a mouse model expressing a mutation that
abolishes the ankyrin-G/GABARAP interaction (4nk3 W1989R) to understand the effect of loss-
of-function ankyrin-G at GABAergic synapses on neuronal circuitry in vivo. I have demonstrated
that the ankyrin-G/GABARAP interaction is critical for GABAergic synapse connectivity onto
excitatory pyramidal neurons in layer II/III of the somatosensory cortex and CA1 hippocampus. |
have also shown Ank3 WI1989R mice exhibit a striking reduction in pre- and postsynaptic
GABAergic components, which results in pyramidal cell hyperexcitability. I found the interaction

between ankyrin-G/GABARAP is important for normal gamma oscillations, which is a measure
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of synchronization of neuronal ensembles. I identified reductions in 190 kDa ankyrin-G expression
and dendritic spine density in Ank3 W1989R mice that exhibit pyramidal cell hyperexcitability.
This lead us to hypothesize ankyrin-G may play a role in homeostatic synaptic scaling to
compensate for changes in inhibitory input to maintain neuronal excitability within a physiological
range. We identified the ANK3 W1989R variant in a family with bipolar disorder, suggesting that
understanding the effects of this mutation on brain circuitry may provide insights to the
pathophysiology of neuropsychiatric diseases, especially those involving altered inhibitory
synapses. Finally, I explored the role of ankyrin-G in dendritic spine plasticity to investigate our
hypothesis that ankyrin-G regulates dendritic spine density, morphology, and function to maintain
homeostasis of neuronal excitability.

This work provides new insight into how loss-of-function or mutation of ankyrin-G
(ANK3), one of the genes most highly associated with bipolar disorder, leads to abnormal
GABAergic synapse connectivity and function, neuronal excitability and network
synchronization, and dendritic spine density. These neuronal changes uncovered in the 4nk3
WI1989R mice have previously been linked to patients with neuropsychiatric disease through
studies evaluating postmortem brains and electroencephalogram (EEG) recordings. Understanding
the source of circuit dysfunction, such as a reduced ankyrin-G-dependent stabilization of
GABAergic synapses, may lead to novel therapeutic targets to treat the underlying cause of the

disease rather than solely reducing the severity of the psychotic symptoms.

Future directions

While this thesis has answered multiple questions about the role of ankyrin-G on forebrain

circuitry and neuropsychiatric disease, it has also raised additional questions, both basic and
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translational, regarding ankyrin-G function in the brain that should be the focus of future research.
In the following sections, I will discuss these future directions and provide both my hypothesis

and possible approaches for addressing them.

Determination of the mechanism underlying GABAergic synapse loss in Ank3 WI1989R neurons

Although our understanding of the pathology of neuropsychiatric disorders has improved,
limited new neuropsychiatric drugs with improved treatment outcomes have been developed in the
past few decades, and most existing treatments were discovered serendipitously. Thus, there
remains an unmet need to identify novel therapeutic targets for drug discovery.

One of the most pressing questions of this work is to determine the mechanism of
GABAergic synapse loss in the Ank3 W1989R mouse model. From Chapter 2, we know that
abolishing the interaction between ankyrin-G and GABARAP (4nk3 W1989R) results in reduced
GABAA4 receptor clustering on the postsynaptic membrane, which subsequently prevents
connectivity of the presynaptic terminal. Recent studies have shown that in neurons lacking the
480 kDa ankyrin-G, GABAA receptors undergo increased rates of endocytosis resulting in loss of
both presynaptic and postsynaptic markers (Tseng et al. 2015). Interestingly, treatment of cultured
hippocampal neurons with dynasore, a non-specific endocytosis inhibitor, restored GABAa-
receptor localization despite the absence of ankyrin-G (Tseng et al. 2015). These findings suggest
GABAergic synapse connectivity could potentially be reestablished even in neurons lacking
functional ankyrin-G, presumably restoring neuronal excitability, network synchronization, and
spine density; however, the endocytic mechanism needs to be elucidated.

I hypothesize that in the absence of ankyrin-G, clathrin heavy chain (CHC) is able to

directly interact with GABARAP and promote GABAAa-receptor endocytosis (Fig. 4.1). In support
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of this hypothesis, normal GABAa-receptor trafficking is mediated by CHC endocytosis (Kittler
et al. 2000). Further, a previous study suggested a direct link between CHC and GABARAP, but
the functional role of this interaction has not yet been studied (Mohrluder, Hoffmann, et al. 2007).
Ankyrin-G has been shown to inhibit the endocytosis of other binding partners at the AIS (Fache
et al. 2004). In addition, the 190 kDa isoform of ankyrin-G directly opposes clathrin-mediated
endocytosis of E-cadherin in polarized epithelial cells to promote the lateral membrane biogenesis
(Jenkins, He, and Bennett 2015; Jenkins et al. 2013). Thus, a critical function of the 480 kDa
ankyrin-G may be to inhibit clathrin-mediated endocytosis of the GABAa-receptor to stabilize
GABAergic synapses.

To address this question, studies should evaluate the binding between CHC and
GABARAP and map the interaction site using coimmunoprecipitation, in vitro protein purification
and isothermal titration calorimetry, and alanine-scanning mutagenesis. Additional studies should
focus on testing the functional role of CHC in GABAA receptor endocytosis using knockout and
rescue experiments with CHC-specific shRNA, dominant-negative fragment of CHC, and
endocytosis inhibitors in 4Ank3 W1989R mutant neurons. These experiments will answer two key
questions: 1) what is the mechanism of synapse loss and are there potential druggable sites? and
2) can GABAergic synapses be rescued in the absence of functional ankyrin-G?

For functional studies, it will be important to make a non-binding mutant of clathrin. High
sequence homology (57%-82%) and functional redundancy from other GABARAP isoforms,
GABARAPL1/GEC1, GABARAPL2/GATE-16, and GABARAPL3, allow them to interact with
the GABA4 receptor (Mansuy-Schlick et al. 2006). This explains why the GABARAP-knockdown
mice showed no change in GABAergic synapse transmission compared to the Ank3 W1989R

mouse that express the mutation within the giant exon of ankyrin-G, preventing interaction with
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any member of the GABARAP family (O'Sullivan et al. 2005). We can make provisional
inferences of the binding site between CHC and GABARAP based on published work. Mohrliider
et al. identified a sequence motif within residues 510-522 (TPDWIFLLRNVM) of CHC with
peptide binding specificity towards GABARAP (Mohrluder, Hoffmann, et al. 2007). Interestingly,
tryptophan has been shown to be a key residue for ligand binding to GABARAP (Thielmann et al.
2008). A conserved tryptophan found in the y2 subunit of the GABAA receptor, calreticulin, and
the giant exon of the 480 kDa ankyrin-G is necessary for high affinity binding of each of these
partners with GABARAP as the tryptophan residue fits precisely into a hydrophobic patch on the
conserved face of GABARAP (Knight et al. 2002; Mohrluder, Stangler, et al. 2007; Nelson et al.
2018; Tseng et al. 2015). These findings suggest the W513 residue in CHC may be a critical amino
acid necessary for binding to GABARAP. Further, it is possible that the 480 kDa ankyrin-G, CHC,
and the y2 subunit of the GABAA receptor are all capable of binding to the same conserved surface
of GABARAP. Since the 480 kDa ankyrin-G has the highest reported affinity to GABARAP (2.9
nM), versus the estimated kp of CHC/GABARAP (~1uM), we cannot rule out the possibility that
the 480 kDa ankyrin-G saturates GABARAP, which then allows the GABAA receptor to be
properly localized to the postsynaptic membrane. However, in the presence of the Ank3 W1989R
mutation, which prevents 480 kDa ankyrin-G from binding to GABARAP, GABARAP may then
interact with the GABAA receptor (estimated kp to be > 200 uM) and CHC to drive internalization
of the receptor. Future work should investigate the ankyrin-G/GABARAP/GABAA receptor
submolecular organization within the postsynaptic membrane to better understand the mechanisms
of GABAergic synapse formation. Overall, identifying the mechanism of endocytosis that
underlies GABAergic synapse loss in the Ank3 W1989R model may lead to new therapeutic targets

for drug discovery. Specifically, a small peptide specific to GABARAP that inhibits the
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CHC/GABARAP protein-protein interaction would presumably prevent endocytosis of the
GABAA receptor and rescue GABAergic synapses even in the presence of loss-of-function ANK3

mutations.

Investigate the behavioral consequences of forebrain GABAergic synapse loss in Ank3 WI1989R
mice

Remarkably, we know little about the underlying neurobiology that contributes to BD or
the mechanisms by which effective therapeutics, namely lithium, valproate, carbamazepine,
lamotrigine, and other antipsychotics, exert their therapeutic actions. A major reason for this is
that there are limited animal models for BD. The available models, which were developed using
pharmacological, environmental, and genetic manipulations, allow us to study only the manic or
depressive states of the disease, and have numerous additional limitations (Gould and Einat 2007).
Previous studies have attempted to study BD in mice by genetically deleting CLOCK, DAT-1,
NCAN, or SHANK3 (Han et al. 2013; Miro et al. 2012; Roybal et al. 2007; Zhuang et al. 2001).
While many of these models exhibit behavioral phenotypes that resemble BD, NCAN is the only
gene linked to BD through genome-wide association studies (Cichon et al. 2011). Study of BD
susceptibility genes in vivo will help define specific pathological processes and associated
behaviors involved in the pathways that connect genetic variation to phenotypic symptoms.

Several mouse models have been generated to understand the effects of loss-of-function
ankyrin-G on neuronal circuitry and identify a pathological link between ANK3 mutations and BD.
Genetic deletion of all the main classes of ankyrin-G isoforms in the brain results in late
embryonic/early postnatal lethality (Jenkins et al. 2013). Knockout of the 480 kDa ankyrin-G

splice variant in vivo is lethal at P20, preventing the study of circuit development, behavior, and
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future pharmacological therapies (Jenkins et al. 2015; Tseng et al. 2015). In addition, knockout of
the 480 kDa ankyrin-G causes loss of AISs, nodes of Ranvier, and GABAergic synapses hindering
the study of specific phenotypes, such as GABAergic synapse abnormalities, on behavioral outputs
and therapeutic mechanisms (Jenkins et al. 2015; Tseng et al. 2015). Recently, we have shown that
forebrain-specific knockout of all brain isoforms of ankyrin-G (4nk3 X CAMKIIa-Cre) late in
development (~P30) causes behavioral changes that include hyperactivity and decreased anxiety-
like behaviors (Zhu et al. 2017). However, although this animal survives into adulthood, the loss
of the AIS, nodes of Ranvier, and GABAergic synapses simultaneously make it difficult to
determine which ankyrin-G-dependent domain contributes to the observed behavioral phenotypes.
Thus, Ank3 W1989R mice are useful to understand the specific effects of forebrain GABAergic
synapse dysfunction and a BD variant (ANK3 W1989R) on behavior.

Currently, our lab is working with collaborators to characterize the behavior of the Ank3
WI1989R mouse model. We will investigate a panel of behaviors that will include assays that
phenotypically copy aspects of human mania and/or depression. These experiments should include
open field tests, elevated plus maze, dark-light box, and social interaction tests to determine
whether Ank3 W1989R mice have reduced anxiety and increased novel exploration, behavioral
endophenotypes consistent with BD. Further, the depression facet of BD can be investigated using
forced swim test, tail suspension test, and the learned helplessness test. Future studies should also
evaluate cortical activity in awake mice using EEG recordings as measurements of cortical
oscillations have shown to be altered in patients with BD. Studies have even suggested changes in
gamma oscillations in BD patients as potential biomarkers to diagnose and monitor treatment when
compared to healthy individuals (Ozerdem et al. 2010; Ozerdema et al. 2013; Sohal 2012). It may

be possible to monitor efficacy of potential therapeutics in the Ank3 W1989R mouse model using
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EEG recordings in awake, live mice. Ultimately, adequate animal models for BD will be a useful
tool to advance our understanding of the pathophysiology of BD and will allow us to test potential

therapeutics to restore neurobiological and behavioral defects.

Evaluate currently used clinical therapeutics in the Ank3 W1989R mouse model

Although the number of pharmacological treatment options available for patients with BD
has rapidly increased over the last decade, optimal treatments remain elusive. This is largely due
to poor response rates, especially to control the depressive symptoms, and significant side effects,
which result in patient noncompliance (Chakrabarti 2016). Understanding the mechanism of action
of existing mediations is a major goal of BD research for two main reasons: 1) it can reveal the
drug’s target(s) to make more specific therapies with fewer side effects and 2) it can lead to
personalized treatment regimens, or a more precise approach to treating disease, where molecular
diagnosis can result in better-defined, individualized treatment with improved outcomes.

The most commonly prescribed medications approved by the United States Food and Drug
Administration (FDA) for at least 1 phase of BD are mood stabilizers that include lithium,
valproate, lamotrigine, and carbamazepine, various antipsychotics, and the combination of
olanzapine/fluoxetine for depression associated with BD (Ketter, Nasrallah, and Fagiolini 2006).
In the family we identified with BD, where affected individuals express the ANK3 W1989R
mutation, the proband is currently prescribed lithium (Nelson et al. 2018). All three family
members diagnosed with type I or type Il BD are prescribed benzodiazepines, which increase
GABA efficacy. In addition, two members are prescribed lamotrigine, which has been shown to
increase GABA release. Based on our findings that the W1989R mutation results in reduced

GABAergic synapse connectivity and function in Ank3 W1989R mice, it is interesting that, while
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each affected individual in the family is on a different treatment regimen, they are all taking
therapeutics that enhance GABA transmission. The Ank3 W1989R mouse model will be useful to
understand the effect of these therapeutics specifically on forebrain inhibitory synapse function,
network synchronization, and neuronal excitability. Future studies should evaluate the effects of
commonly prescribed therapeutics effective in ANK3 W1989R patients, namely lithium, valproate,
lamotrigine as well as benzodiazepines and antipsychotics, on the molecular, electrophysiological,
and network level abnormalities observed in Ank3 W1989R mice. If administration of these
compounds yields rescue of GABAergic synapse function, neuronal excitability, and/or network
synchronization, it will be important for follow-up studies to delineate the intracellular signaling
pathways that underlie the actions of mood stabilizers and antipsychotics. For example, lithium
has been shown to target glycogen synthase kinase-3 (GSK-3) and valproate targets histone
deacetylases (HDAC) (Duman and Voleti 2012). GSK3 is at the interaction of several signaling
pathways and downstream targets, most notably the protein kinase Akt and 3-catenin (Duman and
Voleti 2012). Future studies should evaluate the effectiveness of lithium on enhancing GABAergic
transmission in Ank3 WI1989R mice. In addition, experiments should determine levels of
phosphorylated-GSK3 and Akt (to name a few) in 4Ank3 W1989R mice versus controls. Perhaps if
lithium treatment reverses GSK3 phosphorylation and enhances GABAergic transmission future
studies could focus on developing more specific therapies that target the molecular signaling
cascades in the PV+ interneurons. Increasing GABA release from the presynaptic terminal would
presumably restore pyramidal cell hyperactivity and network synchronization in 4nk3 W1989R
mice since the PV+ interneurons are still present and capable of functioning, but they fail to
synapse onto pyramidal neurons. Identifying the lithium targets in the PV+ cells, for example, that

promote increased GABA release could lead to development of more specific inhibitors with fewer

133



side effects than lithium. Furthermore, HDAC inhibitors such as valproate enhance the expression
of multiple genes (Williams et al. 1992). RNA-seq could be performed on 4Ank3 W1989R mice
treated with valproate or lithium, and compared to no treatment controls, to identify genetic
changes that may correspond with restoration of synapse function or neuronal excitability.
Determining the molecular and electrophysiological effects of commonly prescribed therapeutics
in Ank3 W1989R mice may lead to improved therapeutics with less side effect as well as provide
insight into effective treatment regimens for patients with impaired inhibitory circuitry or

abnormal EEG recordings of network synchronization.

Investigate induced pluripotent stem cell (iPSCS) function from ANK3 W1989R patients

While we have identified the ANK3 W1989R mutation in a family with BD, we cannot rule
out the possibility that variation in other genes may contribute to disease susceptibility. Especially
considering BD, like many other complex diseases, appears to be highly polygenic with many loci
having small effect on risk of disease (Calafato et al. 2018; Selzam et al. 2018; Toma et al. 2018).
For rare variants, such as ANK3 W1989R, a very large sample size of unrelated individuals or
many related individuals from large, multi-generational families is necessary to unambiguously
associate a variant with the disease. However, that is likely unfeasible because of its rarity and
because whole-genome sequencing data from all members of the family would be difficult to
interpret as it is challenging to identify which of the many single nucleotide polymorphisms
(SNPs) uncovered may contribute to disease risk. The recent advancement of iPSCs enables us to
study the ANK3 W1989R mutation in human-specific neurons, on an identical genetic background

as the patients.

134



In collaboration with the Heinz C. Prechter Bipolar Research Fund we have collected
fibroblasts from the proband (Chapter 2, Figure 2.18, II:2) and control patients and have
successfully reprogrammed these fibroblasts into iPSC-derived pyramidal neurons (Fig. 4.2). We
can used electrophysiology and confocal microscopy to evaluate GABAAx receptor surface levels,
miniature inhibitory postsynaptic currents (IPSCs), and action potential spiking properties. |
hypothesize that ANK3 W1989R iPSC neurons will display reduced GABAA4 receptor densities
and GABAA receptor-mediated currents and higher action potential firing frequency compared to
control iPSCs, consistent with single-cell changes observed in Ank3 W1989R mice. Additional
studies should treat iPSC-derived neurons with common BD therapies, such a lithium and
valproate, which will allow researchers to correlate cellular phenotypes to individual patient
response to treatment. Further, BD iPSCs should also be used to test efficacy of new compounds
to restore GABAergic signaling and neuron excitability. CRISPR-Cas9 gene editing on ANK3
W1989R patient-derived iPSCs and neurotypical controls will allow us to improve our
understanding of the genomic variation that contributes to their BD and would shed light on the
potential therapeutic application of gene therapy for these individuals. For example, allele-specific
correction with a WT copy using CRISPR-Cas9 in patient-derived iPSCs would allow us to
estimate the penetrance of the ANK3 W1989R mutation as a disease-causing variant. If the ANK3
WI1989R variant is a highly penetrant mutation linked to loss-of-function effects on GABAergic
synapses, then this would be a useful approach to therapeutically restore GABAergic deficits.
Continued work with iPSCs will help understand the genetics and neurobiology of BD and provide

more effective treatments for individuals with BD.
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Determine the mechanisms by which the 480 kDa ankyrin-G is localized to the somatodendritic
domain

Early in development, around P7 in mice, the 480 kDa ankyrin-G localizes specifically to
the AIS in cultured hippocampal neurons and coronal brain sections (Tseng et al. 2015). Late in
development, around P21, ankyrin-G accumulates on the somatodendritic domain in addition to
the AIS (Tseng et al. 2015). The timing of ankyrin-G on the soma corresponds with GABAergic
synapse development, which occurs around P21 in mice and the beginning of adolescence (~15
years of age) in humans (Kato-Negishi et al. 2004; Swanwick et al. 2006). Interestingly, the timing
of GABAergic synapse development and, presumably ankyrin-G accumulation on the soma,
corresponds with appearance of the signs and symptoms in BD patients (Insel 2010).

The molecular mechanisms that regulate localization of the 480 kDa ankyrin-G to the AIS
early in development versus the somatodendritic domain late in development remain unknown.
Previous studies have shown that ankyrin-G is membrane-associated through S-palmitoylation, the
reversible addition of a 16-carbon fatty acid palmitate, to the cystine 70 residue (C70) within the
ANK repeats domain (He, Abdi, and Bennett 2014; He, Jenkins, and Bennett 2012). In general, S-
palmitoylation is mediated by a family of 23 palmitoyl acyl transferases (ZDHHC PATs) (Korycka
et al. 2012). Two of the 23 PATs, zDHHCS5 and zDHHCS, have been shown to palmitoylate the
190 kDa ankyrin-G in a functionally redundant manner, which localize it to the lateral membrane
of epithelial cells and allow for ankyrin-G to build the lateral membrane (He, Abdi, and Bennett
2014). In ankyrin-G-null neurons, rescue with palmitoylation-resistant 480 kDa ankyrin-G (C70A
mutant) results in loss of all AIS components and fails to cluster GABAA receptors at the
somatodendritic membrane (Jenkins et al. 2015; Tseng et al. 2015). Thus, palmitoylation is critical

for proper localization and function of the 480 kDa ankyrin-G in neurons. The PATSs responsible
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for palmitoylating the neuronal classes of ankyrin-G isoforms, the 270- and 480-kDa as well as
the 190 kDa ankyrin-G in neurons, have not been identified. I hypothesize that zZDHHCS and
zDDHCS palmitoylate the 480 kDa ankyrin-G in neurons because the palmitoyl site, C70 within
the ANK repeats, is conserved between all ankyrin-G splice variants. Future studies could answer
this question by co-expressing the 480 kDa ankyrin-G-GFP with each member of the zDHHC
family of PATs in heterologous cells and perform acyl resin-assisted capture (acyl-RAC) to
identify which PATs enhance the palmitoylation signal of co-expressed ankyrin-G-GFP. Since the
480 kDa ankyrin-G-GFP is difficult to transfect into heterologous cells at high efficiencies, it may
be more useful to generate a stable cell line expressing the 480 kDa ankyrin-G-GFP. Furthermore,
to validate the PATs responsible for endogenous 480 kDa ankyrin-G, experiments should
genetically delete the enzymes using a Cre/loxP system or knockdown using shRNA in cultured
hippocampal neurons and immunostain with antibodies against the 480 kDa ankyrin-G.

We cannot rule out the possibility that different zDHHCs palmitoylate the 480 kDa
ankyrin-G at the AIS early in development versus the somatodendritic domain late in development.
Another possibility could be that zZDHHCS5 and zDHHCS8 palmitoylate the 480 kDa ankyrin-G at
both domains, but they themselves are not expressed at the somatodendritic domain until later
developmental stages. Experiments could address this question by immunostaining against (or
transfecting tagged DHHC:s if antibodies are poor) the zZDHHCs that are shown to palmitoylate the
480 kDa ankyrin-G at different time points across development. Furthermore, it would be
interesting to investigate how the 190 kDa ankyrin-G is localized to dendritic spines, whereas the
480 kDa anykyrin-G is localized to the AIS and somatodendritic domain to stabilize GABAergic
synapses, especially if they are palmitoylated by the same zZDHHCs. One potential explanation is

that the different Ank3 mRNAs are localized to their respective domains with ZDHHC mRNAs
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and among these mRNAs are specific transcription factors that promote local translation and
subsequently local palmitoylation of the distinct ankyrin isoforms. Neurodevelopment and
neuropsychiatric diseases have been linked to palmitoylation and genes encoding zZDHHCs, such
as zDHHCS8 and zDHHC9 (Masurel-Paulet et al. 2014; Mukai et al. 2008; Mukai et al. 2004;
Woodin et al. 2001). Loss-of-function mutations in zZDHHCs that palmitoylate the neuronal classes
of ankyrin-G may lead to disruption in ankyrin-G-dependent functions, such as GABAergic
synaptogenesis, dendritic spine scaling, and AIS composition. Multiple perturbations that
contribute to neuropsychiatric disorder risk may converge mechanistically and mutations may
cause common patterns of neuron dysfunction and disease phenotypes. Thus, mutations in
zDHHC:s that may regulate distinct localization of the different splice variants of ankyrin-G at the
AIS, somatodendritic domain, or dendritic spines may have similar downstream effects as ANK3

mutations.

Evaluate the effects of additional ANK3 BD variants on GABAergic synapse stability and function,
dendritic spine scaling, and AIS composition

We initially developed the Ank3 W1989R mouse model as a tool to study the effects of
loss-of-function ankyrin-G specifically on GABAergic synapses in vivo, in a model that survives,
and maintains the AIS and nodes of Ranvier. We were fortunate to have identified the ANK3
W1989R variant in our patient cohort in Heinz C. Prechter Bipolar Research Fund at the University
of Michigan, highlighting the importance of understand this mutation in disease (Chapter 2).
However, ANK3 W1989R (rs372922084, c.5965T>C (p.Trp1989Arg)) is a rare variant found in
approximately 1: 10,000 European Americans according to the most recent data from the gnomAD

project (Lek et al. 2016). It will be important for future studies to evaluate how additional variants
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in ANK3, both common and rare, may contribute to BD etiology, as well as other ANK3-associated
neurological diseases, and whether they phenocopy changes in neuronal circuitry uncovered in
Ank3 W1989R mice or lead to new avenues of disease pathology. ANK3 variants may contribute
to disease susceptibility by disrupting protein-protein interactions, causing protein misfolding,
altering transcript expression levels, or may affect different splice variants causing protein
dysfunction.

BD is a polygenetic disorder, which suggests very large sample sizes will be necessary to
detect even a modest effect of allelic variation on BD susceptibility (Schulze 2010). Genome-wide
associated studies (GWAS) have uncovered multiple SNPs in ANK3 with significant allelic
association to BD including: rs10994338 (p =1.20 x107), rs4948418 (p =8.93 x 10°) rs10994336
(p=9.1 x107), rs10994397 (p = 7.1 x 10°) (Chen et al. 2013; Ferreira et al. 2008; Fiorentino et
al. 2014; Lett et al. 2011; Liu et al. 2011; Schulze et al. 2009; Scott et al. 2009; Tesli et al. 2011).
GWAS has revealed these SNPs are linked to the 5’ region of ANK3, which includes the first two
exons (exonlb and exonle), as well as rs9804190 (p = 1.20 x 10#) at the 3” end of ANK3; however,
due to linkage disequilibrium of a 250 kb region, these variants may be found within the promoter
and intronic region (Rueckert et al. 2013). While these ANK3 SNPs appear to be strongly
associated with BD risk, their functional consequences have not yet been fully investigated. Future
studies could perform knockout-and-rescue experiments to determine the impact of these
mutations on AIS composition, GABAAa receptor localization, and/or dendritic spine plasticity as
well as neuron electrophysiology properties. It is also possible that these BD risk variants display
their functional effects by altering ANK3 expression, perhaps by manipulating regulatory elements,
promoter activity, or alternative splicing. This would be consistent with studies demonstrating

reduced ANK3 mRNA levels in postmortem brains from BD patients (Roussos et al. 2012;
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Rueckert et al. 2013). To address the impact of ANK3 SNPs on ankyrin-G expression future studies
could utilize CRISPR/Cas9 technology to knock these variants into human embryonic stem cells
(ESCs). In addition, experiments could be performed using RNA Ligase-Mediated Rapid
Amplification of cDNA Ends (RLM-RACE) to evaluate distinct transcriptional start sites (TSS)
of different ANK3 isoforms to assess the impact of BD SNPs on expression levels of specific
mRNA transcripts. This technique could also be used to address how different variants affect
expression of the different classes of ankyrin-G isoform, which would provide information on
which neuronal domains are affected. For example, variants that alter expression of the 480 kDa
ankyrin-G may impact the AIS or GABAergic synapses, whereas altered expression of the 190
kDa ankyrin-G may impact dendritic spines.

Despite substantial evidence linking ANK3 GWAS susceptibility SNPs to BD, effect sizes
of ANK3 variants are modest with odds ratios less than 1.4 (Craddock and Sklar 2009). Thus it
will be important to also study how rare, highly penetrant variants in ANK3 may contribute to BD
etiology. Recently, next generation sequencing revealed 18 novel rare missense and one indel
mutation have been identified in the serine-rich domain with in the giant exon (exon 37), which
encodes the 270- and 480- kDa splice variants of ankyrin-G, as potentially disease-causing (Doyle
et al. 2012). However, the effect of these variants on neuron function has not yet been explored.
Additional variants obtained using whole-genome and exome sequencing data from the Heinz C.
Prechter Bipolar Research Program should be studied. To date, we have identified ANK3 variants
in at least 10 BD individuals within our patient cohort that include missense and synonymous
mutations in the coding sequence, intronic region, and the 5° UTR. It may also be beneficial to
explore highly evolutionarily conversed amino acid sequences within protein-coding and non-

coding regions of ankyrin-G to identify novel domains critical for ankyrin-G function as well as
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regions more likely to be affected by disease-causing mutations (Woolfe et al. 2005). Ultimately,
understanding how patient-specific rare variants affect the expression and function of the different
splice variants of ankyrin-G may provide insight to common or new pathways by which mutations

in ANK3 contribute to BD and other neurological diseases.

Investigate the ability of the 480 kDa ankyrin-G to bind and localize additional proteins to the
somatodendritic domain

Yeast-two hybrid screens from a mouse brain library initially revealed GABARAP as a
potential interacting protein of the giant exon (exon 37) that encodes the 480 kDa ankyrin-G
(Tseng et al. 2015). This work lead to the discovery that ankyrin-G has critical roles outside of the
AIS and nodes of Ranvier to cluster GABAA receptors within the somatodendritic membrane.
These studies were conducted using a fragment of the giant exon of ankyrin-G, therefore it is likely
that additional novel interacting partners of the 480 kDa ankyrin-G were not detected in this screen.
In addition, the yeast expression system does not have the same components involved in post-
translational modifications that regulate ankyrin-G binding to its partners, which reduces the
probability of discovering new bindings partners of ankyrin-G. Future studies should determine
whether the full length 480 kDa ankyrin-G interacts with and clusters additional proteins to the
somatodendritic domain using mammalian cells, particularly neurons. Although various subtypes
of calcium, potassium, and sodium channels have been demonstrated to localize to the soma and
dendrites (although at significantly lower densities than the AIS and node of Ranvier) (Catterall
2000; Hell et al. 1993; Misonou et al. 2004) the mechanisms by which they are clustered to the
membrane are unknown. It is also possible that the 480 kDa is capable of localizing additional ion

channels, cell adhesion molecules, and transporters to the somatodendritic domains through
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additional adaptor proteins than GABARAP to prevent their endocytosis. To test this, experiments
could include using additional fragments of the 480 kDa ankyrin-G in two-hybrid screens of brain
libraries that include the giant exon as well as conserved domains between all isoforms. Further
studies could utilize co-immunoprecipitation, and fluorescence-based techniques such as FRET
and proximity ligation assay although these experiments would be low throughput compared to
screening approaches. In addition, since the 480 kDa ankyrin is insoluble and highly prone to
proteolysis, a new approach to identify novel binding partners from brain could be to perfuse mice
with the reversible, intracellular crosslinking reagent dithiobis[succinimidylpropionate] (DSP),
dissect out the brain, and isolate cross-linked proteins with trizole extraction. Subsequently,
reconstitute proteins in an aqueous solution and immunoprecipitate (IP) ankyrin-G. Lastly, elute
with a reducing agent and send the samples for mass spectrometry. This technique will allow for
the identification of novel ankyrin-G binding partners using endogenous protein from mouse brain.
It would be interesting to IP with multiple antibodies against different domains of ankyrin-G (i.e.
antibodies that recognizes the N-terminus conserved in all isoforms, the giant exon that encodes
both the 270- and 480- kDa ankyrin-G isoforms, and the 3° end of the giant exon that encodes only
the 480- kDa ankyrin-G) to identify potential binding partners unique to the different splice
variants. I expect we have only uncovered a fraction of ankyrin-G binding partners to date and
identifying new interacting partners would lead to novel roles of ankyrin-G critical for neuronal

function.

Overall Conclusions

As a whole, this thesis describes novel roles of ankyrin-G at GABAergic inhibitory

synapses and excitatory dendritic spines outside of its historical roles at the Als and nodes of
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Ranvier. It provides a basis by which loss-of-function ankyrin-G at GABAergic synapses causes
neuronal network dysfunction. It sets a framework for future studies to identify novel therapeutic
targets for the treatment of neuropsychiatric diseases, especially those involving altered inhibitory
circuitry. It establishes an approach for evaluating endophenotypes of neuropsychiatric diseases
and highlights how potential-disease causing variation in ANK3 contributes to disease pathology.
Future work will aim to identify novel targets for drug development, improve existing therapies
for personalized treatment, and utilize new approaches to assessing efficacy of potential

therapeutics.
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Figure 4.1. Proposed mechanism of GABAergic synapse loss in Ank3 W1989R mice. In WT neurons, the 480 kDa ankyrin-
G binds to the GABA4 receptor-associated protein (GABARAP) to cluster extrasynaptic GABA4 receptors in the postsynaptic
membrane. Gephyrin then form a permanent scaffold to stabilize synaptic GABA4 receptors and pre-synaptic GABAergic
synapses (identified with the pre-synaptic GABAergic marker, vesicular GABA transporter (VGAT)). I hypothesize that the
GABAergic synapses are lost in Ank3 W1989R neurons due to an increased rate of GABAA4 receptor endocytosis. Specifically,
in the absence of the 480 kDa ankyrin-G, clathrin heavy chain (CHC) directly interaction with GABARAP to promote GABA4
receptors, resulting in loss of pre- and post- GABAergic components.
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Figure 4.2: iPSC-derived neurons from BD patients heterozygous for the ANK3 W1989R variant after 3-S5 weeks in culture.
Neurons were transfected with CAMKII-GFP virus, which is a neuron specific marker. Arrows indicates CAMKII-positive neurons.
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